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High-b Plasmoid Drift during Pellet Injection into Tokamaks
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The outward acceleration of enhanced-b plasmoids formed when a frozen hydrogen pellet is injecte
into a hot tokamak plasma has been directly observed. The plasmoid characteristics, acceleratio
velocities measured agree with theoretical expectations. The plasmoid motion is always in the po
major radius direction, consistent with high fueling efficiency for high-field side, and rapid mass
for low-field side injection. In parallel a weak acceleration of the ablating pellet itself in the sa
direction was observed, probably caused by a net radial rocket force component.

PACS numbers: 28.52.Cx, 52.35.Py, 52.55.Fa
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Injection of cryogenic hydrogen isotope pellets sti
seems to be the most promising option for particle refue
ing in large toroidal magnetic confinement fusion devic
[1]. Future reactor-grade experiments like ITER (Intern
tional Thermonuclear Experimental Reactor) require de
sities close to the Greenwald value while retaining a hig
energy confinement, a requirement which can possibly
met by pellet injection only [2]. Design and optimiza
tion of such a system requires sufficient knowledge abo
the physical mechanisms involved. When a frozen h
drogen isotope pellet is injected into a hot, magnetica
confined plasma, pellet material is quickly ablated (in
self-controlled manner), ionized, and heated mostly
fast electron energy influx along magnetic field lines [3
Since the pellet ablatant mass expansion in the oppo
direction is much slower, the energy density in the abl
tion cloud is rapidly increased over the ambient plasm
pressure, and a localized high-b plasmoid is formed [3]
(b � 2m0nkBT�B2; n, T are the plasma density and tem
perature,kB the Boltzmann constant, andB the total mag-
netic field strength).

In practice, the ablation of the frozen pellet along i
path across magnetic field lines is not a smooth, contin
ous process, but is strongly fluctuating (“striations” ob
served in the emitted light [4]). Various models have be
proposed for explanation, e.g., rational magnetic surfac
limiting the locally available energy for ablation, or insta
bility of the ablation process itself, caused by the motio
of the frozen pellet relative to its ablation cloud, etc. I
effect, this fluctuating ablation is supposed to cause a
quence of more or less separated plasmoids rather tha
uniform particle source distribution. According to stan
dard pellet ablation models [4], these plasmoids shou
attain a cigarlike shape on thems time scale of primary in-
terest here [5], with a continuously increasing extent alo
field lines (�m) and with cross field dimension related t
the ionization radius (�cm) [4].

In the case of an inhomogeneous magnetic field as
toroidal magnetic traps, these diamagnetic high-press
plasmoids tend to be expelled from the magnetic field [6
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with the plasmoid pressure as the driving energy res
voir. The basic physical mechanism is, in a simple pi
ture, vertical charge separation in the plasmoid caused
the toroidally curved magnetic field which drives a radi
�E 3 �B drift of the plasmoid to the magnetic low-field sid
(LFS) [7,8]. In the case of partial pellet penetration, th
drift clearly favors pellet launch from the magnetic high
field side (HFS). This has been experimentally confirm
recently in the ASDEX Upgrade tokamak, where pell
refueling from the HFS turned out to be much more e
ficient than for conventional low-field side injection [8]
The global drift picture has been reproduced meanwh
also by simulation with a nonlinear 3D resistive plasm
code in full toroidal geometry [9], though without a de
tailed ablation model. On ASDEX Upgrade the study h
been significantly extended now, especially by adding
fast multichannel diagnostic, which allows one to inves
gate the pellet plasmoid dynamics for LFS as well as H
injection rather in detail. In the present paper we analy
the plasmoid parameters and especially their dynamics
compare them with model predictions.

ASDEX Upgrade is a midsize divertor tokamak (majo
radius R0 � 1.65 m, plasma radiusa � 0.5 m, vertical
plasma elongationk � 1.6, single null divertor). In the
experiments described here deuterium (D) pellets w
injected via guiding tubes by means of a centrifuge [8
either from the HFS or the LFS (see Fig. 1). The pell
velocity in both cases was240 ms21. The pellet repetition
rate was varied between30 and60 Hz. Because of differ-
ent pellet sizes the particle content of the pellets w
2.7 3.8 3 1020 atoms.

