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Abstract

Pellets of different sizes (0.6, 0.8 and 1.0 mm ¢) are injected into stellarator plasmas with
ohmic, ECR, and neutral injection heating. The direct particle deposition inside the
plasma was incomplete for large pellets with total penetration and for ECRH plasmas
generally. In NIH plasmas the total mass of the pellets was deposited and the density
rise without increase of impurities resulted in energy contents of 4.8 kJ which exceeds
the values for gas-fuelled discharges: Radiation fluctuations during pellet ablation are

also observed in a stellarator for the first time.




1. Introduction

Pellet injection experiments have mostly been performed in tokamaks 1}, but a few have
been conducted in other devices. Besides in Puffatron (2], pellets have been used in the
W VII-A and Heliotron E [3] stellarators. The main objective in injecting pellets into
W VII-A was to improve the target plasma for neutral beam heating. With pellets it
was possible to achieve higher plasma density and produce it faster than it was with gas
puffing. This led to better absorption of neutral beam power and thus to faster plasma
energy build-up. These results are described in [4] and will be mentioned briefly in the
relevant sections. This report is mainly concerned with giving a detailed description of
pellet ablation in different stellarator discharges. A short review of the pellet injector
and the diagnostics used is followed by sections on ablation in OH, ECRH, and NIH
plasmas. A further section describes fluctuations observed in the ablated plasma. They

occur in similar form in tokamak experiments.

2. Pellet Injector

Deuterium pellets are injected into WVII-A (Fig. 1) with a single-shot pneumatic gun.
The injector is described in detail in [5]. A hydrogen gas pressure of 0.5 MPa to 3.0
MPa accelerated the pellets up to velocities of 400 m/s to 1000 m/s. The pellets are
cylindrical in shape. The length of the pellets is equal to their diameter. Three sizes
are applied: 0.6 mm, 0.8 mm, and 1.0 mm (Fig. 2). The pellets are radially injected
into the torus. Because the plasma in a stellarator is non-circular in shape, the pellets
do not enter the flux surfaces perpendicularly. In the pellet injection plane the plasma
cross-section is elliptical and the axes of the ellipses form angles of 45° to the pellet

trajectory.

3. W VII-A Stellarator and Diagnostics

W VII-A is a shear-free £ = 2 stellarator with a toroidal field of 1 — 3.5 tesla. The
rotational transform was in the range of 0.1 — 0.6. The major radius of the torus is 200

cm, the minor radius 10 cm. The stellarator is described in detail elsewhere [6].
The pellets were injected in three different heating regimes:
- ohmic heating (OH) with a toroidal current of 20 kA (“tokamak” regime).
- ECR heating (ECRH) with a power of 200 kW at 70 GHz or 28 GHz.
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- NI heating (NIH) with a power of 1 MW by beams with nearly perpendicular
injection (6°). The neutral-beam-heated plasma was developed either from an

ohmically heated plasma by decreasing the current or from an ECRH plasma.

The standard stellarator diagnostics used for measuring of the ablating pellet were a
one-channel IR interferometer, a diamagnetic loop, a XR diode array, and single-point
Thompson scattering. The XR diode array was located in the pellet injection plane
during the early experiments (OH and NIH plasmas) and viewed the pellet directly
(Fig. 3). Later the pellet injector was moved to another poloidal plane. Additional
information was gained from ECE measurements, spectroscopy and bolometry. The
ablation of the pellet was observed directly by means of an H, diode and time-integrated
photography. The pellet velocity was also calculated from signals of light barriers for
each shot.

From photography of the ablation trace and H, measurements it was possible to deter-
mine the penetration of the pellets and obtain information on particle deposition. The
XR array allow the penetration of the pellet and excitation of modes to be observed.
The IR interferometer measurements were used to estimate the mass deposited. The
diamagnetic loop and Thomson scattering make contributions to the question of the

adiabatic response of the plasma.

