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Fast Backward Drift of Pellet Ablatant in Tokamak Plasmas
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Pellet ablation in the Rijnhuizen Tokamak Project has been studied with an array of 16 fibers vie
the pellet trajectory along very narrow lines of sight. Rapid backward drift of the ablation cloud a
from the pellet was observed. This has implications for the determination of the fueling profile and
penetration of the pellet in the plasma. Furthermore, this movement of the ablation cloud offers a
explanation for the often observed striations in the light emission. In contrast to the picture of the p
periodically leaving the ablation cloud, the ablation cloud moves periodically away from the pe
[S0031-9007(99)08796-7]

PACS numbers: 52.55.Fa, 28.52.Cx, 52.30.–q, 52.70.–m
x-
ion
e

tic
es
ry

k
s

l
m-
of
f

re
e
ves
One of the outstanding problems in thermonuclear f
sion research is the fueling of the burning plasma. T
high speed (several kmys) injection of pellets of solid hy-
drogen isotopes is one of the options. To obtain reliab
models to predict the local fueling rate, the present pel
ablation theories must be validated. Much experimen
and theoretical work still has to be done since large d
crepancies have been reported between the ablation
as measured by different diagnostics. For example, fu
ing measured by Thomson scattering at the Joint Europe
Torus showed a fueling located primarily at the edge of t
plasma, while the line emission (Balmer alpha line), whic
is usually taken as a measure for the ablation rate, pla
the fueling in the inner parts of the plasma [1].

In the Rijnhuizen Tokamak Project (RTP) [2], the abla
tion of the pellet was monitored by two diagnostics. Th
intensity of theHa emission from the ablation cloud was
measured as a function of time by a detector viewing
large plasma volume, and as a function of position by ta
ing time integrating photographs. Between these two me
surements sometimes a discrepancy in the observed pe
penetration was found.

A dedicated diagnostic has been built to clarify th
discrepancy. It consists of a row of 16 fibers viewin
the pellet trajectory along narrow lines of sight, resultin
in a very high spatial and temporal resolution. This
necessary because the shape of the cloud is observe
change within intervals of a fewms [3]. Properties that
can be measured with this diagnostic are pellet veloci
ablation cloud size and position, and penetration depth.

Experimental setup.—The experiments were carried ou
in the RTP tokamak (major radiusR ­ 0.72 m, minor ra-
dius a ­ 0.164 m, toroidal magnetic fieldBtor # 2.4 T,
plasma currentIpl # 150 kA, effective ion chargeZeff ø
1.5 3.0, circular cross section). Typical plasma param
ters are central electron temperature and densityTe,0 ø
0.7 keV, ne,0 ø 5 3 1019 m23 for plasmas with Ohmic
heating (measured with Thomson scattering [4] and inte
ferometry [5]). With central electron cyclotron heatin
(ECH) (# 350 kW, 2nd harmonic heating at 110 GHz
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Te,0 ­ 1.5 2 keV is reached atne,0 ­ 5 3 1019 m23.
With off-axis ECH very broad, flat, or slightly hollowTe

profiles are obtained withTe # 0.5 keV everywhere [6].
Thus, target plasmas with a largeTe range can be made,
allowing the study of ablation in different conditions.

Pellets of 0.5 and2.0 3 1019 atoms in size (mpellet),
with velocities (ypellet) between 500 and 1000 mys, and
radius (rpellet) of 0.3 or 0.4 mm have been used. The e
isting diagnostics are the photographic camera (resolut
1 mm, no time resolution) and the wide angle fibers (tim
resolution0.5 ms, no spatial resolution) viewing theHa

line emission, as shown in Fig. 1. For the new diagnos
a row of 16 fibers was mounted in one of the image plan
of the lens system, on the line where the pellet trajecto
is imaged (see Fig. 1).