The experiments described here were performed in
plasmas at a plasma current ofIP � 800 kA, a toroidal
magnetic field ofBt � 22.1 to 21.8 T at the plasma axis,
safety factorq95 � 3.9 4.2, and a line averaged back
ground plasma density just before pellet injection ofn̄e �
5.4 9.4 3 1019 m23. Neutral beam injection ofPNI

2.5 5 MW was used for additional plasma heating. Th
temperatures in the background plasma center wereTe0 �
1500 2200 eV for the electrons andTi0 � 1500 2000 eV
© 1999 The American Physical Society 2199
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FIG. 1. (a) Poloidal cross section of the ASDEX Upgrade
tokamak. Pellets are injected by the centrifuge via guiding
tubes. The high-b-drift observation system looks in nearly
toroidal direction at the high-b drift. (b) Toroidal cross section
of ASDEX Upgrade with pellet injection and observation
geometry. (c) Ten lines of sight observe both the HFS and
LFS pellet injections (only six are drawn).

for the ions. The densities were determined by bremsstrah-
lung measurements calibrated to a DCN laser interferome-
ter. Two fiber arrays were installed inside the tokamak
to observe the plasmoid drift, one for the HFS and one
for the LFS. Each system has ten lines of sight (channel
ch1 . . . ch10) viewing at the pellet path in the toroidal
direction. The position of the lines of sight relative to
the pellet path can be seen in Figs. 1(b) and 1(c). The
radial distance between two neighboring channels is about
15 mm. Each observation channel has a width of 3 4 mm
and height of about 30 mm. The light of one line of sight is
passing a beam splitting system and detected at two wave-
lengths with a time resolution of 1 ms. The continuum
radiation at 538.1 nm and the Da line emission were used
for the high-b-drift observation. The continuum emission
(~ n2

e,pl�
p

Te,pl; ne,pl, Te,pl electron density and tempera-
ture inside the plasmoid) is especially useful for tracing
the dense plasmoids away from the ionization dominated
ablation zone. Figure 2 shows the time traces recorded
for two neighboring lines of sight for both a LFS and a
HFS pellet injection at 538 nm, containing bremsstrah-
lung and radiation due to recombination.

We first consider two arbitrarily selected channels in
a discharge with LFS pellet injection [Fig. 2(a)] (n̄e �
5.4 3 1019 m23, PNI � 2.5 MW, Te0 � 1500 eV, Ti0 �
1500 eV). The time trace of channel 4 shows a broad
emission peak at the beginning followed by several spikes
2200
FIG. 2. Time traces of the high-b drift from two neighbor-
ing channels of the optical observation system in the case of
(a) LFS injection (#10713) and (b) HFS injection (#10775).
The signals show continuum emission.

with decreasing intensity. Channel 5, which is closer to the
plasma center, has the same signature with a temporal shift
of 73 ms corresponding to a velocity of 225 ms21, slightly
below the nominal pellet velocity of 240 ms21. The spikes
following the main peaks are detected up to 200 ms after
the onset of the pellet ablation, which is much longer than
the time the ablation cloud will need to pass the specific
diagnostic channel (�60 ms). The duration of a spike is
down to 1 ms.

In the case of HFS pellet injection the sequence of ob-
servations is inverted [Fig. 2(b)] (n̄e � 9.4 3 1019 m23,
PNI � 4.9 MW, Te0 � 1700 eV). The time traces of
both, channel 3 and 4, start with separated spikes of in-
creasing intensity and end with a broad signal. From the
end of the broad peaks of the two diagnostic channels a ve-
locity of about 300 ms21 for the major radius component
of the pellet motion has been determined. This is much
higher than the radial component of the nominal radial pel-
let velocity of 175 ms21. We will come back to this point
later on.

We emphasize here that the sequence of events for HFS
and LFS injection is, in fact, the one expected in the case of
a positive major radius plasmoid acceleration to values far
above the pellet speed (compare Fig. 2): With injection
from the LFS, a specific diagnostic channel will detect ra-
diation emitted from the ablation cloud around the incom-
ing pellet first, resulting in a strong initial signal rise and
a relatively broad maximum. After the pellet has crossed
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the channel, radiation is still detected, but originating now
from plasmoids accelerated backwards, away from the pel-
let, and arriving at the chosen channel the later, the deeper
in they were released from the pellet. Because of expan-
sion and heating of the plasmoids, which both reduce Da

line emission and continuum radiation at 538.1 nm, the in-
tensity of the spikes decreases continuously with increas-
ing time delay relative to the signal onset. In the case of
HFS injection plasmoids created near the plasma edge
reach a specific line of sight well before the pellet itself
crosses the same diagnostic channel. Again those plas-
moids created first, traveling a longer distance, have a
smaller intensity. Consequently, the signal of a specific
HFS channel shows first spikes with gradually increas-
ing amplitude, then reaches a maximum, when the pellet
crosses the line of sight and ends abruptly when the pellet
together with its shielding cloud has passed.