4. Pellet Injection into OH Plasmas

The plasma in the stellarator was produced by a toroidal current of 20 kA with a flat-
top time of 300 ms. The toroidal magnetic field was 3.5 tesla. The external rotational
transform was 0.12. Including the poloidal field of the ohmic current, a tokamak-like ¢
profile was produced. Deuterium pellets of 1.0 mm ¢ and 1.0 mm length were injected
into this discharge with a velocity of 500 to 600 m/s. The total number of deuterium
atoms contained in a pellet was estimated at 3.4 - 10°.

The approximate number of deposited atoms Ny is calculated from the measurements

of the IR interferometer. For a plasma radius of 10 cm we obtain
AR = 005 -4 / 7l
Nd,ep = 27%r*RAR
Ngep = 3.95-10° - A

Errors due to miscounting of the fringe counter can often be corrected if one follows the

fringe shift backward in time from the end of the discharge. A typical interferometer
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trace is shown in Fig. 4. The discharge will not disrupt although there are 300% as
many injected particles as particles in the plasma. Values of the instantaneous density

rise and deposited atoms are determined from several shots:
Afi=21-10"® -5.10"% cm™?

and
Ngep = 0.8 -10'° — 2. 10" atoms

These are 25-50% of the atoms in the pellet. The conclusion that only part of the pellet
is ablated inside the plasma is also supported by H, and XR measurements.

During ablation of the pellet H, emission was measured (Fig. 5) by viewing the trace
with a photomultiplier. With a velocity of 500 m/s the pellet penetrates the plasma
column in 400us, but the measured H, signal lasts about twice as long. This can
be interpreted in the following way: the pellet is not completely ablated inside the
plasma; its remaining core hits the inner wall of the torus, is evaporated by the impact
and produces a strong gas puff. The gas emits line radiation during ionization at the
plasma edge, which will be observed directly by the H, detector viewing along the pellet
trajectory.

The pellet is also seen in the plasma by the XR array (Fig. 6). Interpretation of the XR
signals in detail is difficult, but an increase means mainly density increase and decrease
is mainly due to temperature drop. The elliptical shape of the plasma column and
impurity radiation should also be taken into account. The initial increase of the XR
signals outside about a/2 could be producéd just by the local density increase as well as
by impurity line radiation emitted from the cooled plasma. However, when the pellet
intersects a radius near a/2, which is probably identical with the q=1 surface, the radia-
tion simultaneously decreases inside this radius, presumably owing to the temperature
drop, and increases in the outer plasma layers at the same time. The X-ray emission in
the outer channel is larger than in the corresponding inside channels. Because it is also
moving towards the axis it should be generated by the initial deposition. However, the
signals of the channels near the inside wall rise simultaneously at the same time when
the central signals drop. This gives the impression that no toroidal transport of the
deposited mass occurs up to this time. This very fast process can be seen at all radii
and its estimated velocity is faster than 10°cm/s. It is possible that the deposited cold
plasma cloud distorts the field configuration so that energy transport along the field
lines to the outside can occur. After the peilet has passed through the whole plasma,
the channels of the XR array near the inner wall see an increase in radiation, which

could be due to "gas puffing” by the residual pellet. But the rise could als be generated
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by impurities entering the plasma. On photographs made during pellet injection in
NIH discharges bright-bluish traces of wall particles can be seen when the pellet hits
the inner wall of the torus (Fig. 29).

In agreement with these observations, calculations of pellet ablation using the neutral
gas shielding model result in total penetration of 1 mm pellets with a velocity of 400 m/s

through a plasma of electron temperature of 500 eV and electron density of 5-1013 cm™3.

