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I ntroduction

One of the main issues about internal transport barriers (ITi@s}heeir relevance to a
reactor scenario regards the possibility of creating and nraimgahem at plasma densities
close to the Greenwald limit. One of the main candidates &ecemd fuel high-density ITB
plasmas is pellet injection. The question then arises as wlagth€B can survive the strong
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Figure 1: o 1 for shot 57941 (a) and 55861 (b). T
horizontal lines mark pellet injection. The twdido
lines indicate the pelletsconsidered for th

simulations presented in the paper.

Experimental results

perturbation induced by the pellet and the
fuelling of the interior of the ITB is
possible without destroying the barrier
itself. To investigate this subject,
experiments were performed on JET where
high-density ITB plasmas were created by
means of combined use of lower hybrid
current drive (LHCD) and pellet injection
before the barrier formation. Attempts were
then made to use pellets to fuel the plasma
and sustain its density during the ITB
phase. It was found that shallow pellets
ablating within 15 cm from the plasma
edge and far from the foot of the barrier
(located at about 50 cm from the plasma
edge) did not destroy the ITB, whereas
deeper pellets with penetration length of
30-40 cm affected the barrier and led to its
disappearance [1, 2, 3]. Modelling of these
experimental scenarios has been performed
with transport and fluid turbulence codes.
The codes used in the analysis were:
JETTO, a 1.5 dimensional transport code,
TRB, a global electrostatic fluid turbulence
code and CUTIE, a global electromagnetic
fluid turbulence code. In this paper the
results of the simulations are presented and
the physics of the interaction between pellet
and ITB is discussed.

To establish high-density ITB plasmas on JET a LHCD preludepidieal at the
beginning of the discharge to set up the hollow q profile necessatlie formation of the
ITB. LHCD is then switched off and an ohmic or low NBI power gapbout 1 s is allowed
to inject pellets and increase the plasma density. The (N&h+ ICRH) heating is finally
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applied to form the ITB and attempts were made to fuel the peglormance phase with
more pellets. Pellets in the main heating phase were fired both from the lKdghdes(HFS)
and vertical high field side (VHFS) locations. Pellet speedeithgr 80 or 160 m/s, pellet
mass was about 1-2 #0atoms and pellet frequency was 5 Hz. To investigate the pellet-
barrier interaction we chose two typical discharges: 57941 witit sttpllow pellets (mass
1-2 1G* atom and injection speed 80 m/s) injected between 45 s and 47 s frofhifiSe
track and 55861 with five HFS pellets (mass 1-2* Hlom and injection speed 160 m/s)
injected between 44.9 s and 46 s. For shot 57941 the pellet penetration de@hount 15
cm whereas for shot 55861 it was 30-40 cm. As can be seen frora figshowing the
parametemp 1=pJLt, usually adopted at JET to establish the presence of an ITBh§d], t
barrier survives for shot 57941 and is lost after the injection dfrdigellet for shot 55861.
This is typical of experiments of pellet injection in ITB plasvat JET where the barrier can
survive a shallow pellet, but is always destroyed when the pellet reaehfest of the ITB.

Simulation results

To perform the simulations one particular pellet was choserafidr ghot. We considered
the second pellet of the main heating phase injected at 45.20 s f&794dt and the first
pellet of the main heating phase injected at 44.935 s for shot 55861.

JETTO
Fully predictive transport simulations have been performed with th@ QEcode using
the semi-empirical mixed Bohm/gyro-Bohm transport model [5]. To riescpellet
injection, JETTO has been equipped with a module based on a neutratigdasma shield
(NGPS) ablation model [6]. This module gives the pellet ablationlgrafid does not take
into account the possible effect of a drift of the ablated matenieards the low field side of
the tokamak. However, at least for this kind of shots, this phenomenors seebe
negligible [2]. To simulate the barrier formation in JETTO, thetigla and energy transport
coefficients D and( can be reduced according to a criterion which takes into account the
magnetic shear s and the ratie«g/yitc between the shear of the<EE velocity and the
growth rate of the ITG modes. Indeed, it has been observed atisdicsl basis that in
general a barrier is formed where the condition z=-0.14+3:k4/K7c<0 is satisfied [7].
Therefore the Bohm diffusion term in the mixed Bohm/gyro-Bohm trahspodel is
multiplied by ©(z), where® is the Heaviside step function. Since the scope of these
simulations was to investigate the reaction of the barrieth&o pellet injection we
concentrate more on the simulation of the barrier dynamics than emdbereproduction of
the plasma density and temperature profiles.
The results of the simulation are shown in 49

figure 2. We show D as given by the mixed JPN 55861
Bohm/gyro-Bohm model before and after 35| —~pre-pellet
pellet injection for shot 55861. It can be seen | 7 Post-pellet

that, in agreement with the experiment, D Ng
increases up to the Bohm level after pellet 3
injection for the deep pellet shot. This is due
to a reduction irwexg induced by a decrease 10 L

of both density gradient and toroidal velocity -
when the density pulse reaches the foot of %
the ITB. On the other hand, in the shallow o 02 04 06 08 10
pellet case (shot 57941), the density pulse is a

too peripheral to modify the density gradientigure 2: particle diffusion coefficient calculat
and the toroidal velocity near the foot of the?y JETTO according to the mixed Bohm/gyro-
barrier. Therefore the Gexslyirs Criterion js  BONM model for shot 55861
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working and D ang are suppressed during all the time interval considered. Itasnalgh
noting that to simulate the density decay after pellet igpedtie diffusion coefficient has to
be increased by a factor of about 3 in the zone interested Ipetle¢ deposition. This is
consistent with simulations of pellet injection in other experialestenarios done with
JETTO.

