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Abstract

A systematic study was performed on high-density H-mode operation in the tokamaks ASDEX Upgrade and JET
using inboard pellet launch refueling. The pellet particle flux was found to correlate with the achieved density en-
hancement. After injection of each pellet the decay of the density enhancement starts on a fast time scale until about
half of the pellet inventory is expelled, slowing down significantly as the base density is approached. Whereas the overall
slow decay happens in the particle confinement time, its first phase results from a sequence of ELMs following each
injection. Loss of particles in an ELM sequence is accompanied by a loss of energy, causing a reduction of the plasma
energy. Full plasma energy recovery after an ELM sequence occurs faster than the slow density decay, allowing
transient operation at high densities maintaining full confinement. However, confinement degradation by inappropriate
discharge scenarios must be avoided. Pellet-induced ELM bursts result in a particle flux from the plasma recycling at
the wall, adding up with gas fluxes from other sources. Insufficient pumping can then lead to a neutral gas pressure
increase causing confinement degradation. Also, excessive temperature reduction by pellets close to rational surfaces
can create conditions likely to catalyze the growth of neoclassical tearing modes (NTMs) at high Sy, which may then be
triggered by a succeeding pellet. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Operating a tokamak safely in the vicinity or even
beyond the empirical gas puff density limit while main-
taining the high confinement (H)-mode offers significant
advantages for a future fusion reactor. H-mode opera-
tion at high densities can help to reduce the required
reactor size. In H-mode plasma discharges, confinement
and density limitations are dominated mainly by edge
parameters [1]. Increasing the density is accompanied by
an edge density rise because the core profiles remain flat.
As the increase of edge density has been found to cor-
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relate with a decrease of energy confinement, depositing
particles mainly in the plasma edge, e.g., by gas puffing,
cannot achieve a density increase without confinement
degradation. This stiff relation between edge density and
7. has to be broken off by a fueling method allowing for
particle deposition deep inside the core plasma, im-
proving the discharge performance by creating more
peaked density profiles. Injection of pellets produced
from frozen hydrogen isotopes is currently the most
developed fueling method meeting these criteria [2]. In
numerous studies [3] the method has been demonstrated
to open access to operational regimes not reachable by
gas puffing. However, high fueling efficiency is needed as
otherwise the beneficial effects are spoiled by the increase
of neutral pressure from fuel losses. Moreover, in a fu-
ture fusion reactor high fueling efficiency is essential
to keep throughputs and therefore inventories of the
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hazardous tritium fuel component at a minimum [4].
Conventional injection from the torus outside unveils a
strong efficiency degradation with increasing plasma
temperature. In hot plasmas, the pellet ablated material
is subject to a fast curvature drift shifting the deposition
profile towards the magnetic low field side [5,6] and
causing strong particle losses. Moreover, during H-
mode phases ELMs are triggered by the pellets and
further rapid particle losses take place [7]. As shown first
on ASDEX Upgrade [8] and meanwhile confirmed by
several other tokamaks, the curvature drift acts favor-
ably in the case of inboard pellet injection, maintaining
high efficiency also for hot H-mode plasmas. Further
experiments aimed at increasing density without con-
finement degradation using inside pellet launch are
needed to establish a common physics base of high-
density tokamak operation and are regarded as an area
of crucial research [9]. As a first step, systematic studies
were performed at ASDEX Upgrade and JET to
establish scenarios for persistent density increase
whilst avoiding degradation of particle and energy
confinement.

2. Experimental

Both the ASDEX Upgrade and JET pellet injection
systems are based on a centrifuge accelerator [10], re-
cently modified to enable inboard launch by adapting
the centrifuge to a guiding tube installed inside the torus
vessel leading to the inboard side. In addition, the AS-
DEX Upgrade injector was adjusted for high repetition
rates and particle fluxes in the inboard launch scenario
[11]. It is now capable of firing pellets with a speed of
240 m/s at a repetition rate of up to 60 Hz. This yields a
maximum nominal pellet particle flux @ = 2.6 x 10%2/s
for the biggest available pellet size (cubic 1.9 x 1.9
x 2.0 mm?®). Approximately 60% of this is lost during
acceleration and in the bent guiding tube resulting in a
particle flux into the plasma of about 10?2 /s, which is
consistent with the maximum pellet-induced plasma
particle enhancement found. The inventory of the stor-
age cryostat was sufficient to deliver pellet sequences of
2 s duration at maximum rate. Pellets were injected to-
wards the plasma center under 44° to the horizontal
plane. The delay between the pellet request and arrival
at the separatrix was about 80 ms with a 017 ms jitter.