Is the ablation of the pellet in the plasma an adiabatic process or will energy losses
occur? The measurement of the plasma energy will show the energy drop due to transfer
of energy into ionization and dissociation of the pellet material. If there are no other
losses, the ablation will be called adiabatic. The electron temperature and density
on axis were determined by Thompson scattering on a shot-to-shot basis before and
after pellet injection (Fig. 7). While on axis the density rose by a factor 2.5 and the
temperature dropped by 3.5. The averaged energy loss of about 320 J was in agreement
with the measurements by the diamagnetic loop, which result in losses between 200 J
and 400 J. An energy loss of several hundred J was also measured with the bolometers.
The energy loss during ablation due to ionization, dissociation, radiation, and charge

exchange is given by

AFion =¢- E; - Ndep

E; is the ionization energy of deuterium. The factor ¢ includes the losses due to disso-

ciation, radiation, and charge exchange. We shall assume ¢ = 2. We then get

AEBion = 5.0-107"% . Ny,

and

AE;on ~ 40 — 80J

Because the measured energy loss of about 300 J is a factor of 10 as large as that ex-
pected, we can conclude that in these experiments the ablation and associated processes
are not adiabatic. The fast energy drop seen inside the plasma by the XR signals may

indicate the process responsible for the energy loss.

The electron temperature profile before and after pellet injection was measured by
ECE diagnostics. The temperature recovers by ohmic heating within 20 ms but the
profile shape has already recovered in 4 ms (Fig. 8). This is in good agreement with
observations in tokamaks. The temperature profiles in, for example, ASDEX return to

their pre-pellet shape within periods of the order of a millisecond.
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Can the energy content of the plasma be increased by pellet injection? After the in-
stantaneous deposition of pellet particles, the density drops within about 10-20 msec
to a slowly varying density level (Fig. 4). At higher start densities (7 =~ 4 - 10*3 cm™3)
this level is only slightly above the density before pellet injection. At medium initial
densities (2—3-10'2 cm™?) a gain of 1-10'3 cm ™2 is obtained. At lower densities a gain
of this order is often reached without the sharp density peak at the time of deposition.
For shots with an ohmic current of 20 kA it Wwas not possible to exceed a quasi-stationary
density of 4 —5-10'2 cm™2; the density also peaks to 7-10'% ¢cm~2 during injection. At
toroidal currents of 30 kA flat top density levels 6 - 10'®*cm™2 could be reached. The
total energy content of the plasma measured by the diamagnetic loop during the density
flat top is shown as a function of the mean plasma density in Fig. 9. The points for
pellet-fuelled OH discharges are slightly above those for gas-fuelled discharges at the
same density, but no significant increase is observed. Equivalent gas-fuelled discharges
and pellet-fuelled discharges (after reheating) contain equal energy contents for the same
density. Influence of the pellets on the transport is not recognizable. However, pellet
filling could be advantageous with respect to impurities. In gas-fuelled discharges the
impurity content rises simultaneously with the plasma density. Pellet injection makes
the hydrogen density jump to a higher level without immediate changing the impurity
content. The plasma can therefore be sustained at a higher density for a longer time

before the increasing radiation losses terminate the discharge.

5. Pellet Injection Into ECRH Plasmas

ECRH plasmas are produced in the stellarator for use as target plasmas for further
heating by neutral beam injection. The plasmas created have mean electron densities of
0.5—1.5-103cm™2 and electron temperatures on axis of about 1000 eV. The absorption
of neutral beams is rather inefficient at these low densities. Increasing the density by
means of pellets could make the absorption more effective. It is known, however, that
ECRH produces suprathermal electrons, to which pellet ablation is very sensitive. The
deposition of the pellet material inside the plasma thus has to be determined. In most
of our injection experiments the ECRH plasmas are produced by RF of 70 GHz and 200
kW. Pellets of 0.6 mm ¢ and 0.6 mm length are injected at velocities of about 600 m/s.