To narrow the lines of sight of the fibers a black bloc
of 40 mm thickness, with 1 mm diameter holes in it, wa

pellet
trajectory

prism
lenses

collimating block

4 wide angle
optical fibers

photographic camera
16 fibers

FIG. 1. Overview of the experimental setup in a poloida
cross section of the tokamak. Shown are the photographic ca
era, the wide angle fibers, and the new diagnostic, consisting
the 16 fibers and a collimating block to narrow the lines o
sight. The viewing lines of the new fiber array diagnostic a
indicated by the fan of lines originating from the prism. Th
dashed circle indicates the plasma boundary. The pellet mo
inward along the major radius of the torus.
© 1999 The American Physical Society 2685
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mounted in front of the fibers. This resulted in narro
lines of sight for the fibers, about 3.5 mm on the actu
pellet trajectory for horizontal injection. The separation o
the fibers was 4.5 mm in the image plane which result
in a spatial separation of the viewing lines of 9.6 mm o
the actual pellet trajectory for horizontal pellet injection.

The toroidal dimension of the viewing spots is als
3.5 mm, the centers of the spots are aligned to with
10 mm of the pellet trajectory. Given the extension o
the ablation cloud in toroidal direction, this could lead to
systematic variation of the measured intensity along t
array of up to 50%, varying smoothly from channel t
channel. Such an error on the amplitude of the signals h
no bearing on the analysis and conclusions presented
this Letter. Measurements with the photographic came
showed that the deviation of the pellet trajectory in toroid
direction is negligible in the conditions at hand.

The signals from all 16 fibers are measured indepe
dently using photodiodes. The temporal resolution
the system was1 ms, determined by the analog-to-digita
converters.

A relative calibration of the channels was determined b
taking measurements of a pellet shot with quiet ablatio
showing only one peak on most channels (see Fig. 2) a
assuming the peak height to be equal to the large angleHa

signal at the same time.
Results in different plasma regimes.—Following the

commonly accepted picture of a cigar shaped ablati
cloud which is localized in major radial direction aroun
the actual pellet position, we expect each of the chann
to give a short pulse. The width of the pulse should th
be a measure of the ablation cloud dimensions in ma
radial direction. This is indeed seen for pellets injected
low temperature plasmas (Te # 400 eV). This situation
can be obtained by injecting the pellet off-axis or b
injecting in a plasma shortly after a period of off-axis ECH
[6]. An example of the second type is shown in Fig. 2
As the pellet passes the viewing lines of the differe
channels clearly a pulse of light is observed, showing th
the ablation cloud is located close to the pellet in maj
radial direction. The onset of these pulses coincides w
the pellet velocity and timing as determined inside th
pellet injector. The average width of the pulses on ea
channel is16 6 5 ms corresponding to a width of the
ablation cloud ofø12 mm. The velocity measured with
the new diagnostic is980 6 25 mys, in agreement with the
value measured inside the injector (962 6 1 mys). The
uncertainty is mostly systematic and due to the positi
calibration of the viewing lines. From the last visible puls
(on channel 2) it follows that the penetration of the pell
wasø15.0 6 0.5 cm. This agrees with the value obtaine
by the end of the wide angleHa signal yielding a value of
15 6 1 cm.

The result shown in Fig. 2 excludes the possibility o
reflections playing a role. This has been confirmed by r
tracing calculations.
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FIG. 2. Example of the pellet ablation process as observed
the fiber array for a pellet injected in a relatively cold plasm
(7 ms after switch off of off-axis ECH [6]). The diamonds
indicate the expected passage times of the pellet using
measured pellet velocity and timing in the injector. The vertica
dashed lines indicate the moments that the pellet passes
limiter radius and the plasma center (if it would penetrate th
far). The top trace is the wide angleHa monitor. A clear peak
is seen at the passage of the pellet at each channel. The pe
and plasma parameters arene,0 ­ 5.7 3 1019 m23, Te,0 ­
280 eV, Ipl ­ 84.3 kA, Btor ­ 2.27 T, Zeff ­ 1.7, ypellet ­
962 mys, mpellet ­ 0.5 3 1019 atoms,rpellet ­ 0.3 mm.

