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Abstract

In TFTR and JET experiments, pellet fueling has becn extended to larger,
higher temperature devices. We will review selected current results in the
light of earlier experiments. Penetration depths are generally in agreement
with modelling when ablation by thermal electrons dominates, but local
deposition may differ from predietions based solely on the prepellet Te
profile. Deposition at the plasma edge can be enhanced. Deposition near the
plasma center may also be altered, particularly in JET. Fueling efficiency is
high, but at present strongly peaked density profiles are obtained only with
pellet penetration approaching or beyond the plasma center. Density achieved
with pellets in ohmic plasmas is greater than that attainable with deuterium
gas puffing in both these large devices as in previous experiments. .Locked
modes limit this density in JET but not yet in TFTR. Strong electron
temperature perturbations can be tolerated in these large devices as on
smaller machines allowing modification of the current profile leading to a
change in the time evolution of the central q value and suppression of
existing sawtooth relaxations or delay of their onset. In ohmiec discharges
plasma reheating is moderate, typically 1.5 keV. Axial voltage is
maintained. Loss of central density can be extremely slow. Decay rates of
1.5 to 2 sec are observed. With heating, Te > 5 keV is rapidly achieved.
Axial voltages may strongly decrease. Under these conditions central particle
loss rates can be enhanced. Decay rates in JET at 5 - 8 keV are approximately
0.75 s. Energy confinement is observed to improve in TFIR ohmic discharges as
was seen in earlier experiments. With beam heating in TFTR, central energy
confinement was not degraded during the reheat following the pellet
perturbation. However, central power deposition was low in these cases due to
diminished beam penetration. In recent JET experiments, application of
central RF heating following a pellet fueling sequence has shown strong
central electron and ion heating.

1.0 Introduction: In the past 10 or more years, pellet fuelling experiments have been
conducied over a wide range of machine geomeny, pellet size and plasma parameters. With
experiments on TFIR, JET and now JT60[1], peliet fuelling has been extended 10 larger, high
current, high temperature devices. Figure 1 illustrates the range of machine geomsry over
which tokamak experiments have been conducted since the first results from Ormak[2] and
1SX-A[3). The range of minor radius and plasma volume is roughly one and three orders of
magnirude respectively. The increase in plasma volume particularly has permined use of psllets
up 10 4mm in diameter (4 x 1021 DO), with a capabilty for injection of 6mm pellets in place at
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Figure 1:Device cross-sections, volume and minor redius of tokamaks employing peliet
fuelling in past and cuTent expzniments.

JET. In the large iokarnaks, use of these size pellets has extended pellet abladon studies to
electron temperanrres approaching 4keV, has produced peaked density profiles at high d2nsity,
and has improvad plasma performance. In this paper we will discuss pellet experiments in
TFTR and JET, contrastng results in these larger machines with those obtained earlier in
smaller tokamaks. Pellet peneration and mass deposition, average and core density, partcle
and energy confinement, and finally high power operaton will be discussed.

2.0 Penetration and Mass Deposition: The neutral gas shielding model for
hydrogenic pellet ablaton is generally correct in predicting pellet penetation in ohmic plasmas
at moderate elecron temperatures (<lkeV) [4]). The Jarge tokamak experiments provide a test
of this model at higher elecoron temperatures (< 4keV). At these temperatures, the abladon
model in its most recent form [S5] remains in general agreement with measurements of pellet
penerration when abladon by thermal elecons dominates {6,7], but local depositon may differ
from predictons based solely on the pre-peliet elecoon temperature profile. In large machine
geomery the time scale is Jong for the decay of the density profile established by a pellet during
the ablation process (tdecay>>tablation)- Details of that profile are therefore readily seen using

local density measurements following pellet injection obtained with muld-point Thomson
scattering systems. Fuelling efficiency is high (70%) in ohmic plasmas, but may degrade
during auxiliary heatng[7]). Compared 1o calculatons, deposition of mass near the plasma
edge appears to be enhanced. Deposition near the plasma center may also be aliered,
pardcularly in JET.

