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Abstract. Normally pellet injection in strongly heated discharges leads at most to a relatively short
improvement of the energy and particle confinement times. In contrast to this finding, the radiative
improved (RI) mode plasma of TEXTOR-94 is a very well suited target for pellet injection: the
interaction of a pellet with the high density plasma together with the radiatively cooled edge leads in
the best cases to an improved energy confinement time which lasts to the end of the heating phase.

The pellet injection causes at first a density increase; this phase is followed by a quick partial particle
loss and later an increase to a quasi-stationary value. Because of the linear density dependence of
RI mode confinement this leads to an additional increase in energy confinement time.

1. Introduction

Fuelling by pellet injection into a magnetic
confinement device [1] is an alternative way to
the presently used gas fuelling or fuelling by high
energy neutral beams for the plasma core. In a
fusion reactor, pellet fuelling is foreseen such that
the pellets cross the scrape-off layer and penetrate
into the boundary of the plasma. In this way the
fuelling efficiency, in particular for tritium, can be
enhanced. In present day devices, pellet fuelling
is also applied in order to enhance confinement.
Confinement enhancement has often been observed
in high density ohmic discharges [2-4]. In this type
of discharge the injected pellet cools the discharge
transiently and at the same time an inwards drift
leads to an increase in central density. The plasma
energy increases later together with temperature
and density and the linear ohmic confinement
law is extended to densities where otherwise sat-
urated ohmic confinement would be found [2].
The discharge conditions after pellet injection
result in a good target for auxiliary heating, leading
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to the pellet enhanced performance (PEP) mode
observed in different devices [5-7]; the energy con-
tent can improve transiently for some hundreds of
milliseconds up to 1 s at JET and is accompanied by
an instantaneous density peaking caused by central
mass deposition from the pellet and a hollow temper-
ature profile. A transport analysis at JET yields an
inverse ¢ profile which is sometimes attributed as the
cause of the improved confinement. On other exper-
iments (such as TFTR) magnetic shear was not nec-
essarily reversed and the conditions could be reached
with weak or low shear in the plasma core.

In strongly heated plasmas with low confinement
(L mode), the positive influence of the pellet is
decreased with increasing heating power [3, 8]. In
discharges with high confinement (H mode), in many
cases a decrease in confinement is found if the injec-
tion is performed from the low field side [9, 10] but
by injecting pellets from the high field side [9] con-
finement degradation can be avoided and the dis-
charges reach high densities with good confinement.
Sometimes pellet injection has triggered an H mode
[11, 12].

All these enhanced confinement scenarios are
transient. The improved confinement holds only for
a few hundred milliseconds after each pellet.
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2. Experimental conditions

TEXTOR-94 is a medium size circular tokamak
(R = 1.75 m, a = 0.46 m). It is equipped with
two neutral beam injectors of 2 MW heating power
each and an ICRH system consisting of two pairs of
antennas (2 MW for each pair). The neutral beams
are injected tangentially, one in the co-direction and
one in the counter-direction. Another characteristic
feature of TEXTOR-94 is the pumped toroidal belt
limiter ALT-II [13-15] by which the particle content
of the plasma can be controlled. The pumped lim-
iter together with a feedback controlled gas inlet sys-
tem [16] create the ability to control the content of
gaseous impurities introduced into the plasma. Elec-
tron density and current profile measurements are
performed with a nine channel HCN interferome-
ter/polarimeter [17]. Temperature profiles are deter-
mined with a second and third harmonic ECE system
[18].

TEXTOR-94 is equipped with a gas gun type nine
shot pellet injector which provides pellets with a
diameter of 1.5 mm and a length between 1 and 4 mm
[19, 20]. The particle content in each pellet can be
adjusted between 5 x 10'® and 1 x 10%°, correspond-
ing to up to 200% of the total number of electrons
in the plasma before injection. The size of the pel-
let can be influenced by a gradient heating system
and the deuterium pressure in the freezing cell. The
pellets can be injected into a discharge with prepro-
grammed injection times. The velocity depends on
the pellet size and the pressure of the acceleration
gas and ranges from 700 to 1200 m/s.