A second example is given for normal Ohmic plasm
conditions. This gives a completely different picture (se
Fig. 3). Here the pulses are much broader in all channe
Besides that, separate peaks can be distinguished after
passage of the pellet, which we will refer to as seconda
peaks. These are clearly correlated in different channe
(see, for example, the parallelogram in Fig. 3). Assumin
these secondary peaks are caused by an object mov
through the plasma along the pellet trajectory a veloci
can be calculated. For the highlighted peaks the veloc
was 3.5 kmys. In other cases it has been observed to b
as high as 10 kmys. With this velocity and the known
resolution of the system the size of the object can b
calculated to beø14 mm (channel 12). The size decrease
as it moves outward on the subsequent channels.
this case the pellet penetrates beyond the reach of
diagnostic so no penetration depth can be determined he

A third example shows the results for a pellet injected i
a plasma during central ECH (320 kW) (see Fig. 4). He
the secondary peaks are much stronger than in the Ohm
case (the sensitivity along they scale is reduced by 50%
compared to Figs. 2 and 3). The secondary peaks per
longer than the primary ones. The pellet penetration foun
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FIG. 3. Example of the pellet ablation process as observ
by the new fiber-array diagnostic for an Ohmic plasma
plotted in the same way as in Fig. 2. Besides much broad
peaks at all channels after passage of the pellet also
substructure of peaks can be recognized which are correla
on separate channels. An example of this is highlighted
the overplotted parallelogram. This sequence of correlat
peaks shows the presence of a light source which moves fa
than the pellet and in the opposite direction. The pellet an
plasma parameters arene,0 ­ 3.9 3 1019 m23, Te,0 ­ 900 eV,
Ipl ­ 101 kA, Btor ­ 2.05 T, Zeff ­ 2.6, ypellet ­ 986 mys,
mpellet ­ 2.0 3 1019 atoms,rpellet ­ 0.4 mm.

using the wide angleHa signal is17 6 1 cm while the
new diagnostic gives a penetration ofø13.0 6 0.5 cm.

Up to now the secondary peaks do not seem to reprodu
in detail. They do not develop at regular time interva
or positions, and have different magnitudes and lifetime
even with very similar plasma and pellet conditions.

We have observed the neutral cloud surrounding t
pellet using a new diagnostic. For pellet injection in
cold plasma (Te # 400 eV) the observed cloud size was
on average12 6 5 mm (see Fig. 2).

In hotter plasmas the cloud size increases and parts
it start drifting away.

In most models the radial cloud size is assumed to be d
termined by the ionization radiusri . Using an expression
derived by Parks [7] we obtainri ø 1 to 3 mm for RTP.
This is significantly smaller than the observed ablatio
cloud.

The observation of the secondary peaks is interpret
as a not fully ionized cloud moving away from the pelle
through the plasma.

The movement has a velocity component along the pel
trajectory but in opposite direction as the pellet velocity
A major radial velocity of 3.5 to 10 kmys can be deduced
from the signals.
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FIG. 4. Example of the pellet ablation process as observ
by the new fiber-array diagnostic plotted in the same way
in Fig. 2. In this case the pellet was injected in a centra
ECH heated plasma. Clearly the secondary peaks have m
higher amplitude on the outer channels than the prima
pulse (channels 10–16). The pellet and plasma parame
are ne,0 ­ 5.2 3 1019 m23, Te,0 ­ 1450 eV, Ipl ­ 281.5 kA,
Btor ­ 2.01 T, Zeff ­ 2.0, ypellet ­ 852 mys, mpellet ­ 2.0 3

1019 atoms,rpellet ­ 0.4 mm, ECH power­ 320 kW.

The results obtained with this diagnostic may be help
in determining the importance of movements of th
ablation cloud. The possibility of these effects hav
been pointed out by Kaufmannet al. [8] and Rozhansky
et al. [9].

