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Abstract. ITER operational scenarios with the high field side pellet fuelling are considered. The possibility of
reducing the energy losses per edge localised mode (ELM) to an acceptable level is discussed. Requirements on
the pellet fuelling system for desirable ELM energy reduction are obtained. Self-consistent transport simulations
of pellet fuelled scenarios reveal the possibility of the operation with moderate ELM losses, plasma density
below Greenwald density, high energy multiplication factor Q ~ 20 and power across the separatrix above the L-
H mode power threshold.

1. Introduction

It is clear that peaked density profiles provide higher fusion output in the hot core of the ITER
plasma than flat profiles with the same average density and especially with the same pedestal
density. High field side (HFS) pellet injection is foreseen in ITER to provide the peaked
density profiles. The high-Q operation with pellet fuelling should be compatible with the
Greenwald density and the divertor power load limits. This requires special analysis of the
pellet fuelled scenarios. Besides fusion gain improvement, pellet injection could provide
controllable mitigation of the energy loss due to the type-l edge localised modes (ELMs). As
it follows from reference [1], operation with moderate plate loads below a limit:

Peiyiim = 1.05 MJ/m, (2)

helps to achieve a long lifetime of the ITER divertor target. For energy densities higher than
Pzovims the number of tolerable ELMs drops substantially. Analysis of the energy loss due to
the type-1 ELMs relative to the pedestal energy\V¢,,,/W,) [2,3], demonstrates strong
reduction ofAW¢, ,,/W, with increase of the pedestal collisionalify. Analysis of the JT-60U
experiments reveals small ELM fractioAW,,,/W, < 0.10 and rather weak dependence on
collisionality in the range”, ~ 0.03-0.3 [4]. But to provide the ITER design robustness we
consider here the most pessimistic cases of high ELM energy losses with low collisionality.
There are two similar scalings obtained on the basis of the experimental data\2;3]/W,

=L, Where L = (AWe /W) (1+T/Ter), Lo = @We W/Wp)o(1-eXp(TeyulT)), (AWEWMp)o

= 0.2,Tgy = 2.4 100 5,1, = 2R qy(1 + (3/2fWV7)/c,, v', = 8.69x 10 TR qys N/T*, Ris
major plasma radius in fm]ggis a safety factor at 95% of poloidal flux surfacgisnplasma
density at the top of pedestal in [107°], ¢, =3x10 ((T.z+T,,)/M)"* is a sound speed
evaluated by pedestal temperature in [m/s}, T, ,and T, are electron and ion temperatures
at the top of pedestal in [keV] and, M an ion mass in atomic units. If we use the simplest
power dependence as a fitting function&vy, ,,/W, experimental data [5], we obtain:

AW, /W, = L, = 0.064v",°%, )

Thesev’ -dependent experimental scalings M, /W, predict for the ITER reference
inductive scenario with spontaneous ELMs a valuéwf, /W, ~ 10-20%, which may
exceed B, ;» and substantially reduce the life time of the divertor plates [5]. The general
effect of the energy reduction in ELMs with HFS pellet injection has already been obtained in
experiments [6,7]. It was found [7] that every pellet produces an ELM, and energy loss during
pellet induced ELM obeys the same scaling as spontaneous ELM frequency (f) [8], obtained
in JET and ASDEX-U experiments:
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AW /W, = 0.2 (f[E)d! f AWgy = 0.2 R W, Wi, (3)

where W, /W,, ~ 1 is a ratio of total and thermal energy conteptis the plasma energy
confinement time, R, = W,/1c is a power loss to the divertor in the stationary state. On the
other hand, it is clear that pellet ablation and mass relocation to the pedestal area increases the
pedestal collisionality. In the adiabatic phase of the pellet ablation and mass relocation when
nT = const, the increase of collisionality strongly depends on the pedestal density and
temperature changes:, .= V', (T, dT,p.) Where indexes (0) and (pel) correspond to the
values before and after pellet injection. This implies another dependence from-the
dependent scalings:

AWe y123=W, I—1,2,3(V*p,peb- 4)

It is not discussed in [7] whether or not the reductioAW,,,, is connected with changes of

the pedestal collisionality. It may appear that pellets of arbitrary sizes could provide desirable
mitigation of energy loss if the injection frequency is chosen properly (see Eq. (3)). Thus, in
Section 2 we derive the restrictions for the HFS pellet fuelling parameters taking account of
Egs. (1), (3). In Section 3 we analyse ITER scenarios with pellet fuelling taking account of
derived restrictions by 1.5D transport simulations. Finally we check the compatibility of
AW, with Eq. (4), based on collisionality.

2. Requirements for Pellet Fuelling System

Let us consider P, from Eq. (1) as the maximum permitted ELM energy density. Then,
for the effective ELM energy deposition areg, the ELM energy should be limited by:

AWy < SJI PELM,Iim! (5)

which corresponds tAW¢, ,, < 7 MJ for the effective area of the ELM power deposition on
the divertor target S~ 6 nf. This condition gives an estimate for the minimum required
pellet injection frequency:

f > 02 Fl)ossWtolthhSmPELM,“m’ (6)

which corresponds to f > 3 Hz for,R= 100 MW. Pellet size, d, could be estimated from the
particle balance equation. For the ideal case of negligible gas puffitdyf Eckn>V/t,;

d<(5 S PELM,Iim<n>VTE/TpFNaWtOt)l/3' (7)

wherert, is a particle confinement time, <n> is a volume averaged electron density, V is a
plasma volume, N= 6x1G° m? atomic solid hydrogen density in pellet, F is a form factor (F

= 1 for cubic, 174 for cylindrical, andr/6 for spherical pellets). For the reference ITER
parameters: <n>= fn*, vV = 830 ni, W,,, = 350MJ, and cylindrical pellet Eq. (7) gives d <
4.6(rE/Tp)1’3 mm. There are also a few other mutually connected technical and physical
restrictions to be taken into account in our analysis. To keep divertor loads at an acceptable
level between ELMs we consider fusion powegr R 500 MW. It is expected that plasma
profile peaking can noticeably increase the fusion gain QJ/,B. It would require the
reduction of the auxiliary heating, R Taking account of the requirements to keep good
confinement with the density below the Greenwald densifyand power loss across the
edge transport barrief,R= P, (1 + 0.2 Q) - P, above the L-H threshold, we have:

I:)aux < 500/Q MW’ n/'a < 1’ Fl)OSJPL-H >11 (8)
where n is a chord averaged density iffh0, n, = |/1&? [9], |, is plasma current in MA, a is
&%a&éwi-g i

the plasma minor radius in m, P= 2.84 B*® is a L-H power limit in MW [10],
P..x and P, are respectively the auxiliary input power and core radiation in MW, B is the
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toroidal magnetic field in T. Eqgs. (5) - (8) establish the boundary of the operational space for
pellet fuelled scenarios with moderate ELM loads.

3. Transport Modelling

For pellet injection modelling we use the integrated ablation/mass relocation model SMART
which demonstrated satisfacyoegreement with
T, keV analsed DIII-D and ASDEX-U eperiments [11].
8 For pellet model benchmarkgnin the extreme case
COOLING ZONE (EXP) of pellet ablation localised at the yeedye we use
J JT-60U eyeriments with HFS egk-localised
absoption [12] similar to ITER. In this
benchmarkig the taget plasma andpellet
injectionparameters were chosen copesdent to
JT-60U ELMy H-mode eperiments with the HFS
pellet inection. Four dischges were angked
with the NB heatig power in the rage 9-22 MW.
In these emerimentspropagation of cool lger
induced ly pellet is determined from fast electron
FIG.1. Comparison of HFS pellet induce@yclotron emission (ECE) measurements. The
cooling zones calculated with SMART mod&0Mparison revealsgood areement between
[11] and determined from the JT-6oumodelling predictions and eperimental data.
experimental measurements. Solid curvBypical results are shown in ¢il. The pellet
corresponds to measured target plasma ®blationproceeds at the veredye. Tenperature
profile before pellet injection. Dashed curv€00ling due to mass relocation is noticeatieeer
corresponds to the model predictions of Th @greement with the measurements.