From the specific HFS pellet launch and diagnostic ar-
rangement, we get further evidence that the drift is in fact
in a positive major radius direction, i.e., essentially hori-
zontally outward: The HFS pellets were injected under
44± with respect to the torus midplane while the observa-
tion channels are staggered along a horizontal plane (see
inlet in Fig. 3). Therefore only some channels of the diag-
nostic are able to see the pellet with its surrounding abla-
tion cloud. Channels closer to the plasma center will only
detect radiation emitted by drifting plasmoids. In Fig. 3
channel 3 shows the typical behavior for HFS injection
(n̄e � 7.2 3 1019 m23, PNI � 4.9 MW, Te0 � 2200 eV,
Ti0 � 2000 eV). As described above, first fluctuations
caused by drifting plasmoids can be seen. Later the de-
tected signal ends with a moderately modulated, broad
peak, which we attribute to the ablation cloud. In contrast,
channels 7 and 8, being closer to the plasma center, show a

FIG. 3. Signals of high-b-drift diagnostic in the case of HFS
pellet injection. Channels 7 and 8 located closer to the plasma
center see only drifting plasmoids. The signal of channel 7 is
enhanced by a factor of 20, channel 8 by a factor of 100.
strongly oscillating signal throughout, with only a vanish-
ing base level in between peaks. Comparing both signals,
it is important to note that channels 7 and 8 have higher
sensitivity in order to compensate for the decaying emis-
sion during the plasmoid drift, and that the largest peaks
of channel 7 are in saturation.

From the temperature dependence of the ratio of Da line
emission and continuum radiation, here in the case of not
optical thick plasmas, we determined electron temperatures
of 2 6 eV for the highly ionized ablation cloud (with an
estimated error of about 50%) in agreement with earlier
investigations at various tokamaks [4]. Because of the
strong density weighting of both the Da and continuum
emission, these values apply mostly to the region of highest
plasma density near the pellet. The radiative line emission
of the ablation cloud is up to �106 W��m2 sr nm� in the
direction of the plasmoid axis. The continuum emission
is up to �104 W��m2 sr nm� at 538.1 nm. For several
pellets the profile of the Da line was measured by a
spectrometer. The profile is determined by the Lorentz
broadening and reabsorption. The typical full width at
half maximum is 1.0 2.8 nm, corresponding to densities
of 1023 1024 m23, again in agreement with measurements
in other tokamaks [4]. These data correspond to substan-
tial plasmoid bpl (e.g., bpl � 0.12 for 3 eV and 2 3

1023 m23) as compared to typical background plasmas
(e.g., b0 � 2 3 1022 for ne � 1020 m23, Te � 1 keV,
and B � 2T ).

Because of the fluctuating ablation process and possibly
further rotational or ballooning-type plasmoid instabili-
ties the emissivity signals obtained can be rather complex
as seen above and it is in general not trivial to correlate
plasmoid emission peaks. Nevertheless, a peak assign-
ment, sometimes even over five or six channels is possible.
A specific HFS injection example is given in Fig. 3. The
ablation process itself ends near channel 6 but has obvi-
ously produced a few filaments just before, which appear
now as a sequence of large peaks on channels 7 and 8.
The time delay between these channels of 1 3 ms corre-
sponds to a velocity of 5 3 103 to 1.6 3 104 ms21. From
the peak duration, channel width, and velocity we infer a
filament diameter of 1 cm or less.

Analyzing many pellets in a similar way, drift veloci-
ties of up to 103 104 ms21 and average plasmoid accel-
eration values of 108 109 ms22 were obtained in good
agreement with the theoretically expected acceleration,
aD � 4gkBTpl��mR� � 109 ms22 [6] (g is the adiabatic-
ity coefficient, Tpl the plasmoid temperature, m the ion
mass, and R the major radius).