2.1 Non-Central Deposition: Figures 2.1 and 2.2 illustrates a JET pellet fuelling
event Jeading 10 hollow densiry profiles. Pellet penemation to 3.18m is determined from the
duration and spatial exient of the light present during ablation. Penerration 10 3.26m is
predicied by the ablaton model. Formation of an invented density profile is predicied by the
ablation model and is observed. However, the measured density peak occurs at a Jarger minor
radius than predicted, the 1wo locations differing by some 0.5m. The discrepancy berween
measured and calculaied profiles indicates that ablaton and deposition can be more rapid at
large minor radii than predicted. The agreement as to overall penetration depth implies that this
higher abladon rate is in sorne way compensated deeper within the plasma. Such deposition
would be consistent with enhanced energy flux to the pellet in the plasma outer region and
dimninished flux within the plasma interior. The profile of elecron temperarure shown gives
some indicadon of this possibiliry. The post-pellet temperature profile still reflects in general
terms the measured local pellet mass perturbation but the central value appears 1o reflect some
addinonal radial engrgy flow. Alternarively, a temperaturg dependence for the ablation process
\bwchich is stronger at low temperrures, Te<1 10 1.5keV, and weaker above this temperature may

indicated.
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Figure 2: Pellet Deposition in JET. Figure 2.1:Non-Cenrral Deposition-Dersity Profiles:
a)before pellet injection, b) foliowing pellet injection, caleulated Srom the local 2bladon rate
dN/di dismibuied over a flux surface and added 10 Jocal target density, ¢) approximaisly 20ms
zfter pellet injection, measured with the LIDAR Thompson Scanering systzem. Figure 2.2:
Non -Cental Deposition -Temperature Profiles: 2)before injection, bjzzlculated foliowing
injection assuming adiabatic deposition, cymeasured approximately 20ms zfizr injscrion.
Figure 2.3; Cenmal Deposidon -Densiry Profiles: 2)early injecton limiter plasma, b)Lats
injection, x-point plasma, BT=2.8 and 2.1T. Proflles are measured approximately 20ms after
injection (LIDAR). Targe: density profles are similar 1o figure 2.1.

-

As the figure indicates, rapid inward flow of significant pellet mass during or
immediately following pellet ablation (t~t3p]arion) has not yet been observed in TFIR or JET,

even for large pellet perturbanons. If such rapid flow, observed in earlier experiments on
Alcator[8] is associzated with the pellet perturbaton itself, then the ume scale for, and potendal
speed of, mass flow during or shorly afier the ablaton process is likely 10 be similar in large
and small devices. The magnitude of the pellet permrbation relatve 1o the plasma targer gensiry
is the same or possibly larger in the large devices; the resulting periurbed elecoon 1emperature
and sound spzed are therefore similar. The distance 10 the plasma core, however, has increased
by an order of magnitude from 0.03m 10 some 0.3 10 0.5m, while mass dzposidoa is possibly
enhanced at Jarge radius. If present, rapid mass flow 10 the plasma core under these conditions
should be less in the Jarger devices. 1f the inward mass flow is associated with a sTong
convectve flow on a longer time scale[9], such flows have not yet been produced in pellet
fuelling experiments on TFTR and JET.

2.2 Central Penetration: In past experiments, penetration 10 or beyond the plasma
magnetic axis led 10 deposition swongly peaked on axis in the region of small volume and
highest pre-pellet temperature. In large iokamaks this effect is also observed. Swong peaking
of the density profile is seen under these condidons in both TFTR (figure 3) and in JET (figure
2.3). However, in JET such srong peaking is not always observed. When pellets are injected
late in the current flaniop, the deposition pezak can shift off axis, although measured peneradon
depth remains apparently beyond the magnetic axis. Figure 2.3 illustrates this resuls,
comparing post-pellet density profiles for three injection events. The early injection event 100k
place prior 10 sawtooth onset and the presence of a q=1 surface in the plasma[10). The late
injection events 100k place long afier sawiooth oscillatons were present. The locaton of the
density maximum is near the usuval g=1 radivs and appears 10 shift ourward with lower TF.
This apparent change in deposition berween early and laie injection may be associated with a
vertical deflection of the pellet trajectory not present early in the discharge. This possibility can
not be eliminated undl the wajeciory itself is photographed, but a significant deflection would
be required. An alienative explanation may be associated with enhanced abladon at, or just
outside, g=1 duc 10 a collapse of energy content within the g=1 surface triggered by the pellet
(11]. Such an enhancement in ablation raie near the g=1 surface might also be associated with
the formation of the helical stuctures “snakes” observed on JET following some pellet

events{12].
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Figure 3: Electron density (a) and tempzrature (b) profiles followiny the last pellstof 2 3
pellet sequence (TFIR).