The number of particles deposited is estimated from IR interferometer measurements

(Fig. 10). The mean deposition from several shots is

AN 4ep = 2.6 - 108 atoms




A pellet contains approximately Npe; = 8 - 108 atoms, which is equivalent to 400%
of the plasma particles. About 30% of the pellet is deposited in the plasma. The
penetration depth dp of the pellets was determined from photographs (Fig. 28). Unlike
in OH discharges, pellets penetrate the plasma just to the axis: depth d, ~ 10 cm. The
conclusion is that a large part of the pellet is already evaporated near the edge before
entering the inner part of the plasma. The remaining core of the pellet travels into
the plasma and is ablated inside. This assumption is in agreement with calculations of
pellet ablation using the neutral gas shielding model. Pellets containing 6 - 10'® atoms
or more should penetrate the plasma totally (Fig. 11a). However, pellets with a content
of 2.3 - 10'8 atoms, which is equivalent to 30% of the initial pellets, should go just to
the axis of the discharge (Fig. 11b).

The energy for dissociation, ionization etc., AF;,n, is calculated from the number of
atoms in the pellet. For the total pellet one gets 40 J. If we use the number of atoms
deposited, we obtain 15 J. The drop in the energy content of the plasma measured
by the diamagnetic loop ranges from < 10 J to 60 J. For shot # 63012 (Fig. 10),
for example, the immediate energy drop is 18 J. In ECRH plasmas the ablation is an

adiabatic process. There is no evidence of a drastic energy loss during pellet injection.

Electron temperature profiles are measured by ECE diagnostics. As in OH discharges,
the temperature profile (Fig. 12) returns to its pre-pellet shape within 2-3 ms, while
the temperature on axis recovers in about 10 ms. The energy content of the plasma
has risen during reheating because the density is still high. In Fig. 9 the energy content
is shown as a function of density. The energy content of ECRH plasmas is below that
of OH plasmas, with and without pellets. However, for ECRH plasmas pellets extend
the density range and therefore the energy content to larger values. The life history of
an ECRH plasma with pellet injection (Fig. 13) also shows the extension of the density
range and the transition to higher energy content. The discharge starts in the pre-pellet
region at low density and low energy content. The pellet causes the plasma to jump
immediately to higher density at almost constant energy content apart from an initial
small drop due to ionization. The energy content then subsequently grows at nearly
constant density by heating until the post-pellet region is attained. The plasma decay

into the pre-pellet region follows the history of gas-fuelled ECRH discharges.

Generally after pellet injection the energy content recovers very fast, but in some
discharges the recovery time is significantly slower (Fig. 14). A comparison of bolo-
meter measurements is the two cases is shown in Fig. 15. A very slow recovery of the
total energy content to its pre-pellet level (20 ms) is observed in discharges with a dra-

matic increase of the total radiated power after pellet injection. Examples are shots
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# 63003 and # 63006 (Fig. 15b). However, in discharges like shot # 63012 (Fig. 10)
the energy content achieves its pre-pellet level in less than 3 ms and keeps rising. It
exceeds this level proportionally to the density by a factor of 3. In these discharges the
total radiated power increases just moderately after pellet injection (Fig. 15a). These
plasmas do not become radiation-dominated and are thus able to attain high energy

contents.

The injection of 0.8 mm pellets into plasmas heated by ECR at 28 GHz is also strongly
influenced by fast electrons. In contrast to the injection of smaller pellets at 70 GHz,
the density rise is not instantaneous. The line density increases in about 2 ms as for
gas puffing. The number of atoms deposited in the plasma as measured by the IR
interferometer is 5-10% of the content of the pellet. The H, signal lasts much longer
than 300us on a low level comparable to that of a fast gas puff, but the peak in front has
a duration of 100us (Fig. 16). In accordance with the pellet velocity of 400 m/s the pellet
penetrates 4 cm into the plasma in 100us. This agrees roughly with the penetration
depths calculated from the neutral gas shielding model if the number of deposited atoms

is used for the calculation, i.e. the pellet enters the plasma with reduced size.