TRB

TRB is a full torus, electrostatic, fixed flux code solving fleiguations for ITG and TE
modes. The equations considered are for electron density and pressiciéy,vaarallel ion
velocity and ion pressure. The g profile is taken from the expetiamed does not evolve
during the simulation. All TRB runs are done with 256 radial mesh gorit poloidal and
10 toroidal harmonics (toroidal harmonics range between 4 and 40 widcang of 4, i. e.
n=4, 8, 12, ..., 40). To simulate the pellet injection a source descthengellet ablation is
switched on. The shape of the source is gaussian. Centre and widiteened from the
interferometer profile and the duration of the time window durihgclvthe source is active
is deduced from the duration of thg Eimission. For shot 57941 the source was located at 10
cm inside the separatrix and its width was estimated 10 cnshe055861 the barycentre of
the source was located at 30 cm inside the separatrix and thewadt25 cm. For both
shots the duration is 4 ms and the intensity has been kept constant drtd 8di08° atom/s
corresponding to a total pellet particle inventory @f02" atoms. The simulations done for
both shots show the formation of barriers botr < densiy fuctuations
on density and on electron and ion temperatui ==
profiles. In both cases the ITB survives the pelle '
injection. This is in agreement with the 19
experiment for the shallow pellet but not for the s
deep pellet shot. Figure 3 shows the propagatic '8
of the density pulse after pellet injection for sho
57941. It can be seen that the intensity of th
density fluctuations increases, the turbulenc
burst propagates inward and stops at the foot o -
the ITB. An enhanced turbulent activity is in a
agreement with what is needed in JETTO t&igure 3: propagation of density fluctuations
model the fast relaxation of the post pellefor shot 57941 (shallow pellegiven by TRE

. . . he ITB foot is located at r&.4. Time is in
profile and may explain the fast propagation Ofinits of a/c and he total duration of th

the density pulse. simulation is 46 ms.
CUTIE

CUTIE is a global electromagnetic fluid turbulence code. It solves tHateroequations
for the fluctuating electron density, electron and ion temperatuaiecity, potential and
magnetic field. CUTIE co-evolves the g-profile, density and teaipex profiles self-
consistently with the turbulence and calculates the zonal flows yarah currents taking
account of specified external sources [8]. The particle and esergges (in particular the
pellet source) are implemented exactly as in TRB. All ruaglane on a radial mesh of 100
points and using 64 poloidal and 16 toroidal harmonics. In order to highlighfebedd the
pellet two CUTIE runs were performed for each shot, one with andtkiee without pellet
injection. The main result of the simulations is shown in figurenérev the evolution of the
relative difference @hellerNe,no pelied/Ne,no pelletdetween the density profiles in the two runs is
shown. It its clearly seen that for shot 57941 the density pugs st the barrier and the
barrier survives, whereas for shot 55861 the barrier is weakerée pgllet and the density
pulse reaches the plasma centre, in good agreement with themexpgafiobservation. The
same is true for the cold pulse on the electron and ion temme@bfiles. Apart from the
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Figure 4: propagation of the densi
perturbation given by CUTIE for shot 579
(shallow pellet, top frame) and 55861 (d¢
pellet, bottom frame).

pellet penetration length, the main difference
between the two shots regards the behaviour of
the zonal flows. In shot 57941 they are
maintained in the barrier zone even after the
pellet ablation, whereas they are strongly
reduced in shot 55861. CUTIE simulations
indicate therefore that the main reason for the
barrier disappearance observed in association
with deeper pellet injection is the damping of
the zonal flows and the reduction of their
stabilising effect on ITG turbulence in the
barrier zone [9]. This is a first principle
mechanism and it is different from the one at
work in JETTO.

Conclusions

Experiments have been performed at JET to
fuel by means of pellets high density ITB
plasmas. It is seen experimentally that shallow
pellets maintain the ITB but do not fuel the
plasma core and deeper pellets produce a
density pulse that reaches the plasma centre but
destroys the ITB. Different simulation
approaches have been attempted to analyse the
dynamics of ITBs when pellet injection is
performed. A transport code (JETTO) and two
fluid turbulence codes (TRB and CUTIE) have
been used. For the shallow pellet case all codes
reproduce the general features of the

experiment. For the deep pellet case, there are differencee inllegree of agreement
between the codes and the experiment. In particular JETTGsgearanfirm the validity of
the sexexslyirc criterion. TRB simulates well the increased turbulence andciased
diffusivity following pellet injection, but it is not able to repro@uthe loss of the ITB
observed in the case of deeper pellet injection. CUTIE simuleés®nably well most of the
experimental features. In particular it shows that the reduofitimee zonal flows after pellet
injection can explain the different reaction of the barrier tq#iket and the loss of the ITB
when penetration is too deep. The reasons for the difference beti&ranid CUTIE
results could be the different excitation and damping mechanisthe @bnal flows in the
two codes and the different role they have in triggering and susgaimé ITB. This issue is
still open at the moment and needs further investigation.
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