3. Conditions for
radiative improved mode

The radiative improved (RI) mode [21, 22] in
TEXTOR-94 is obtained by seeding medium-Z
impurities into auxiliary heated discharges. The
impurities radiate in a toroidal and poloidal sym-
metric zone near the plasma boundary. The radiated
power becomes a significant fraction of the power
launched into the plasma. Together with the devel-
opment of a radiative mantle, the energy content in
the discharge and also the central density increase.
Under these conditions the plasma exhibits energy
confinement between ELMy and ELM-free H modes.
In contrast to H mode, RI mode has no edge bar-
rier and the resulting detrimental effects such as
ELMs are avoided. The profile shapes of RI mode
and H mode are in general very different; H mode

1470

ext. heating
| Neon inlet Shot No.: 71728
| pellet
3
Y [10%s] 2
1
0
0.8
fios 04
0.0
200
150
ED\a [k‘]] 100
50
0
0.8
Prad/Plo( 0.4
0.0
4
P [MW] 2
1

051 15 2 25 3 35 4 45 5
time [s]

Figure 1. Example of pellet fuelling into an RI mode
discharge, showing as a function of time: the total heating
power Py, brilliance of the Ne VIII line, radiated power
fraction ~, line averaged density 7ie, diamagnetic energy
F4ia, energy confinement time 7g, frgs, neutron yield Y
and Z.pg.

shows a flat electron density profile while RI mode
is characterized by a peaked electron density pro-
file. In contrast to H mode, where in most cases a
degradation of confinement is seen at high densities,
RI mode shows a linear density dependence of energy
confinement time leading to the best confinement at
the highest densities.

4. Pellet fuelling in
radiative improved discharges

Experiments in TEXTOR-94 have shown that
RI mode plasmas are a favourable target for pellet
injection; to our knowledge it is the only strongly
heated plasma mode where pellet injection does not
disturb the confinement properties but leads to a
long lasting, quasi-stationary improved confinement
state.

An example of the permanent effect of trig-
gered confinement enhancement by pellet injection
is shown in Fig. 1. The discharge is performed at
a plasma current of 420 kA and a toroidal mag-
netic field of 2.23 T. The plasma is heated with
ICRH (1.23 MW) and neutral beam (co-direction,
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Figure 2. Total number of electrons before and after
pellet injection. The pellet causes a sharp increase, a fast
decay follows and then a second increase follows.

1.1 MW). Before neon injection, the discharge
exhibits I mode confinement. Shortly after the start
of neon seeding (¢ = 1.3 s), the discharge performs
a transition to RI mode confinement. The line aver-
aged density and the plasma energy content rise to
a stationary value.

A pellet is injected at ¢ = 2.05 s (velocity v =
960 m/s, penetration depth d = 27 c¢cm and par-
ticle content N = 7 x 10! deuterium atoms). As
shown in Fig. 2, pellet injection results in a strong
increase in the total number of electrons. After the
initial increase to 3.7 x 102°, the number of electrons
decreases to about 3.4 x 10%2° with a time constant
of 22 ms. Then the number of electrons starts to
increase again and after 300 ms a new equilibrium
state is reached where the total number of electrons
stays constant at about 3.5 x 1020, An initial decrease
in particle content is also observed when a pellet is
injected into an L. mode discharge; however the slow
increase (150 ms) of the density after the initial decay
is a special feature of RI mode discharge conditions
and has not yet been observed in any other discharge
type.

As can be seen in Fig. 1 the radiated power
fraction increases further with pellet injection and
relaxes to a higher value than that before the pel-
let. The line averaged density behaves as the total
number of electrons. Together with the density, the
plasma energy and confinement time (calculated as
TE = FEgia/Piot with Eg, being the energy mea-
sured with a compensated diamagnetic loop and
Pyy: the total heating power including the ohmic
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heating power) reaches a new quasi-stationary value.
The fros factor (this factor is the ratio between
the measured energy confinement time and the con-
finement time calculated using the ITER93H scal-
ing) amounts to 0.7 before neon seeding, to 0.85
after neon seeding and to 0.95 in the quasi-stationary
phase after pellet injection and has enabled the dis-
charge to reach a confinement quality which is very
close to that of ELM-free H mode. The first quantity
shown in Fig. 1 is the neutron rate, which shows an
initial decrease shortly after pellet injection but then
recovers to a value slightly higher than before.

The concentrations of neon and carbon amount
to about 0.9% in the centre and also remain at this
value after the pellet has been injected. A decrease in
Zeg by 18% is observed, indicating that the concen-
tration of other impurities such as oxygen is reduced.
At t = 3 s the auxiliary heating is reduced and the
quasi-stationary high confinement phase ends.

The radiation at the plasma boundary increases
after pellet injection as found by bolometric measure-
ments, due to a density increase in the outer third
of the plasma radius, even though the neon concen-
tration is constant there. At the plasma edge the
temperature and density at the LCFS deduced from
the thermal helium beam change only slightly. The
recycling hydrogen flux at the toroidal pump limiter
surface (ALT-II) increases by 16%; this is the same
increase as that of the total number of electrons such
that the global particle confinement time stays nearly
constant.