changed by pellet.
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The pedestal energy Vénd local values T, n,, depend on the transport model and fuelling
parameters and require transport calculations to estiiwslte, (v, ..) from thev’ -dependent
scalings. For predictive 1.5D transport simulations of ITER scenarios, we use the ASTRA
code [13] with a predictive model [11] for pellet ablation and mass relocation. For the
simulations of ITER performance, thermal, toroidal momentum and particle diffusiyities

Xi» X Drer De Of similar form are chosen:

D =G f(X) h()+ G(1 - h(x)) X™ (9)

where h(x) = 1 for x < gs and h(x) = 0 for x > s (corresponding to the H-mode edge
pedestal transport improvement to neoclassical valuey, or,is the normalised radius,
connected with the toroidal magnetic flax (r = (®/B)*?* and B is the toroidal magnetic
field), X, o5 IS @ position of the surface correspondent to the 95% of poloidal flux. For ITER
scenarios this simplified description of the edge pedestal gives a pedestal pressure gradient
within the ballooning limit which is consistent with the type-1 ELM regime considered. The
relation between normalisation constants and radial profile correspond tq[t4% 2, X/X,

= DJX. = D,JD. =1, f(x) = 1 + 3 X. The energy deposition is peaked at the centre. Particle
source from pellet fuelling is localised at the edge region with higher diffusivity. Thus,
assumed radial dependence f(x) enables estimate& pf 3-4 and d < 7 mm to be made for

the ITER reference scenario. The normalisation factas @itted to provide the prescribed
behaviour of the energy confinement timeaccording to experimental scaling, i.6,oé] =1

[15]. Constant €= x /x"is varied to test sensitivity to the pedestal transport coeffigjent

The atomic influx of the recycled He is prescribed to be equal to the fusion helium source.
Edge fuelling by gas puffing is kept below?s0. The results of 1.5D transport simulations of
the ITER plasma with transport coefficients Eq. (9) and pellet fuelling are presented in Table |
and Fig. 2. Plasma parameters correspond to the reference scenario: R/a = §,2/21, |
MA, B = 5.3 T. Input power is reduced to 24 MW (17 MW of the of-axis NB injection and 7
MW of the central RF heating). DT pellet fuelling is considered with frequency f = 4 Hz and
pellet speed y= 500 m/s from the HFS inclined injector. For the considered ITER operational
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scenario (see Table. I) the pedestal energy content could be estimatgg=a3.048 n ;T V
= 130 MJ. This value coincides within the error-bars with 150 MJ predicted for ITER by the
empirical scaling [16] and lies between the estimates of 80-170 MJ, predicted in [17].

TABLE |: OPERATIONAL RANGE AND PELLET SIZE SENSITIVITY TO PEDESTAL TRANSPORT.

XX |y (10°m?) | T, ((keV) [d(mm) | n/p Pos/Piy | Pu(MW) |Q

1 0.65 5 6.6 0.86-0.94% 1.59-1.26 466 19.4
0.5 0.8 4 5.7 0.85-0.904 1.57-1.36 463 19.3
025 |09 3.6 4.7 0.82-0.85] 1.57-1.46 452 18.9

The ELM mitigation compatible with high Q-operation assumes that the spontaneous ELM
frequency is smaller than pellet injection frequency, that each pellet triggers one ELM and the
pedestal temperature recovery time is shorter than the period of pellet-induced ELMs. We
have checked such compatibility for the reference g€ =1. The spontaneous ELM
amplitude is calculated from collisionality-based scali@é:, \,, = W, oL, ,4N, 0 T,0). Then

we have from Eq. (3) the estimate for spontaneous ELM frequgrc®.R W /T AW, o =

1.4 - 0.54 Hz which is lower than f = 4 Hz as is required. In our simulations temperature
recovery time appeared to be shorter than the pellet injection period. Further studies with
physics based transport models are required to take into account possible influence of profile
stiffness on pellet fuelled scenarios.