Producton of highly peaked density profiles has been most easily achieved in TFTR
and JET by pellet penetration to the plasma core early in the discharge using either a single
pellet event (single pellets or muldple pellets closely spaced in time) or a muldple pellet
sequence with pellets timed so as to produce and maintain Jow central electron temperarures and
central penerration during the pellet sequence.

3.0 Average and Central Density: Pellet fuelling 2s a mechanism 0 achieve high
density operation has been well established by past experiments. In TFIR and JET density
achieved with pellets in ohmic plasmas is also greater than that artainable with deuterium gas
puffing. Both muldple pellet (5 pellets - TFTR, 32 pellets - JET) and single pellet fuelling
experiments have been conducted. In both machines ngRqcy)/BT=20 has been achieved in

ohmic discharges, extending by roughly a factor of 2 the value anained by gas puffing. In JET
this limit corresponds 1o that attained with gas fuelling in auxiliary heated discharges and is
associated with the formation of Jocked modes[13]. As in smaller devices, large perturbations
in central density and electron temperature can be obtained without disruptdon by direct pellet
fuelling of the plasma core, utilizing a single large pellet or simultaneous injection of multiple
pellets forming a single pellet event. However, these experiments ofien approach the density
limit. As in earlier experiments on other tokamaks, disruptons can occur with increased
frequency when experimental conditions are ngt idea]. A central densiry of 4 x 1020 m-3 has
been achieved in TFTR (figure 3) and 2 x 1020 m-3 on JET (figure 2.3). Peaking factors,
ne(0)/<neg>yo)» from 2.5 10 4 are atained. Even in these large 1okamaks at high current (1.5
10 3MA) cenmal elecron temperatures can fall below 1keV immediately following the pell.t
event (figure 3). Under these conditions, the MHD behavior of the discharge can be modified.
In particular, 2s in earlier experiments, sawiooth oscillations can be supressed [14], or when
pellet fuelling is employed prior 1o the onset of sawtooth oscilladons, that onset ime can be
signifigandy delayed [10]), allowing heating experiments to be conducted during a sawiooth
free period.

P 4.0 Particie Confinement: Relaxation of the density profile in large devices
following a pellet perturbation occurs on time stales Jonger than those observed in previous
experiments. Decay dmes of 100ms in Alcator C[8] are extended 10 1 10 2 seconds on TFTR
and JET. The general evoluton of the profile shape appears to be similar however. Figure 4
shows the evolution of the density profile and the diffusion coefficient inferred from the
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Figure 4: PDX x-point plasma. 4a) Density profile evoluton during 115zs following pelizt
injecton, 4b) Range of partcle diffusiviry during period of densiry evolution inferred from
measured dn./dt, compuied source term and neoclassical (Ware) pinch.

measured partcle fluxes in PDX [15]. Modeling of the profile evoluton on TFIR and JET
vields coefficients of similar or lesser magnitude. Figure 5 illustrates the profile evolution for a
TFTR discharge[14]). The diffusion coefficient obtained during the density decay, assuming
diffusive flow alone, or including the neoclassical (Ware) pinch, shows a soong radial
dependence with values of approximately 0.05m2s-1 obtained within the plasma core. In JET
this radial dependence has been modeled vsing an abrupt ransiton from a low valve within the
core 10 a larger edge value, suggestng a separation of the plasma into a weakly anomalous core
region and more songly anomalous outer region. Figure 6 shows the mansport coefficient
inferred from rwo JET cases, one ohmic, the other with strong core RF heating(16). In TFTR
this radial variation has been modeled using an (r/2)2 radial dependence[17].
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Figure 5: TFTR Lmiter plasma. Evolution of the density profile during 25 period foliowing
pellet fuelling. Persistance of 2 dense core and formation of broad densiry pedesta) is similer
to smaller devices. JET
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Figure 6: Radial variation of diffusion cocfficient used to model evolution of density profile
following pellet injection on JET during ohmic and RF headed discharges. Neoclassical
(Ware) pinch is incorporated in particle flux calculadons.
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High density operation obtained with pellet fuelling reduces Zeff immnediately following
pellet injecton on TFTR and JET, as in past experiments. Valves for Zeff<].5 have been
. obrained[18). Low anomalous diffusive Joss within the plasma core, the presence of song
density and 1emperanure gradients at Jow collisionality, and the absence of sawizeth, all serve 10
accenfuate neoclassical impurity ranspo:t effects seen in past experiments {19). In TFIR and
JET impurity wansport is consistent with a neoclassical model incorporating a particle
diffusiviry similar 10 that used 1o model elecron mansport {17,20]. In JET, increased core
impurity concentaton can occur in both ohmic and auxiliary heated discharges, appearing on a
1 second rme scale. In these large, high temperature devices with low Z Limiters, such impunty
accumulaton leads to diludon rather than radiation collapse.

