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Abstract

The performance of the ITER standard scenario can be redlusetd neoclassical tear-
ing modes [1]. In particular 3/2 and 2/1 modes are prediabeleédd to the main confine-
ment degradation in ITER. Localised electron cyclotrorrenir drive (ECCD) is proposed
to fully stabilise these modes, however the power requirdgsnare relatively large, about
20MW. Present experimental results confirm the efficienbiksation with CW-ECCD
down to an island width similar to thg, .., characteristic widthv,. In this paper we study
the power requirements needed to partially stabilise th#Blio sizes such that less than
a 10% reduction in the confinement properties is expected.r&quired power is much
lower than for full stabilisation, but it needs to be delegrcontinuously. We discuss the
advantages and drawbacks of this new option, in particalac@rning the influence on the
maximum Q value that can be expected. An advantage of thisop&an is that the uncer-
tainties in the predictions can be significantly reducedgesipresent experiments directly
apply and can be scaled up to ITER. However it is shown thabghienum with respect
to Q values depends am., and the effective dependence of the CD term on island width.
On the other hand, a finite saturated island can provide alardaqtuator inside the plasma
core for burn control. In addition it is easier to use thisteolif the island is continuously
present, albeit at a small amplitude, since one can locapmaition relatively accurately.

I ntroduction

Neoclassical tearing modes have been observed in many takaiifeey are magnetic islands
that lead to an increase in the local perpendicular transpbe confinement degradation can
be relatively well modelled using the following simple exmies from the belt-model [2]:

At W, Jo; 3
T = —DrmnWsat = — %at (ES) ) (1)

with ps the radius of theg = m/n flux surface. According to the present estimations of the
saturated island widths for the baseline ITER scenariosadegions of the order of 15%-25%
can be expected for the 3/2 and 2/1 modes, respectively. Howesgethan a 10% confinement
degradationiHH > 0.9, is admitted in the present ITER design in order to achiegenain goal

of Q= 10. Thisis why a system of several launchers for electrorotsar current drive (ECCD)

is dedicated to stabilising these modes. Up to 20MW of powerbeansed for this purpose.
The aim of this work is to study the dependence of @héactor, Q = P; /Paux = P; /(Pyg +
Pec), on the ECCD poweR%, taking into account the effective island width and confinetne
degradation. Of course, NTMs need a seed island to be triggestdble. However it has been
shown that the marginal beta limit and marginal island widéhexpected to be very small in
ITER, as they are in JET and AUG [3, 4]. In addition, fast pdescstabilised sawteeth have been
shown to easily trigger NTMs, therefore one can expect NTMs toigpgered at each sawtooth
crash. The sawtooth period is expected to be of the order otl&sit is reasonable to assume
that NTMs are present in the ITER baseline scenario. It isiplesef course to considerably
lengthen the sawtooth period, using fast current ramp-upaalised ECCD just outside= 1,
however this is out of the scope of this study.
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Burning plasma conditions

Let us first present our simplified model to determine the imgrtemperature and total pres-
sure for a given auxiliary power. We start from the so-callezhsrio 2, which is one of the base-
line scenarios for ITER, assuming a sawtoothing ELMy H-mode hain parameters of inter-
est areR, = 6.2m,a= 2m, |, = 15MA B, = 5.3T,V = 830m3, 1o, = 3.75,Z,¢; = 1.7,Pyg, =
40MW, P, = 80OMW, Py,.,,, = 2IMW. The scaling law assumed in this case yietgds~ PL’eP
with e, = 0.69 [1]. The fusion power is given by; = 5P, with:

(TkeV + 11) 0.45

Po =Ya 1.5 10°® pﬁev R(Tkev)v [MW] ; F\)<T|<ev) - 29'84Tk2é3 exp[— 0.43

| @
using a useful fit for the reactivity. The total thermal eryeigggiven by:
3 _
We = e 5 e 16N Ty V 10 °[MJ] =P, T, 3)

with fpe = p/pe and whererz can be written as follows, using the baseline parameters:
Teo PLBS / PfP (1—A¢mnw), with wthe island width and;,, given by Eq. 1. For the effective total
heating power, we take into account the Bremsstrahlung radiahd the fact that any off-axis
additional power is located in a bad confinement region. Tthezeve weight its contribution
by a profile effect~ 0.5, at the 3/2 and 2/1 positions. Thus we use, assuming ste¢aidy-s

2
p.

R = PU+PNBI+(1_a_§) Pec— Pgrem (4)

The radiation term is important to limit the benefits at laig@peratures, and it is given by:

Parem= Yed7.4 x 107°Z . nZy, /T oV (5)

The parameterg., yq, g are introduced to take into account the profile effects. Assgm flat
density profile and (p) ~ (1— p?) one getsyg = 0.5, yy = 0.19,y; = 0.67. From Eq. 3 and
Tz one obtains:

1
eVV I-ep

TeoP% (1= ArnaW) ’

o _ Vo3 fpel.6 x 1073n T,
=

(6)

which also shows the sensitivity on the power exponent in thengckw. The burning tem-
perature is then given by Eqgs. 6 and 2. We have adjusted ttwr flag = p/pe to 1.87, such as
to recover the standard steady-state conditions, naRely 80OMW, Q = 10, T, ., =~ 20keV,
By = 1.8, Pgrem =~ 20MW with Pyg, = 40MW, P j = 99MW, 1, = HH3.7 andHH = 1. We
see that with an additional 20MW of EC power, we obtBin= 83MW andQ = 6.9. In this
way we can determinB, for differentHH values and additiond, still assuming no NTMs.
The results are shown in fig. 1a fefH values between 0.75 and 1.2. This is the operational
diagram of interest for the present study. We also show theHar” points related to the 3/2
and 2/1 NTMs. If no ECCD is used to stabilise the modes, we expects 0.85 for the 3/2
mode andHH =~ 0.75 for the 2/1, which yield€ = 7 andQ = 5 respectively. If the modes
are fully stabilised with 20MW and this power needs to be keptiooously on, we have the
operating point aPsc = 20MW andHH = 1, which giveQ = 7.3. Therefore, while increasing
the EC power to stabilise the mode, one will move from points B ¢o point C with a path to
be determined as sketched with the dashed lines. Dependirgaependence ofg,; 0N Peg,
one could find an optimum at lower valuesRat.
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Figure 1: aQQ vsPscfor HH in [0.75:0.05:1.2]. The points A and B mark the 3/2 and 2/1e®)