Let us also check what will be energy loss reduction in the pellet induced ELM assuming that
this loss depends on the pedestal collisionalifyas it was reported from many tokamaks
(Fig. 3). Reduction oAW¢, ,/W, is based on the assumption that an ELM is triggered at some
moment during the pellet injection when the pedestal density (temperature) increases
(decreases) and consequenlpr v', increases similarly to that found by experiment. In our
simulation, at the pedestal position the temperature dropsdoe-TL keV. Assuming that the

ELM is generated at the adiabatic phase of the pellet ablation we evaWatg from v’ -

based scaling€&tWe, .= 3.5 MJ,AWg y, = 4.2 MJ,AW ,,; = 6.9 MJ. These estimates can
meet the ELM power loss requirement (1). They are also close td\Whg,, = 4.6 MJ
predicted by scaling Eq. (3) for pellet frequency f = 4 Hz. From these estimates both
approaches look compatible for the considered scenario.

For pedestal area x>x95 the temperature drops.e-D.8 keV, but the pedestal top point

itself with T,,, ~ 1 keV is located at the zone with very steep temperature gradient (240
eV/cm). Thus, for strong dependence,, = V', T, o Tppe)’ OUr estimate fOAWe . iS

beyond the accuracy of the model assumptions. But in the presence of strong temperature
gradients it is difficult to expect that the temperature value at any single point is critical to the
entire process. Therefore, some sort of averaged parameters could be more adequate to the
description of the process. It follows from our calculations that the reduced pedestal
diffusivity x, requires a reduction in the size of the pellet. The pedestal density becomes
higher and the temperature drops (Table 1), therefore, the pedestal collisionality increases as
well. But the effect of pellets on the pedestal collisionality also becomes smaller. Thus, if the
increase of the collisionality is a key point for ELM mitigation, then attenuation of the entire
scenario with the pedestal transport will be required. In the case when the pedestal
collisionality does not play such a critical role for ELM energy loss in ITER similar to JT-
60U [4], the analysis of such details is not required.

It would also be necessary to analyse possible plasma confinement deterioration caused by
pellet injection. It could be, in particular, connected with NTM seeding island appearance
caused by pellet mass relocation to q = 2 magnetic surface and profile stiffness. To estimate
the flexibility of the fuelling parameters, further experimental analysis is required. It is
necessary to identify the physical basis of collisionality-dependent and frequency-dependent
experimental scalings.
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FIG.2. Electron density n(x) andFIG.3. Dependence of fraction of pedestal energy loss

temperature T(x) profiles at the momentdWg /W, in ELMs on the pedestatollisionality v’

before (solid line) and after (dashed lineExperimental points [5] are shown by diamonds together

pellet injection. with scaling predictions {(0), L,(O), Ls(A) for ITER with
pellet fuelling.

4. Conclusions

In summary, this investigation has shown that the ELM loss mitigation derived from the
experimental scalings implies restrictions on the pellet injection. Calculations reveal that the
HFS injection of a pellet with moderate size (d < 0.7 cm) and spgedQ¥% km/s) would
enable reduction of the fractional ELM energy loss to less than 5%, while keeping the plasma
in the H-mode, the density below the Greenwald densjty<B00 MW, R, < 100 MW and

the confinement enhancement factor corresponding to the type-l ELMy H-mode scaling
HHgg,, ~ 1, with high Q ~ 20. The estimated pellet induced ELM energy loss in the
considered scenario is compatible with collisionality-dependent and frequency-dependent
experimental scalings.
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