For JET refueling experiments, cubic (4 mm)3 pellets
usually were injected also under 44° to the horizontal
plane but tangentially to a flux surface with p ~ 0.7. To
compare fueling behavior of inboard and outboard
launches, pellets were also injected from the torus outside
on the horizontal midplane aiming toward the plasma
center. Switching from inboard to outboard launch could
be realized from pellet to pellet. A maximum pellet ve-
locity of 180 m/s and repetition rates of up to 10 Hz were

applied, the system response time was about 90 ms.
Pellets were delivered for the full plasma discharge du-
ration due to the continuous extrusion capability [12].

During pellet experiments, both tokamaks were op-
erated in lower single null configuration, at ASDEX
Upgrade with standard low triangularity (averaged ¢
< 0.2) configuration, at JET with an upper ¢ of 0.25
(referred to as LT configuration) or 0.38 (HT configu-
ration). Plasma heating was mainly applied via Neutral
Beam Injection (D°-injection), NBI, to an extent of up
to 10 MW in ASDEX Upgrade and 17 MW in JET.
Only preprogrammed pellet sequences were used on
JET, on ASDEX Upgrade additionally on-line feedback
density controlled pellet injection was performed in
some discharges.

3. Results

Our investigations concentrated on injecting cryo-
genic deuterium pellets into deuterium discharges, at
ASDEX Upgrade with I, =08 MA,B,~—-2.0T,
qos =4 and at JET mainly with I, =2.5 MA, B, =~
-2.4 T, qo5 =~ 3.

3.1. Density enhancement

At ASDEX Upgrade a detailed investigation was
performed on the relation between the applied pellet
particle flux @ and the achieved density enhancement A
beyond the base value n® achieved in a reference shot
without pellets. As a result, pellet injection acted purely
additively to the plasma density as @ could be varied,
for example by gas or impurity puffing or by cryopum-
ping without a significant influence on the relation be-
tween 4 and @. This relation still holds for requested
densities #T = 1P + 4 well-beyond the Greenwald density
nS¥[10*° m~*] = Ip[MA]/nal[m] [13] (ay horizontal
plasma radius). Fig. 1 displays the -4 diagram for the
performed discharges, illustrating the correlation.

Data for this plot were taken from steady-state dis-
charges controlled to one fixed density value (open
squares), as well as from shots with a slow density ramp
up (triangles, every data point represents one pellet se-
quence).

The required pellet particle fluxes to achieve a given
4, and, moreover, the temporal evolution of density
control sequences can be explained by a simple model
for the plasma particle content taking into account
density evolution after pellet injection and the injection
system response time. Results of this simulation are also
given in Fig. 1. The density decay after pellet injection at
t =ty can be described rather well by the expression:

e (t) = n2(to) + Aexp{—(¢t — tp)/10 ms}
+ (4 — A)exp{—(t — 1)) /120 ms}
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Fig. 1. Applied pellet particle flux ¢ versus pellet-induced
density surplus 4. Data were taken from ASDEX Upgrade
steady-state discharges (open squares) and from discharges with
slow density ramp up. Results from a simple particle content
modelling are shown as well.

with the amplitude, 4, reaching typically about half the
density increment caused by the last injected pellet
(about 10" m~3). When pellet injection was terminated,
the discharge returned to the density established in an
equivalent discharge without pellet injection. The den-
sity decay in the final slow phase, occurring most
probably with the particle confinement time, occurs
rather smoothly. Immediately after the pellet, the den-
sity evolution can be well described by an exponential
decay with the fast time scale.