5.0 Energy Confinement: One of the primary reasons for applying pellet fuelling
on large tokamaks has been in an effort 1o produce peaked density profiles and improved
energy confinement, as was obtained in earlier experiments{8,21]. Improved confinement has

een obained following pellet injecton for periods greater than 1 second in some cases. In
TFTR ohmic discharges an enhancement from 1.5 to 1.8 dmes the saturated ohmic leve] was
found, zs illustrated in figure 7[14). In auxiliary heaied discharges, TFIR results (figure 8)
using beam heating showed reduced core thermal diffusivity, although in these discharges
heaung power profiles were peaked outside the plasma core due 10 poor beam penewraton at
high density {22]. In more recent JET experimenis (figure 9), ransport cozfiicients of similar
magnirude within the plasma core have been obizined even in the presence of szong cenoal RF
heating (0.8MW/m3), high temperatures (Tj=T,=10keV) and low collisionality v=; and V=<
0.1{10,23,24,25,26). These values of y; and 7, are roughly 1/2 10 1/3 those obtained later in
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Figure7:Variadon of global confinemsnt with line density in ohmic TFTR dischargee.
Samrated chmic Jevel obtained with gas puffing is roughly L-mods level[25).
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Figure 8:Thermal diffusivity during beam heatng in pellet fuelled and gas fuelled TFTR
discharges. The radia] variation in X, was obtained assuming an jon thermal diffusivity in the
range from 1 10 3 times the neoclassical value (0.1 10 0.3 m2s°! in the region 0.2 10 0.4m).
The range of y, values shown in each case indicaies the variation obtained for & multiplier of
1and 3,
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Figure 9:Thermal diffusivity during on axis RF heatng in pellet fuslled JET discharges.
Variadon with time of values at 1/a=0.2 is ploned. Core value of x; is determied from
mzasured T;(0). Radial variatgon sinailar 10 X, is assumed. In this caJewlaton 10:a) jon heatng
is assumed 10 be 50% of the RF input power at all dmes.

the discharge in the presence of broad density but similar heatng profiles. When both the
heating and densiry profiles were songly peaked within the plasma core, global confinement
1.6x the L-mode[26) value (3MA and 10MW) was obtained. In large, high temperature
devices fast jons can contribuie significantly 1o the plasma energy content, and may have
slowing down times greater than the thermal plasma confinement time, perhaps disiorting the
comparison with L-mode scaling. In the high densiry pellet case however, the thermal plasma
energy content is the dominant global term.

6.0 High Power Operation: At high power, peaked profiles produced by beam
fuelling lead 10 enhanced performance, which is often terminated by a smong carbon
influx[27]. Pellet fuelling during the heating pulse has recently been used in such discharges,
not to peak the density profile, but to inroduce deuterium and delay the onset of high carbon
influx{28). Neuwon rates in this case have been enhanced by a further 20%.

7.0 Summary: In TFTR and JET experiments, pellet fuelling has been exiended 1o
larger, higher temperature devices. Penetration depths are in general agreement with
calculadons when ablation by thermal elecrons dominates, but local deposidon may differ
from predictdons. Depositon at the plasma edge can be enkanced Deposition near the plasma
center may also be altered. Fueling efficiency is high, but at present somongly peaked density
profiles are obtained only with pellet penemation approaching or beyond the plasma center. As
in earlier experiments in smaller devices: density achieved with peliets in ohmic plasmas is
greater than that antainable with deuvterium gas puffing, significant electron temperarure
perturbations can be tolerated, supression of exisung sawtooth relaxations or delay of their
onset is obtained, decay of the density perturbation is slow with density decay dmes of 1.5 10
2s observed, energy confinement is observed to improve and with core heating Te(0)>5keV is
rapidly achieved. In additon pellet fuelling during low density high power beam heating has
been used 1o delay onset of high carbon influx, and further enhance plasma performance.
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