The assumption suggested is as follows. The pellets will be partly ablated by fast
electrons near the edge of the plasma. The presence of suprathermal electrons in ECRH
plasmas is confirmed by ECE measurements for RF heating of 28 GHz as well as 70
GHz. To get an estimate of the number of suprathermal electrons necessary to ablate

the pellet, we consider the energy balance:

k-f EfeNfoe=(Npet — Naep) « ¢ + Es

Ny. number of fast electrons in the plasma

Ef. mean energy of fast electrons (30 keV)
Npe; atoms contained in the pellet
E; ionization energy of deuterium (13.6 eV)
k part of the energy of a fast electron used for ablation (~ 1)
f geometry factor, percentage of fast electrons absorbed from the pellet (~ 0.05)
¢ energy factor per ionization (= 2).

From this equation using the measured Ng.p, the number of fast electrons in the plasma

is estimated to be




Nfe~1- 107 electrons

This is about 1% of the electrons contained in the plasma. in agreement with estimations
from ECE measurements. To ablate 90% of the pellet, only 5 - 10!® suprathermal

electrons would be necessary.

6. Pellet Injection into NIH Plasmas

Currentless plasmas for heating by neutral injection are produced in the W VII-A stel-
larator in two ways. The first method starts from an ohmically heated plasma, such as
a tokamak plasma with a toroidal current of about 20 kA. The current will then be de-
creased while the total rotational transform is kept constant, by increasing the external
rotational transform at the same time. This plasma will act as a target for neutral beam
injection. The second method is ignition and creation of the target plasma by applying
electron cyclotron resonance heating of 200 kW at 28 GHz or 70 GHz. The neutral be-
ams are directed nearly radially into the plasma column. Unlike in tangential injection
used in other machines, only a small part of the beam energy is absorbed depending
on the plasma density. Pellet injection could be a good method to increase the plasma
density and thus enhance the energy absorption. This is especially true of low-density
ECRH discharges. Pellets were fired in both types of discharges during neutral injection
heating. Most of the experiments used D; pellets of 0.6 mm ¢ (Npey = 7 - 10'8), but
some investigations were done with 0.8 mm ¢ pellets (Npe; = 2 - 10'°) and also with 1.0
mm ¢ pellets (Npe; &~ 3.4 - 101°). The pellet velocity was between 400 and 700 m/s.

Estimation of the deposited mass of the 0.6 mm ¢ pellets using the IR interferometer
yields the entire mass of the pellet. In contrast, for the 0.8 mm ¢ pellets just 30-50%
of the total mass was detected in the discharge. The latter is in agreement with the
photography of the ablation trace (Fig. 17), which shows total penetration of the 0.8
mm ¢ pellet through the plasma column. This means that only part of the pellet mass
is deposited inside the plasma. The rest hits the inner wall of the torus, vaporizes and
acts like a short gas pulse, increasing the edge density. In this particular shot traces of
sputtered wall particles can also be seen. The photos are taken with a time-integrated
camera. The shutter is opened during the whole duration of the discharge. One cannot
decide therefore whether the wall particles are produced as a result of the pellet impact

or during the end of the discharge.



Measurements of the electron temperature T, and electron density n., at the axis were
made by laser scattering (Fig. 18). In these experiments pellets 1 mm in diameter
containing 3.4 - 10!° deuterium atoms were applied. The density calibration is made
from the IR interferometer measurements. Before pellet injection we get f ndl = 1.0 -
10'% cm?. If we assume a parabolic density profile, the pre-pellet density on axis is
7.5-10'3 cm™2. From Thomson scattering the number of deposited atoms is estimated
to be 1.0 - 10'°, i.e. 30% of the pellet. From the step in line density one calculates
Ng., = 3.0 - 10'® for a parabolic profile. This is only 10% of the 1 mm ¢ pellet.
Like 0.8 mm ¢ pellets, the 1.0 mm pellets penetrate the plasma totally and deposit
even less of their masses than 0.8 mm pellets. The expected energy loss for ionization
etc. of the deposited particles is 20 — 50 J, depending on Ng.p. The measurement of
the diamagnetic loop gives an energy drop of this order of magnitude. However, from
Thomson scattering we estimate an energy loss of 200 J. This means that during or
shortly after pellet injection the plasma is losing energy. After 2 ms the plasma has
already reached its pre-pellet value of energy content. In OH discharges the energy is
recovered in 15-20 ms. The fast reheating of the plasma by NIH is probably due to