Measurements at higher temporal resolution revealed
that density loss occurs in steps correlated with strong
ELM activity. After pellet injection, 7, stayed almost
constant for about 4 ms. Then, a rapid density decrease
occurred, expelling typically 6 x 10! particles within 2—
3 ms. This short phase with strong particle flux (typically
3 x 10%2/s) from the plasma was followed again by a
quiescent phase until the next rapid density decay.
Typically, on the injection of a pellet three to five strong
ELMs were recorded before the ELM intensity abated
to its initial amplitude and the transition to the slow
decay phase took place.

In JET, a similar behavior was found. Higher pellet
particle fluxes achieved by increasing the repetition rate
lead to higher final densities without any significant in-
fluence of conditions in different target discharges.
However, higher pellet fueling efficiencies achieved by
switching from outboard to inboard injection resulted in
a higher final density. During H-mode phases, the same
ELM behavior was observed as on ASDEX Upgrade. A
sequence of ELMs was triggered by each pellet, with
each of the pellet-induced ELMs stronger than a usual

‘background’” ELM. Duration of this sequence of rapid
particle losses in JET was about 100 ms, containing
about five strong ELMs.

3.2. Energy confinement

Pellet refueling showed a remarkably improved
plasma energy confinement compared to gas puffing for
the same discharge parameters. Stable quasi-steady-state
H-mode operation beyond the Greenwald density was
achieved and maintained during the whole pellet se-
quence. Still, a tendency of some reduction in energy
confinement with rising 7; was detected. Present in each
single discharge, the confinement degradation was at-
tributed to at least one of the four following reasons:
(a) Degradation of Wyyp of the target plasma by unfa-
vorable performance of the discharge, e.g. too strong gas
or impurity puffing;

(b) Increase of neutral gas pressure and hence edge den-
sity through insufficient pumping caused by a parasitic
pellet born gas puff;

(c) Triggering of neoclassical tearing modes (NTMs) by
the pellets;

(d) Bursts of several strong ELMs expelling particles and
energy following pellet injection.

Whereas the first problem occurred accidentally and was
not related to pellet injection, the latter three were in-
duced by pellets and have to be considered in more de-
tail.

3.2.1. Edge density induced degradation

Energy confinement degradation related to increasing
edge density was observed in ASDEX Upgrade when
only turbomolecular pumps were used. The degree of
degradation was found to be identical for pellet and gas
puff refueling at the same edge density in identical target
plasmas. Thus, the pellet-induced particle flux from
plasma recycling at the wall had the same deleterious
effect on the confinement as external gas puffing [14].
Applying the cryopump to prevent a strong neutral gas
pressure rise in the divertor region during pellet phases
eliminated the increase in edge density and hence cir-
cumvented pellet-related confinement degradation.

3.2.2. NTM induced degradation

NTMs with (3/2) and (2/1) structure have been ob-
served in previous experiments on ASDEX Upgrade at
high energy content in the plasma [15], resulting in a
significant reduction of the plasma energy content. Such
NTMs were found to be triggered also by pellets, even if
the global energy content and hence i were already
somewhat reduced by pellet refueling. A typical dis-
charge with pellet-triggered NTMs in ASDEX Upgrade
evolved as follows: the pellets started to reduce the
plasma temperature and especially the ion temperature
and hence the poloidal ion gyro radius py; at the reso-



P.T. Lang et al. | Journal of Nuclear Materials 290-293 (2001) 374-380 377

nant surface. According to the ion polarization current
model this reduces the achievable ﬂg“se‘ before an NTM
may get triggered by a large enough perturbation, as
[3;“”‘ ~ p;y; holds [16]. One of the subsequent pellets
after this cooling process then triggers the (3/2) NTM on
the ¢ = 3/2 surface. The exact mechanism of the trigger
of the mode is not yet fully understood and is a subject
for further investigation [17]. With increasing amplitude
of this mode, a strong decay of the confinement was first
observed. One of the next pellets eventually triggered a
(2/1) NTM at the ¢ = 2 rational surface, causing an even
stronger drop in the energy confinement. This (2/1)
NTM typically locked to the vacuum vessel and caused a
final confinement drop drawing the discharge sometimes
back to the L-mode.