In the literature two types of drifts have been con
sidered in the ablation cloud. Because of the Loren
transformation the pureB field in the laboratory frame is
converted to an electric fieldE ­ vpellet 3 Btor in the
pellet frame. This can give two effects [3]. Under ope
circuit conditions (case 1) it causes a polarization in t
cloud giving rise to anE 3 B drift with magnitudevdrift ­
E3B

B2 ­
vpellet3B3B

B2 ­ vpellet in the lab frame. This drift is
in the direction of the pellet velocity and causes the ab
tion cloud to stick to the pellet. This is not consistent wit
the observations.

In short circuit conditions (case 2) no large charg
separation can build up but a continuous current is runn
through the ablation cloud. This current densityj can be
described by the localE field and the local conductivity
s as j ­ sE. If no external forces on the particles
(with chargeq) are present, the only ones are the elect
and magnetic field, so the force equation readsf ­ 0 ­
qE 1 qvcloud 3 B soj 3 B ­ 2svcloudB2. This force
causes a movement of the ablation cloud away from
pellet, and, in fact, lets the cloud stick to the magne
2687
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field, stopping its movement in radial direction. Since w
observe the cloud to move backward towards the plasm
edge also, this picture cannot be true.

Rozhansky considered a third possibility, the gradB
drift [9]. Because of the gradient in the toroidal field
a drift velocity of v=B ­

1
2 y'rL

B3=B
B2 occurs (herey'

is the velocity of the particles perpendicular to the fiel
lines, andrL is the Larmor radius). Because of the hig
collisionality particles cannot complete an orbit around th
torus, so the drift is not compensated by the rotation
transform. This causes a polarization in opposite directio
compared to case 1, that starts to increase linearly w
time asE ­ v=Bneqt. This causes anE 3 B drift in
a direction opposite to the pellet velocity, with linearly
increasing velocity. After inserting RTP values in th
formulas given by Rozhansky (Ref. [9], Eq. 24) a velocit
of ø5 10 kmys is expected. This is in good agreemen
with the observations.

Another still unexplained feature of pellet injection is
the striations, a modulation of the observedHa signals.
Two basic ideas have been developed to explain th
phenomenon. One was proposed by Neuhauser [10] a
assumes that the pellet periodically leaves the shieldi
cloud. For RTP this would give a typical cloud radiu
of 1.5–2.5 mm, calculated from striations in the observe
Ha signals. This is not in agreement with the cloud siz
which has been measured.

However, an alternative explanation is possible whe
the drift of the ablation cloud is taken in consideration
Then the ablation cloud may be periodically drifting awa
from the pellet (at a velocity up to 1 order of magnitud
higher than the pellet velocity), leaving it unprotected an
exposed to the hot plasma and causing a modulation in
ablation rate independent of the ratio cloud sizeyypellet.

An altogether different mechanism was proposed b
Andelfinger [11] and further investigated by Pégourié an
Dubois [12], which assumes that less energy is available
rationalq surfaces to ablate the pellet. The observatio
shown in this Letter do not support this hypothesis.

A consequence of the presented results is that it
not to be expected that theHa signal is proportional to
the local fueling rate. Also it follows that it is difficult
to determine pellet penetration using the wide angleHa

signal. This gives only a maximum possible penetratio
by assuming that no matter drifts away from the pelle
Better estimates for low field side injection are obtaine
by using a (photographic) camera.
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If the ablation cloud exists for some time after the
complete ablation of the pellet also, determination of th
lifetime of the pellet is impossible with the wide angleHa

diagnostic (see Fig. 4).
In conclusion, a new diagnostic has been build to ob

serve pellet ablation in the RTP tokamak. This diagno
tic has proven to be well suited to observe movements
(parts of) the pellet ablation cloud. In the absence of such
drift it can be used to determine the ablation cloud size a
velocity during the ablation process. We have observed
drifting of the ablation cloud away from the pellet with
a velocity component in major radius direction of 3.5 to
10 kmys. The direction and velocity of this cloud can be
explained using the mechanism proposed by Rozhans
[9]. This phenomenon has never been observed direc
before [3].

The observations emphasize the importance of inboa
side pellet injection (for which the observed drift would
improve the possibility of fueling the plasma center).

This work was done under the Euratom-FOM associ
tion agreement, with financial support from NWO and
Euratom.
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