C assumes full stabilisation with 20MW. Dashed lines sketdsiibe operating points between
A or B and C, with partial stabilisation. lajw/dt, normalised (Eq.7), va using Eq.(20) of [5].
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Island width asa function of Pec

The island width is determined by the modified Rutherford équa(MRE). In order to
minimise the number of parameters, it is best to normalisetiuation bys|A’| and to define
Wsato &S the saturated island size with no stabilising term andyubie non-perturbed plasma
parameters [3]. In our case, using the parameters of theasoehand evaluating the terms in
the MRE as defined in [3], we obtain the values 23.5cm and 31.7cthdéd3/2 and 2/1 modes.
The MRE is then written as:

dw Weato, W Weatoo J w
e 1 (1= DpyW) 2 T 1 1(1— Appy) 22 Jed gy 7
at +( ™mn )W2+W2marg ( rmnW) Wey Jpe r’(ch), (7)

where the last term represents the effect of ECCD in the islEmelnotation and various options
for n are discussed in Ref. [5] and refs. therein. The valugpf4l forw~ w_,. The predicted
value ofwmargis 2-6¢cm, we use the pessimistic value of 2cm here. We negléuéepolarisation
model and the effect of ECCD on the equilibrium current digrfer simplicity. The main result
do not depend significantly on the effective terms used. \lensied to determine the terms
related to ECCD. We defingy/ jps = feqpoPec/20, Wheref_, is the ratio with 20MW ECCD
power. Typical values of ;,, range from about 1 up to 3.5 using the optimised front steering
launcher design [6]. The current density fullelwidth, w,, is of the order of 3-4cm for the FS
launcher, up to 10cm for present designs. Finally we shaltwsenodels fom, both assuming
CW, one yielding a gaussian-type function (Eq. (20) of [5j§lane usually used in previous
simulations ([7] in CW, Eq. (23) of [5]) yielding a more peak&inction with lower values
for w > w_4. The effect of the first model on Eq. 7 is shown in fig. 1b. Due tortbelinear
dependence, there is a rapid change/gf between 2.4 and 3.2MW for these parameters.

Results

The results for four cases for the 2/1 mode are shown in fig. 8,different models for
Naux(W/W,4) as mentioned above and two differgny profiles such thaw_, = 4 or 8cm and
f.q0=3 Or 1.5 respectively. Thus these two current density charatts correspond to a same
total driven current. Fig. 2a shows the dependend® oh Pec. WhenQ “jumps” up, it means
that the NTM has been fully stabilised and then the curvewddlthe HH=1 curve of Fig. 1. First
the 2 cases with more localised ECCD fully stabilise the madlkes, as expected. On the other
hand, only the 2 curves with a larger,, exhibit a maximum before full stabilisation. In these
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Figure 2: a)Q vs Pecfor a 2/1 mode in ITER. b) Corresponding saturated islandtwidt

cases it would be better to ke€g. at 8-14MW with a finite saturated island. This corresponds
to wgyt &~ 7cm (fig. 2b). The dependencewf,; on Ps¢ is quite interesting, in particular for the
W4 = 4cm case assuming flux-surface current density (green kmey it decreases “slowly”
with increasingPec, similarly to the largev,, case. Indeed, both hawe>> w_4 and it iSnaux ~
(ch/W)z which dominates. This is the same for the “local” approximatalbeit with a smaller
coefficient. Fow ~ 2w, and a sufficient_,,,, Ws,: decreases rapidly because the right-hand
side of the MRE turns out to be flat vg or even having a dip (fig. 1b). Thus a small change in
power can have a large change in stabilisation efficienaysdf > 2Wmarg, One can still need a
significant increase of power before the mode is fully staédi This in turns yields the s-shape
for Q(Psc) as shown in fig. 2a, green line. Nevertheless in the latter pHasésland is so small
that the effective stays about constant between 4-8MW.

These few examples show that the effective dependence dtisien performance on the
partial stabilisation of NTMs can be quite complicated anthrsfrom a simple linear depen-
dence. This is due to the interplay between the tlependence of the bootstrap drive at large
island width and théw_,/w)? dependence of the ECCD stabilising term, and the modificatio
of the ECCD term and the bootstrap drive (here due to finitpgraticular transport) at smaller
island width. These effects depend on the relative valuesn@fg, W,y andwsy, and on the
value of j 4/ j,s This study also suggests that one might get new insighttaheuCD term
experimentally by mapping the dependencevgj on Psc with a slow ramp of EC power.

Even if there is no net gain in Q factor, partial stabilisat@an be useful for burn control.
Indeed one can increase or decrease the island size antbthete global confinement from
within the plasma core, simply by altering the alignment & BCCD beam with the rational
surface. This might also be useful for He ash removal. In auiit is much easier to locate
and control a finite amplitude mode. The present studies shatwith 5-10MW, most of the
possible performance recovery is obtained, even for then2de, since\’/v&,jmz/1 < 10cm.
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