interaction with the ions from the beam injection.

Pellet injection increases the absorption of neutral beams. This is evident from Fig. 19.
The target plasma is produced from an ohmic discharge. The power of the neutral
beams is 1.7 MW. Before injection of 0.6 mm pellets the total energy content rises at a
rate of 30-50 kJ/s. Then for 5-8 ms when the temperature recovers, the rate changes to
120-160 kJ /s. Later the rate again drops to 30-50 kJ/s. The subsequent slow decrease
of the energy content may be caused by increased radiation losses. Energy contents
will therefore be higher if the pellet injection occurs earlier in time. Up to 3400 J was
measured in these experiments. It turns out that the advantage of pellet injection is

the density rise without direct enhancement of impurities.

During a discharge the total energy content develops from a low level to a higher level,
depending on the density. In Fig. 20 the life histories of two shots are shown. Both
discharges start in the pre-pellet region. The density of shot # 34420 without pellet
increases owing to deposition of the neutral beam. The energy rises proportionally
to the density to almost 3 kJ. The line density of shot # 34469 jumps during pellet
injection to 8-10'% cm~2, while the energy content is constant. Subsequently, the energy
is strongly increased by heating. The density changes as a result of deposition of beam
particles. The plasma achieves a maximum energy content of nearly 5 kJ in the post-
pellet region at the end of NIH. The decay of the plasma starts by rapid cooling without

loss of particles because of the good confinement. From the history of the gas-fuelled

9




discharge in Fig. 20 one can extrapolate that the energy content would also attain the

post-pellet region. For that case the density will be increased by gas puffing alone.

Good and bad confinement for non-rational and rational values of the rotational trans-
form ¢(a) can be impressively demonstrated by pellet injection (Fig. 21). After pellet
injection the density contines to be high in NIH plasmas with good confinement (e.g. ¢
(a) = 0.45) and increases more owing to deposition of the neutral beams. Moreover, the
basic rate has gained because of the higher absorption of the beams of higher densities.
The density decay time, which is a measure of the particle confinement time, is substan-
tially longer than the discharge duration of about 100 ms. However, the density decays
to the non-pellet level in about 30 ms indicating a considerable reduction in particle

confinement time, if the rotational transform ¢(a) is a rational number, e.g. 1/3.

In beam-heated ECRH target plasmas the absorption of neutral beam energy also in-
creases with density (Fig. 22). As in OH target plasmas, the energy content rises at a
rate of 30-50 kJ /s before the pellet. During reheating this rate goes up to 100 kJ/s.
The maximum total energy obtained again depends on the time of pellet injection at a

given rotational transform ¢ An energy content of up to 2000 J was measured.

A vertical 30-channel XR array was located in the plane of pellet injection. The time
resolution was set at 10us for pellet observation. Large signals are observed in all
channels during and subsequent pellet injection. However, interpreting them in terms
of density and temperature is difficult for pure hydrogen plasmas, but even more difficult
when impurity radiation is included. We can assume that the high density of the cold
plasma cloud around the pellet, of the order of 10!7 cm~2%,causes a rise in the XR
signal. We can also assume that an observed drop of the XR signal can be interpreted
as a temperature drop if in this volume the density does not change much. Figure 23
gives an example of an XR measurement during pellet injection. The large positive
signals increasing from the edge to a maximum at r = 3 cm and then decreasing can be
interpreted in terms of particle deposition on the pellet path. There is no positive peak
at the corresponding radius of the inside channels. No large density rise is expected at
the inner points, because the deposited material arriving is already distributed over the
entire flux surface. If a small density rise is hidden in the inside XR signals, it cannot
be detected. The negative signals at the inner radii may be caused by a temperature
drop. This drop happens when the signals in the corresponding outer channels have
a large peak due to the density deposition. Profiles obtained from the XR signal are
shown in Fig. 24 for three times. The time is counted as of the first identified change of
the diode signals, when presumably the pellet crosses the plasma edge. The scale of the