Up to this point we have shown that the plasmoids are
accelerated over several cm to velocities at least an order
of magnitude above conventional pellet velocities. Un-
fortunately, the rapidly decaying emissivity did not allow
one to follow the plasmoids further. There is, however,
clear evidence that they can travel a distance of the order
of the plasma radius. The most striking one is the rapid
2201
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mass loss for LFS injection, which motivated the effort for
HFS injection, and the success of the latter. Another more
indirect one is that pellets injected from the HFS can trigger
neoclassical tearing mode activity in the central plasma, a
fact which has not been observed for LFS injection.

Altogether, both LFS and HFS experiments indicate
that, in hot plasmas, ablation plasmoids can travel over dis-
tances comparable to the order of the minor plasma radius.
This may be understood in terms of a simple MHD model
consideration. We assume a local high pressure pertur-
bation to be created in a tokamak background plasma on
a ms time scale by parallel electron heat transport. As
mentioned earlier, such a plasmoid is initially not in local
force balance and is therefore accelerated in a major ra-
dius direction towards a new equilibrium with a strongly
perturbed magnetic field. The time needed to establish the
corresponding perturbed equilibrium current is of the order
of the Alfvén transit time over a connection length, t �
pqR�yA � 5 ms (yA is shear Alfvén velocity), which is
much faster than the plasmoid expansion along field lines
with about sound speed. Together with the radial accel-
eration aD discussed above, this results in a typical radial
displacement s � Dbavgp2q2R, essentially proportional
to the connection length averaged plasmoid beta enhance-
ment Dbav , consistent with 3D resistive MHD simulations
[9]. In practice Dbav is a fraction of the local plasmoid
beta, since the plasmoid expansion has at this time reached
a fraction of the connection length only.

As shown above, the pellet velocity derived from the di-
agnostic array signals shows a clear deviation from the
nominal one. The velocity of the pellets injected from the
HFS has not been directly measured, but the time of flight
through funnel and guiding tube yields a typical mean ve-
locity for this distance of about 230 6 35 ms21. This
means that the pellet velocity was nearly unchanged in the
guiding system compared to the nominal pellet speed at the
centrifuge of 240 ms21, in accordance with earlier labora-
tory measurements [10]. The horizontal component of the
HFS injected pellet velocity is therefore only �175 ms21.
In consequence, the pellet is obviously accelerated along
its path inside the plasma. Velocities of up to �350 ms21

(about twice the nominal speed) in the horizontal direction
were measured. On average, an acceleration of the order
4 7 3 105 ms22 is estimated.

In support, an average pellet velocity beyond the nomi-
nal one is independently calculated from the pellet pene-
tration depth taken from video pictures together with the
duration of pellet ablation determined from the Da emis-
sion pulse length.
2202
In the case of LFS pellet injection the pellet velocity in-
side the plasma is typically found to be less than the nomi-
nal pellet velocity. The observation starts here close to
the plasma edge, where a mean velocity of 230 240 ms21

was found. During the ablation the pellet is decelerated on
its inward path with �24 3 105 ms22. The acceleration
of the pellet is in both cases, LFS and HFS pellet injec-
tion, directed towards the magnetic LFS, i.e., in the same
direction as the ablation plasmoids, though several orders
of magnitude smaller.

A possible explanation is a small net rocket force com-
ponent in radial direction, caused by a poloidally asym-
metric pellet mass ablation and momentum transfer. This
in-out asymmetry could be directly caused by the impact
of a fraction of the drifting cloud ionized at the HFS of the
pellet, or indirectly, by a HFS-LFS variation of the parallel
heat flux shielding.

In conclusion, the outward acceleration of enhanced-b
plasmoids formed when a hydrogen pellet is injected into a
hot tokamak plasma has been directly observed. The maxi-
mum radial plasmoid velocities observed were up to 2 or-
ders of magnitude above the pellet velocity. Triggering of
core MHD activity for HFS injection and rapid mass loss
for LFS injection in hot plasmas indicate a displacement
comparable to the minor plasma radius, in accordance with
theory. An acceleration of the solid pellet in the same di-
rection has been observed, probably caused by a net radial
rocket force component. The fact that the plasmoid mo-
tion is always to the LFS explains the success of HFS pellet
injection.
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