The onset conditions for pellet triggered (3/2) NTM
were found to lie on the same scaling for the maximum
achievable local critical ¢ derived using sawteeth pro-
vided seed islands. The above-mentioned scaling [16] is
equivalent to S * I, ~ 1.1y/T; at the g = 3/2 surface
and could be used for choosing plasma conditions less
vulnerable towards NTMs. By this way, the NTM onset
in pellet refueled discharges was prohibited to a large
extent.

3.2.3. ELM burst induced degradation

Whereas the mechanisms causing energy confinement
degradation listed above under (a)-(c) ((b) and (c) are
discussed in Sections 3.2.1 and 3.2.2., respectively) could
be prevented by appropriate means, some remaining loss
of confinement correlated with the bursts of several
strong ELMs following the pellet injection in H-mode
phases could not be avoided, either in ASDEX Upgrade
or in JET discharges. Having been often disguised by the
stronger effects on the confinement by the other degra-
dation mechanisms, this effect occurs after each pellet is
injected into a H-mode plasma and causes the currently
still observed operational limitations at both ASDEX
Upgrade and JET.

Obviously, pellet-induced ELM bursts expel both
particles and energy, as illustrated in Fig. 2 where the
time traces of 7, and the plasma MHD energy Wyyp are
given. Wypp is obtained by function parametrization of
the ASDEX Upgrade equilibrium using numerous di-
agnostic signals (uncertainty for the data shown below
4%) [18]. The sequence plotted consists of six single
pellets injected in a phase with 5 MW heating power
applied, driving 7, far beyond the Greenwald density
(dashed line) while maintaining H-mode signature (as
indicated e.g. by continuing ELMs). After the pellet
sequence, the density surplus 4 decayed as described by
the equation given above. Correlated with the start of
the pellet sequence, a decay of the plasma energy by
AW =~ 50 kJ set in. Once this level was reached, no
further degradation took place despite further pellets
arriving in the plasma. About 20 ms after the last pellet,
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Fig. 2. Evolution of plasma density and energy during and
after a pellet sequence in ASDEX Upgrade. Fit results for the
phase after the sequence are also given, where finally steady-
state performance at enhanced density without confinement loss
is achieved transiently.

the burst of strong ELMs ended as indicated by the
change over from the fast to the slow-density decay
phase, and the plasma energy recovered to the initial
value. The pellet-induced ELM bursts cause a loss
power Pgry which adds transiently to the steady state
background loss power Pieut = Poss = Wo/15. Assuming
an unchanged energy confinement time tg, this tempo-
rary loss can be estimated as:

Peim = Poeat AW /Wy = 5 MW x 50 kJ/500 kJ
= 0.5 MW.

During this phase with the additional losses present, an
averaged particle outflux from the plasma of 2 x 10?! /s
is observed, mainly due to fast pellet losses by the ELM
bursts. Profiles taken by the Thomson scattering system
timed with respect to pellet injection showed the location
of pellet particle deposition in this phase taking place
about 15 cm inside the separatrix where 7, = 800 eV.
Assuming T; ~ T, since density and hence collisionality
are sufficiently high, these particles, first thermalized and
then partially lost during the ELM could yield a con-
vective loss power of 3@, kg7 ~ 0.77 MW. Thus, one
can assume that the observed pellet-induced ELM bursts
cause both the observed particle and the energy losses,
as this interpretation matches well with the observed
slowing down of the density decay and the recovery of
plasma energy, once the bursts come to an end.

As the ELM burst losses are of transient nature and
the time scale for plasma energy recovery after the pellet
sequence (25 ms) is significantly shorter than the particle
confinement time (120 ms), transient operation at en-
hanced density with no confinement loss with respect to
the initial conditions can be achieved. As shown in
Fig. 2, about 130 ms after the last injected pellet of the
sequence, the plasma energy has fully recovered to the
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initial level while there is still a significant fraction of the
pellet-induced density surplus present, keeping the den-
sity even beyond the Greenwald level. Thus, for a short
period enhanced operation is achieved. Further im-
provement could thus be envisaged by optimizing the
injected pellet sequences, eventually by starting a further
density increase with the next pellet sequence at the time
the plasma energy has just recovered since the previous
sequence.