negative ordinate is enlarged. The propagation of the pellet towards the axis is clearly
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indicated. The toroidal flow of the ablated material after ionization decreases the very
high density near the pellet trajectory, as can be seen in the XR profile at 220us. A
typical flow velocity of a few 10° cm/s can be estimated from the ”density” drop from

100us to 500us and the circumference of the stellarator of about 12 m.

7. Pellet Injection into Plasmas with Combined ECRH and NIH

Pellets 0.8 mm in diameter were injected into a plasma heated simultaneously by neutral
beams and ECR of 28 GHz (Fig. 25). These experiments were not successful in spite of
the increase in the total energy content of the plasma. As a result of pellet injection,
the plasma loses most of its energy. In general, the results are very similar to those of
the experiments with ECRH (28 GHz) alone which were described above. The density
rises slowly in about 2 ms, which is typical of a fast gas puff, and only 5 — 10% of
the pellet will be found in the plasma. If we take into account only the fast density
rise in less than 1 ms, then the mass deposition by ablation inside the plasma is about
half of this. A penetration depth of 5 cm can be estimated from H, measurements
(Fig. 26). H, emission with lower intensity for several ms indicates continuing gas
influx after pellet injection. The measurements can be explained by the assumption
of suprathermal electrons with energies of between 10 and 100 keV. During ECRH
the generation of suprathermal electrons in these plasmas is well observed by ECE
diagnostics. These electrons will .cause strong and rapid ablation of the pellet near the
edge of the plasma. We conclude that the ablation in plasmas with simultaneous ECRH
and NIH is dominated by wave heating.

8. H, Fluctuations during Pellet Ablation

Time-integrated photos of the ablation of pellets were taken perpendicularly to their
trajectory, as shown in Fig. 1. The explanation and scaling of the photos are given
in Fig. 27. The injection of 0.6 mm¢ pellets into ECRH plasmas (Fig. 28) and of
0.8 mm ¢ pellets into NIH plasmas (Fig. 29) is imaged. The pellets in Fig. 28a—c
penetrate to the axis of the stellarator. The dense plasma cloud produced extends in
the toroidal direction symmetrically to the two sides. The expected penetration depth
calculated by the neutral gas shielding model (see Fig. 11b) is in agreement with the
observations. We assume that the light emission is proportional to the deposition rate.
A monotonic increase in brightness from the edge of the plasma to the centre will

therefore be expected. Figure 28a (#63015) comes close to this. However, a structure
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perpendicular to the toroidal direction is observed in most of the photos. These emission
fluctuations are less marked in the first part of the trajectory but are very strong in
the second part near the maximum emission. If the photos are taken with a larger
aperture (Fig. 28 c—d) the pellet path can be seen directly as a white line which is
slightly curved in the toroidal direction. Pellets can penetrate the plasma totally if
their mass or velocity or both is somewhat increased (Fig. 28d). The ablation between
the plasma axis and the inner wall is strongly reduced, because the pellet crosses flux
surfaces, whose temperatures are already decreased. In contrast to the small pellets
injected into ECRH plasmas, pellets of 0.8 mm ¢ shot into NIH plasmas penetrate
completely (Fig. 29). The blue-violet colour of the discharge may arise from impurities.
The emitted light shows very strong fluctuations. Beyond the plasma axis the ablation
is again reduced, but fluctuations can still be observed. It is also conspicuous that
the plasma flow does not seem to extend so far in the toroidal direction before getting

completely ionized. These features may be related to heating by fast ions.