In the plasma core, the electron temperature is
reduced for a short time interval after injection of
the pellet, as shown in Fig. 3. The ion temperature is
not influenced at all by the pellet injection although
the time resolution of 50 ms can hide a transient
decrease.

The observed improvement of the PEP mode [5—
7] is sometimes attributed to a rearrangement of the
plasma current. Therefore the current profile (and
the accompanying safety factor profile) has been
measured on TEXTOR-94 by polarimetry. The value
of ¢ on-axis (qo) is also shown in Fig. 3. In the exam-
ple given, the current distribution (and with this the
q profile) remains unchanged after pellet injection.

4.1. Profile effects

An important parameter for the interpretation of
the confinement increase is the shape of the elec-
tron density profile. In Fig. 4 the temporal develop-
ment of the electron density profile is plotted. The
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Figure 3. Development of electron and ion tempera-
tures and qo in discharge 71728.

profiles are derived from Abel inversion and the abso-
lute error is about 10% in the central part of the
profile. Also included in Fig. 4 is the peaking fac-
tor, which is defined as p = n.(0)/(n.), where (n.)
is volume averaged electron density and n(0) central
electron density. The full curve in the lower part of
the figure shows the density profile just before pel-
let injection. This profile is peaked compared with
those of high density L mode discharges. The profile
at t = 2.05 s (short dashed curve) is taken near the
time when the total number of electrons reaches its
maximum. Due to the fact that the pellet is ablated
in the outer region of the plasma this profile is broad-
ened. The profile at t = 2.07 s (long dashed curve)
represents the density at the time of the minimum
in the total number of electrons. It indicates that
most of the particles in the wings of the profile have
been transported out of the plasma. Some of the
particles have also been transported to the plasma
centre as indicated by the beginning of the peak-
ing. The last profile in this plot (¢t = 2.11 s, dotted
line) is taken in the phase where the total number
of electrons increases. It shows that particles from
the wall have been transported into the bulk plasma.
It is still less peaked than the profile before pellet
injection. The electron density profiles shown in the
upper part of Fig. 4 describe the further peaking of
the density profile. After some hundred milliseconds
the electron density profile reaches a quasi-stationary
shape again. The profile wings do not change in this
phase, and a density accumulation is seen inside the
q = 3/2 surface. The profiles are more peaked during
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Figure 4. Temporal evolution of the density profile after
a pellet has been injected. In the lower part the devel-
opment of the electron density between 2 and 2.11 s is
shown and in the upper part the development between
2.16 and 2.6 s is shown.

this phase than in the RI mode phase before pellet
injection.

5. Reaching high 3 with pellets

Injecting pellets can lead to high confinement and
high 8 in TEXTOR-94. In the discharge plotted in
Fig. 5, a pellet is injected at ¢t = 1.6 s and causes
an increase in density and energy confinement time.
In this discharge, the density does not stay constant
after the pellet but increases further; the increase in
energy saturates after 1 s where a normalized beta
On = 2 is reached. The definition of normalized beta
is as follows:

By = ﬁt/af—gt

Br = 2#0%
;

with §; as a percentage, [, in megamps, a in metres
and B; in teslas. In this discharge the temperature

Nuclear Fusion, Vol. 40, No. 8 (2000)
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Figure 5. Example of an RI mode discharge with a long and stationary high

confinement phase (saturated at high 3) triggered by a pellet.

in the region of the ¢ = 3/2 surface is about 1.3 keV
so that the resulting py ; = 0.089 (defined as pj, ;, =
Pp.i/a) is large and the § limit extrapolated from a
scaling provided by Ref. [23] is probably not reached.
The density increases further but the energy does
not increase any longer. For the whole duration of
the discharge, strong MARFEs and modes are active
which may limit the energy reached, but in contrast
to other discharges with MARFEs and mode activity
this discharge is stable and the mode activity does
not lead to a sudden confinement degradation.

6. Discussion

The injection of pellets into RI mode discharges
yields no more special features from the pellet abla-
tion point of view. The penetration depth is not
different (in the error bars) from the one in dis-
charges without radiation cooling. Multipellet injec-
tion experiments (up to three pellets) with a time
difference of 500 ms between the pellets have shown
that each injected pellet causes similar effects; they
will be treated as single pellets in the following para-
graphs.

