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Abstract. The possibility of independent plasma fuelling bghhfield side (HFS) DT pellet
injection and ELM pace-making by low field side @FD pellet injection is considered for
ITER. The model used in the analysis takes intomaect the outward drift of the ablated
pellet substance. The simulations show that theluak fuelling efficiency from the LFS
injection is a non-monotonic function of the pel&te. It is shown that it can be possible to
use the pellets of similar size, speed and frequércHFS fuelling with ELM pace-making
and for LHS ELM pace-making with low residual cduelling to keep particle fluxes to the
divertor on the same level. The relations betweeliet size and speed and frequencies for
the HFS and LFS pellet injection, which provide iddde residual fuelling and tolerable
divertor loads are determined.

I ntroduction.

Gas puffing and particle recycling can be inadegdat core fuelling in ITER, since the
neutral particle influx across the separatrix sgtes at a comparatively low levek,p= 15
Pa n? s* (Fig. 1) [1, 2]. HFS pellet injection is proposaed a main candidate for core
fuelling to provide the high plasma core density~{8—10) x 16° m™ required for target
ITER operation with a fusion poweg,£~ 400 MW, and power multiplication @ 10 [3].
Pellet injection is also considered as a possdnefor ELM mitigation to a tolerable level to
provide long life of the divertor target plates.idt shown that HFS pellet injection with
frequency, f = 4-5 Hz and pellet speeg ~300 - 500 m’$, can provide in ITER both core
fuelling (Se1 ~ 20-100 Pa fis') and ELM pace-making [1,2] to reduce the energyllon the
divertor target plate caused by ELMs to the |e¥lg v < 5 MJ. To avoid erosion of the
divertor plate material the requirement for ELM &gyereduction can become more stringent.
It can require an increase of the pellet pace-makieguency independently of the core
fuelling. Plasma density control can require tduee or to stop pellet fuelling keeping the
frequency of the ELM pace-making to keep the simitderable loads. For ELM pace-
making independent of core fuelling LFS injectisrconsidered in our investigations (Fig.2).

Pellet pace-making requirements.
In present day experiments [6] it is observed tBBM triggering starts when the pellet
penetrates deeper that one half of the pedestéhwid

In our analyses we consider equation (1) as a sapesnd sufficient condition for ELM
pace-making. For the ELM energy lo&%Ve v we consider experimental dependence on the
ELM frequency, £ v, total stored energy, W and the energy confinement ting, to be
[7]:

AWe /Wit = 0.2 (e ferm) ™ (2)

Maximal tolerable ELM energy loss can be deriveohfrthe requirements to keep good
material properties in the divertor platg, £0.5 MJ/nj [8]. Taking into account the possible
2:1 asymmetry of the energy deposition betweenriamel outer plates for the inner plate
with area of the energy depositiory; $1.6 nf, we have:



34th EPS 2007; A.R.Polevoi et al. : Assessment of Independent Fuelling and ELM Pace Making by Pellet Inject... 20f4

AWELM, max— 1.2 MJ, (3)

which gives the requirement for the pellet paceimgkrequency for W/te = 80 -100 MW,
expected in ITER in the H-mode operation as:

fpe| = 0.2 Wot/AWELM’ maxTE =13 '17 HZ. ) (4)

Maximal DT throughput during plasma operation iR is suggested to beyghax= 120 Pa
m3/s [9]. This gives the maximal pellet size requifedELM pace-making in the absence of
gas puffing as:

Npel = Snalfpel = 7 — 9 Pa riipel. (5)

We calculated pellet penetration, ablation andhintdrift of the charged particle cloud
following a simplified mass ablation and relocatibeatment SMART [5] for the reference
ITER pedestal temperature,ed= 3.5 keV, density, gag= 8 13°m™, and widthApeq= 10 cm.

As can be concluded from Figures 3 and 4, pelless 9ze d = 4.3 - 4.7 mm, injected from
the LFS have rather small residual core fuelligdSi: < 10% due to the outward drift of
the ablated particles. Such pellets penetrate ddbpa one half of the pedestal width (see
Fig. 5). Thus, they presumably can produce ELM paea&ing. It is interesting to note that it
is impossible to reduce the residual core fuellirogn the LFS pellet injection by reducing
the pellet size. For smaller pellets relocatiorthaf ablated substance is also smaller. Thus,
the smallest residual core fuelling from the LF3gtenjection can be evaluated ag:H core

=~ 13 -17 Pa s, or $.fuel = Srfuel = 6.5 — 8.5 Pa fifs. HFS pellets can penetrate deeper
than half a pedestal width and therefore producRI€(Fig. 6). Unfortunately the pellet size
of d = 4.3 - 4.7 mm is marginal for deep penetraloA/Apeq > 0.5 for the low HFS pellet
injection speed y= 300 m/s. Taking into account the uncertaintythef assessment of the
pedestal parameters it is necessary to have trsghdiyg to inject intact pellets from the HFS
with higher speeds.