3.3. Operational parameters already achieved at ASDEX
Upgrade and JET

First steps to optimize pellet refueling by careful
tailoring of the injection sequences have already been
taken at ASDEX Upgrade and at JET. Achieved dis-
charge parameters for both tokamaks are visualized in
the 77, — Wymp diagrams shown in Fig. 3. The bound-
aries in this operational diagram reached by continuous
pellet injection (filled symbols) matched the degradation
expected due to the ELM burst losses (assuming
Pheat — PeLm = Wo — AW /1g, solid curve) in the absence
of further pellet-induced loss mechanisms quite well.
Data sets achieved for both tokamaks look rather sim-
ilar when the axes are scaled accordingly. In these plots
the intersection of the degradation curve with the
Greenwald density was chosen as fixed-point. To illus-
trate the significant improvement already achieved by
continuous pellet injection with respect to gas refueling,
the trajectory of an according discharge with gas puff-

ASDEX Upgrade
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Fig. 3. Operational i, — Wynp diagrams achieved for ASDEX
Upgrade (I = 0.8 MA,B, ~ —2.0 T, Px; 5-10 MW) and JET
(Ip =2.5 MA,B, — 2.4 T, Pyj11-17 MW). Solid dots represent
the data achieved for continuous pellet injected, open circle
transient enhanced operation. Solid arrows indicate pellets,
dashed arrows the temporal discharge evolution. The solid
curve is obtained assuming energy loss by thermalized pellet
particles in ELM bursts assuming Pgpy ~ @ioss- The according
Greenwald densities and a typical evolution for a gas puffed
discharge are given also.

induced density enhancement is given in the ASDEX
Upgrade diagram. Parameters achieved in transient
operation by interrupted pellet sequences are shown by
the open symbols in Fig. 3. Here, the pellet sequences
were restarted at the optimum operational point during
the recovery phase after a pellet train. Whereas in AS-
DEX Upgrade the density increase of several pellets
(indicated by arrows) could be cumulated before Pgpm
losses again caused a reduction of Wyyp, at JET further
improvement in the current set-up can only be realized
with the first pellet. This is due to the rapid pellet rep-
etition rate of the ASDEX Upgrade injector, which al-
lows several pellets to be launched until Wyup
approaches its new, reduced equilibrium, whereas the
JET injector repetition rate is about equal to this time.

3.4. Profile effects

The improvement of discharge performance by re-
placing gas puffing with pellet injection is mainly due to
profile effects. Whereas the global parameters are im-
proved by pellet refueling, e.g. as shown in Fig. 3, the
edge parameters stay unchanged. Analyzing their con-
finement degradation versus e.g. separatrix density or
edge pedestal pressure, no difference is found with re-
spect to the fueling technique. However, pellet injection
allows for deeper particle deposition than gas puffing,
thus, breaking the stiff relation between core and edge
density observed with gas puffing. At comparable edge
densities stronger peaked density profiles achieved with
pellets allow more particle inventory, exceeding in this
way the Greenwald density. In pellet refueled discharges
operational limits are, as in conventional H-mode plas-
mas, mainly imposed by the edge parameters. This gives
the potential for improved operation with respect to
plasma energy due to the peaked density profile, as il-
lustrated in Fig. 4. There, a simple schematic sketch of
the evolution for the (electron) density, temperature and
pressure profiles is modeled for both gas and pellet-in-
duced density ramp up. Typical idealized initial density
and temperature profiles are assumed like those found at
the starting point of the gas fueled trajectory in Fig. 3. In
the same way idealized final profiles for gas refueled
discharges at maximum H-mode density just before
dropping back into L-mode and for the pellet shot at a
requested density near the Greenwald density were
taken. During gas puff refueling, the increase of the
pedestal density leads to a more box-shaped profile to-
wards high densities [19]. The final temperature and
pressure profiles were calculated using two typical ex-
perimental observations. Firstly, the pedestal pressure
remained constant during gas injection due to an ac-
cording adiabatic pedestal temperature drop. Secondly,
the temperature reduction was global due to the ob-
served profile stiffness [1]. The occurring reduction of the
pressure profile inside the pedestal, which means a
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Fig. 4. Density, temperature and pressure profile evolution
from the initial (solid grey) to the final state in the case of gas
puff (dashed) in pellet (solid black) refueling.