The influence of pellet injection on the plasma
performance is dependent on the neutral pressure
near the wall as shown in Fig. 6. With increasing neu-
tral pressure the difference between the energy before
pellet injection and after decreases and becomes
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Figure 6. Difference in energy before and 200 ms after
pellet injection as a function of the neutral pressure at
the wall.

negative, which means that the energy confinement
time falls if the neutral pressure becomes too large.
In the multipellet injection experiments the pellets
caused an increase in the neutral pressure so that the
improvement in energy decreased with each injected
pellet.

To study the influence of pellet injection on
plasma performance the enhancement factor fpgs is
plotted against the Greenwald factor in Fig. 7. The
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Figure 7. Development of discharges after pellet injec-
tion in relation to the RI mode scaling. A discharge with
low neutral pressure moving along the scaling (star to
closed square), a discharge with high neutral pressure
moving across the scaling (star to closed diamond) and
a discharge with a MARFE after pellet injection (star to
closed circle).

stars represent the discharges before pellet injection
and lie a little above the RI mode scaling. The arrows
show in which direction the discharge has developed
200 ms after pellet injection. In a good case, with low
neutral pressure, as discussed before, the point rep-
resenting the discharge is moved parallel to the scal-
ing (closed square). In the case of high neutral pres-
sure the point is moved to a slightly higher density
but reduced energy confinement (closed diamond).
Another case occurs if a MARFE is excited. The
energy is much more reduced (closed circle) than in
the other cases.

One reason for the higher energy confinement time
is connected to the shape of the density profile. In
the discharge with enhanced confinement discussed
above, the improvement is connected with a peaking
of the density profile. In a comparable discharge with
a decrease in the energy confinement time, the den-
sity profile does not peak after the pellet is injected.
There is a general connection between density profile
peaking and improved confinement, shown in Fig. 8.
All available discharges are plotted in Fig. 8; the plot-
ted line is a linear fit to the points. On the x axis the
difference in peaking factor before and 200 ms after
pellet injection is plotted; values greater than zero
represent discharges where a density peaking takes
place and values below zero represent discharges with
broadened density profiles. The difference in energy
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Figure 8. Difference in energy before and 200 ms after
pellet injection as a function of the difference in peaking
factor before and 200 ms after pellet injection.

content between 200 ms after injection of the pel-
let and the initial energy content is shown on the
Y axis.

Apart from the negative effect of higher neutral
pressure in the midplane and the necessity of more
peaked density profiles, no other relationship of the
difference in energy before and after the injected pel-
let could be found. Thus about 20 parameters (such
as the electron density at the scrape-off layer, total
radiation power, heating power, penetration depth of
the pellet, size of the pellet, position of the plasma)
were investigated.

As a mechanism for the improvement during
RI mode in TEXTOR-94 suppression of the toroidal
ion temperature gradient (ITG) turbulence mode
[24, 25] has been proposed. Basic ingredients for the
development or stabilization of the ITG mode [26]
are the density and ion temperature gradient and the
concentration of impurity species Z; in the ionization
state 1.

Within this picture of ITG stabilization and con-
finement, the pellet acts primarily on the gradients
of density and temperature: during the ablation pro-
cess, the energy of the plasma is used to ionize and
heat the ablated gas of the pellet. Therefore, locally
density is increased and temperature is reduced. On
a longer timescale, particles are deposited inside the
good confinement zone and furthermore particles are
lost from the outer part of the gradient zone so that
the profile is locally steepened. The corresponding
stability parameter for the ITG mode 7; (defined
hereasn; = V,(InT;)/V,(Inn.)) is reduced to below

Nuclear Fusion, Vol. 40, No. 8 (2000)



1 in the core. The ion temperature is constant in time
and the density gradient is increased; this extends
the zone with low 7; to the centre of the plasma.
We assume that the local modification of the gradi-
ent can be a trigger for a local further suppression
of the toroidal ITG mode; if this stabilization has
taken place, the confinement of the plasma is further
increased and particles can accumulate in the core.
This process would then explain the relatively slow
peaking of the density profile after pellet injection.
Once good confinement is reached, the favourable
conditions remain stable and are maintained to the
end of the TEXTOR-94 discharge.

7. Conclusions

The experiments described have shown that the
injection of deuterium pellets in RI mode discharges
leads to an increase of plasma confinement times if no
MARFEs are excited and the neutral pressure is low.
The most likely explanation is that the injected pel-
let does not create a new plasma mode of improved
confinement but that it continues RI mode to the
upper limit. The confinement improvement is held
quasi-stationary up to the end of the RI mode plasma
phase.
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