Compatibility of ELM pace-making with core fuelling.

Core fuelling by HES pellet injection additionalttee edge fuelling, §-fuele = 15 Pa ms*
required to keep density at the desirable level esdisnated to begs. feip = 20 - 85 Pa fifs
for inductive scenario with {dg¢g = 1. For hybrid scenarios with lower density ang dd =
1.2 the required additional core pellet fuellin@sld be $r.1ep= 14 - 65 Pa fits. For low
densities in the steady state scenarios wiipd+ 1.7 it should be . eip=0- 17 Pa fifs.
The estimated range reflects the uncertainty of ghdicle transport [4]. This analysis
suggested equal D and T fuelling from the pellets that D:T = 1 from the edge fuelling. In
general D and T core fuelling sources from the edge not necessarily equal. Thus, in
further analysis we will consider required corelling for each component separately, s

= Srcore= Sr-core,et Sr-fuelp= 18 — 50 Pa Aits for the inductive scenariosp.-$el = Sr. fuel =15

— 40 Pa nifs for the hybrid scenarios, ang.&e = Sr-wel = 7.5 — 16 Pa fifs for the steady
state scenarios. Thus, the frequencies of the HE&t and deuterium pellet injections, f
fp,required to provide the desirablesRi, So- el fOr appropriate scenario can be calculated
from the particle balance:

ST— fuel = Npel 1:T + SDT—fueI,e (fT + fT,LFS) /fpel + Npel fT,LFS S:ore!s[ot, (6)
SI)— fuel = Npel 1:D + SI)T—fueI,e (1 - (fT + fT,LFS) /fpel) + Npel 1:D,LFS S:ore!s[ot, (7)

where we suggest that the edge fuelling is propoati to the ratio of tritium to deuterium for
both fuelling and ELM pace-making. The frequencytloé LFS pellet pace-making with
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tritium and deuterium pellets can be calculatefrass + fp,L.rs = fpel - fo - fr. For example,
for a high additional core fuelling source,. 8 = Sr- el = 50 Pa n¥s for foer = 13 Hz, and
ScordSor = 0.1 the required frequencies are=f5 Hz, § = 4 Hz, §,.rs = 4 Hz without tritium
pellet injection from the LFS for ELM pace-makirig, rs = O. If the particle source required
for the core fuelling is small,sSwel = Sr-1uel = 15 Pa ni's, then HFS injection can be stopped
and the LFS injection withrirs = fp ;s = 6 - 7 Hz can provide the required core fuelling.
Smaller core fuelling is not controllable if pellpace-making is required, because the
reduction of LFS pellet size for pellets whichIgbénetrate deeper than half of the pedestal
width will increase the residual core fuelling doesmaller drift of the ablated substance (see
Fig. 3-5). The considered relations correspondhéoideal model of the core fuelling without
abrupt loss of particles during an ELM event. Tgkinto account of the decrease of core
fuelling efficiency due to such losses will requéme increase in the maximum DT throughput
abovel20 Pa is. It will decrease the residual core fuellingnfrthe LFS pellets and help to
extend controllability to the lower fluxes. Accondi to our analysis 50% of the pellet
substance for HFS pellet fuelling is absorbed in peelestal area affected by ELMs.
Therefore, the expected HFS fuelling efficiencgnsaller than 100%.

Conclusions.

Long operation of the divertor plate with R 0.5 MJ/nj requires a reduction in the energy
release per ELM in ITER to the levBWg v, max= 1.2 MJ. For this purpose pellet injection
frequency should be increased g £ 13 - 17 Hz. For maximal total DT throughput @01
Pa ni/s high frequency will require small pellet sizg € 4.3 - 4.7 mm. The modelling
predicts that this size is marginally sufficientr fpellet ablation deeper than half of the
pedestal width necessary for ELM pace-making. Smhll pellets can provide fuelling in
the case of the ideal fuelling efficiency. From thedelling it follows that the reduction of
the pellet fuelling efficiency to realistic valu€¢ < 1 and robust penetration sufficient for
ELM pace-making will require proportional increasfehe total DT throughput,.s> 120 Pa
m%s and increase of the pellet speegd > 300 m/s for HFS intact pellet injection, and
increased tritium production tS> 50 Pa m¥s. However, to evaluate the quantitative
implications of this analysis for the ITER pumpiagd fuelling system design parameters,
specially dedicated experiments with shallow pexietin of LFS and HFS pellets are
required. The uncertainty of the particle trans@ort pedestal parameters predictions must
be also taken into account. Further experimentsttageefore necessary to determine the
sufficient conditions of ELM pace-making and to ursiend plasma transport in the region
in the vicinity of the plasma pedestal during ELM® between ELMs.
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