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Introduction
Straightforward transport calculations suggest réaoe chosen transport model for a chosen
set of actuators, current, density, n and input powergR To provide energy multiplication
Q = RudPaux =5 for long pulse (LP)At = 1000 s hybrid and steady-state (SS) operdtipn
with configuration of heating and current driveteyss (H&CD) designed for ITER [2] high
pedestal pressure and improved core confinementtygieally assumed [3]. It remains
unclear whether the obtained operational points sjOBe unique or optimal, what
improvement of confinement is needed if any, howrmvide operation within the design and
physical limits. To clarify these issues we propémelTER analyses the inversed transport
task (ITT) approach. The ITT assumes that the s@tcanfiguration of the H&CD systems is
already specified, &&= ZPx, (P Pusi = 33 MW, R¢c = 20 MW, Rc=20 MW) and there is no
synergism between them. Then, using CD efficiencasulated by codes validated versus
experiments [6] we define the confinement requitgd_P and SS operation and operational
space (OS), i.e. the range of actuatgssn) R where such operation is possible within the
design and physical limits.
Inversed transport task approach
Magnetic flux available for the flat-top ITER refece scenario can be approximated/\&is:
= W — (Lp+HoCgjimaR) Ip =240 — 14 [V, MA]. Duration of the current flat top is detained
by inductive current and resistivity; At = AW/N(T, Zex) (Ip - lbs - Z lcp). Bootstrap and
driven currents can be expressed gs=dip(T, Ip,Gmin) N/lp, [4], lcok = Bow(T,Zewr)/n, [5].
Thus, for the inversed duration of flat-top we fipdave:

A= (T - AT, Grin) Nl - Z Rak(T, Zer)/n) N(T, Zen) (240 — 14 ). (1)
Analytical approximations for the functionsyT, Gmin), Ok(T, Zei), N(T, Zerr) for ITER
design configuration are calculated by ASTRA 1.5Ddeling with pedestal parameters
within the peeling-ballooning limit calculated byiNX. Impurity density is assumed (2% of
Be, 0.12% of Ar). Solving quadratic equation (1) derive the densities, which provide
required duratior\t at a certain temperature T: n £, lp, P, Zerr, At). All other plasma

parameters, such as energy content, W, fusion polgr Q = R,J2P«, power loss to
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divertor, R, required confinement enhancement, {dd L-H threshold, BJP.+ [6],
normalized betgjy , etc are calculated from this solution.

Operational spacefor inductive, hybrid and steady-state scenarios

The H-mode OS can be derived from the solutioncpfagion (1) by fixing of appropriate
targeting parameters. In figure 1 the OS is showrfiked current and confinemenp=115
MA, H/Hy, ¢6=1. The OS with variable #t and Ry Z P is limited by RdPiny > 1, Ros <
100 MW, n/rs < 1, Q> 5. Ideal wall limit,Bn idear-wan 1S NOt Shown, because it is far beyond
the obtained OS. The targeting OP for referencedtide scenario, Q = 1048= 500 MW
appeared to be close to the Greenwald density, 71/0.91. For full available input power,
Paw= 73 MW the operational range withX» shrinks due to increased loss to divertor.

For SS operation there is an additional boundarytlie OS, gi»> 1.5 caused by MHD
stability of low-n kink-modes. The optimal configion for this condition corresponds to the
maximal difference in tilting of the NB injectorse. 16.5 MW in the innermost on-axis and
16.5 MW in the outermost off-axis injector which weggest further in our analysis. For LP
operation the targeting parameters are duratiahefcurrent flat-topAt and Q> 5. Plasma
parameters, n, H/Hy2 98, Bos/PL-n, Pus (Figs. 2,5,6) required for LP operation with (b=
andAt'= 0, gun= 1.6 for SSAt = 1000 s, gi= 1 for hybrid are derived from solution of
ed.(1). The operational density for SS scenariasedses for higher currents (Fig. 2). Thus,
for SS operation it looks optimal to chooge=19 MA to provide the widest range of possible
density variations 0.85 < rigrx 1 with Q> 5 (Fig. 3). We need this flexibility to reservens®
power for NTM stabilization at q=2 keepingXxJ®.

Reference steady-state scenario

Parameters of chosen reference SS scenario frod ASTRA modelling without ITB
similar to [7] are presented in table 1 and Fig\We assume thateP= 4 MW needed for
NTM stabilisation at g = 2 from the upper launcfigL) and Rc= 18 MW from equatorial
launcher (EL) is available for current drive. Thims, P,,x = 55 MW which is 10% higher than
in Fig.3 the density required for Q =5 correspotaishe density nig~ 0.9. The consistent
separatrix shape according to CORSICA calculasonithin the PFC design limits.

Table 1. Reference SS scenariowith Q =5, 1,= 9 MA, Pec=22 MW, Png= 33 MW

lvd/Ing/l EC,%0 53/38/9 go/dmin/Qes  2.45/1.58/5.8 Zgi 1.66
Win,/Wo/Wngi, MJ  285/33/23 Ti(0)/<T;> 31/11.4 T0)/<Te> 34/13.5
Ptud/Prad/Pioss MW 274/26/84 PiodPL-n 1.65 HHy2 08 1.66

Bn/nowal dlnowal2  2.94/2.57/31 n/ng 0.9 i3 0.75
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*)For this configuratiorBn,no-wail(N=2) = 3.1,Bn.idealwai(N=1)=3.33. Thus, RWM stabilization
of n=1 mode will be not sufficient f@y > Bn,no-wail(N=2).

Discussion and conclusions

It is shown that the LP operatioAt = 1000 s with Q = 5, can be possible for moderate
confinement, H ~ 1, close to the L-H power thredh@4/P._4 ~ 1-1.5, with gng ~ 0.5 — 1,
Qos ~ 3 - 3.7. Thus, the hybrid scenarios in ITER cantaible for TBM testing in general do
not require confinement improvement typically assdmin the simulations with the
traditional approach. The MHD stable SS operatioith wedestal within the peeling-
ballooning limit without low hybrid CD or ITB canebpossible fory ~ 8.5- 9 MA with
PodP.-n ~ 1.5 - 2, close to the Greenwald density;ng, provided the energy confinement
can reach H/k} 9s= 1.5 - 1.8. Operation with.g, > 1.5 requires maximal difference between
axis of the on/off NB injectors and the outermo§t@® from the equatorial launcher. The
results of our analysis with the ITT method canoate used for selection of the ITER

relevant experiments for the R&D in support of ERER and DEMO projects.
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Figure 1. Inductive operational space for kH/bg=1  Figure 2. SS operational space fgsF50 MW, Q=5
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Design limits, A/A_
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Figure 3. Steady-state operational spacef8 MA, P, ;=50
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Figure 4. Profiles for the reference steady-statration with J= 9 MA, P,,=55 MW

Design limits and H-mode improvement

Figure 5. Hybrid operational space fq(,250 MW
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Figure 6. Hybrid operational space fer#73 MW