plasma energy loss, is only a profile effect. At still higher
densities, however, energy losses increase when the edge
temperature drops below a critical value and the H-
mode transport barrier starts to vanish [1]. Pellet injec-
tion ideally (no pellet-induced losses or transiently en-
hanced phases) does not increase the edge density but
significantly enhances the core density by extending the
edge gradient zone deeper into the plasma, leading to a
peaked density profile. Since the plasma energy content
is not altered strongly during the density ramp up, the
pressure profile remains essentially unchanged. There-
fore, after the ELM bursts the initial temperature can be
maintained at the edge but is modified in the core and,
notably, the profile stiffness must disappear. This con-

clusion agrees well with the experimental observation in
the high-density phase at the end of the ELM burst. The
observed loss of temperature profile stiffness there im-
plies that the ratio 7/(d7/dr) is limited by a critical
value rather than remaining constant.

4. Discussion

Inboard pellet injection has demonstrated the po-
tential for a strong density build-up and control beyond
the Greenwald density without losing the H-mode. Pellet
refueling considerably extends the operational space
with respect to confinement by uncoupling edge density
and core density, which creates peaked density profiles.
This is mainly due to profile effects, as density peaking
avoids central pressure losses due to stiff temperature
profiles. Moreover, the temperature profile stiffness
could not even be sustained due to the strong core
density increase. The observed reduction of the ratio
T/(dT/dr) may indicate that at higher densities the
critical gradient is not reached due to the reduced
heating power per particle. Avoiding energy degradation
by e.g. insufficient pumping or triggering of NTMs, the
occurrence of strong pellet-induced ELM bursts under
H-mode conditions turned out to form an unavoidable
remaining loss channel. The corresponding energy de-
gradation was found to show the same characteristics
for continuous pellet refueling in both, ASDEX Up-
grade and JET, due to the observed linear relation be-
tween pellet flux and the induced density enhancement.
Making use of the particle confinement time being
longer than the energy recovery time required after a
pellet sequence, transient operation even beyond this
boundary was achieved.

Regarding the results of the present studies at ASDEX
Upgrade and JET several options for further perfor-
mance improvement seem feasible. The first option is full
optimization of pellet sequencing, aimed at establishing a
pellet fuel cycle avoiding persistent plasma cooling
and confinement loss. This will be envisaged mainly at
JET, especially by technical attempts to improve pellet
repetition rates. Secondly, mitigating of pellet-induced
ELM bursts should reduce particle and energy losses,
resulting in less reduction of confinement. Modeling
pellet injection into ELMy H-mode discharges [7] pre-
dicts increasing delay and hence reduction of pressure
losses caused by pellet-induced ELMs with increasing
pellet penetration. Aiming at higher pellet speeds to
yield deeper pellet particle deposition, the injection
system at ASDEX Upgrade will be upgraded again.

Whereas these steps are taken to minimize ELM
burst losses in order to approach an almost ‘adiabatic’
density increase, further improvement beyond this aim
might be possible if this temperature stiffness can be
restored in the case of very peaked density profiles.
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Provided operational limits currently faced are due to
stiff temperature profiles with the ratio 7/(d7/dr) lim-
ited by a critical value e.g. by ITG modes, the reduction
observed for T/(dT/dr) in the plasma core during high-
density pellet operation may indicate that there is still
some headroom for further pressure rise in the center by
additional central heating. Probably, this will bring local
parameters at rational surfaces with low m,n numbers
close to onset conditions for NTM, which could then be
triggered by further pellets. However, active control of
these NTMs by current drive inside the magnetic islands
is a technique which already proved its feasibility [20].

In summary, pellet refueling already achieves signif-
icant advantages in tokamak operation compared to gas
refueling, especially in the high-density H-mode regime.
However, from the current experience it seems there is
still the potential for further improvement.
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