There might be different reasons for the fluctuations, as can be imagined. Hot spots
on the pellet, for example, would give random bursts of ablation. But then one should
observe jets and no symmetry in the toroidal direction. The fluctuations should also
become smaller when the lifetime of the pellet decreases. But the measurements, especi-
ally the H, signals, show the opposite: increasing fluctuations with time. An indication
that these fluctuations are coupled with the magnetic field is provided by a pellet which
breaks into three parts (Fig. 30). After the traces have divided, the fluctuations of
ablation are still synchronized. Later on the coincidence is lost, but the tracks may no
longer be in the same horizontal plane. One could imagine a fast developing instability
which forms rolls as in clouds or the Rayleigh instability of a liquid jet. However, the
synchronization of the ablation of fragments may be hard to explain. The fluctuations
could be produced by variations in the energy available for ablation in different flux
surfaces. When the fluctuation phenomenon was first discovered in ASDEX (7], it was
speculated that it could depend on rational g-values. In these flux surfaces only a limited
content of energy is available for ablation of the pellets. But in a stellarator the rota-
tional transform does not change that much. It varies a little owing to beta and current
effects, but not in a wide range. Nor do the fluctuations seem to be reproducible, but
this is hard to say from the photos. Another explanation of the fluctuations might be
the shielding of the pellet by the cold, dense and partially ionized plasma cloud. If more
material is ablated, the cloud gets denser and needs more energy for ionization. The
ablation should thus decrease. When the cloud has been ionized and expanded, more
of the energy should go to the pellet surface and ablation should increase. The motion

of the pellet should also be taken into account. This could explain the experimental
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observation that the fluctuations seem to be proportional to the local ablation. If the
ablation is small at the beginning of the pellet track, the fluctuations are also small. If
the ablation is large far inside the plasma, the fluctuations are also large. A scenario
like this might also be possible, but it has not been worked out yet. The decision which
of the models correctly describes the observed fluctuations presumably requires more

experiments.

Conclusion

A summary of the pellet injection experiments in the stellarator is presented in Table
1. One of the main difficulties of the experiments was the proper choice of the pellet
size. Mostly, 1.0 mm ¢ and 0.8 mm ¢ pellets were too big and they are not totally
ablated inside the plasma. They penetrate the plasma column, and the core of the
pellet hits the inner wall. In several shots enhanced plasma losses and disruptions thus
occur as a consequence of pellet injection. In surviving plasmas the effect of inner
deposition cannot be clearly studied because of the influence of the fast gas pulse from
the unablated rest of the pellet. In contrast to the experiments with 1.0 and 0.8 mm

pellets, the experiments using 0.6 mm pellets are very successful.

In ECRH plasmas strong influence due to the presence of suprathermal, fast electrons
is observed. These pellets partly ablate before entering the plasma. This leads to a
reduced penetration depth and to an additional fast gas pulse at the outside. One of
the main advantages of pellet injection was found in experiments with NIH plasmas. By
means of pellets the absorption for the neutral beams was increased without increasing
the impurity content at the same time. This results in enhanced efficiency of the neutral
beam heating and in reduced radiation losses for a given energy content compared with
gas-fuelled discharges. In this way, an energy content of 4.8 kJ was achieved with pellets,
which is above the energy contents achieved with gas puffing. However, the experiments
reveal that the energy content of a discharge with a given density does not depend on
the way of fuelling (pellet, gas puff). This is observed in OH, in ECRH as well as in
NIH discharges.

As known from tokamaks the electron temperature profile recovers in about 2 ms to its
pre-pellet shape. Reheating the plasma needs approximately the tenfold time, except in
NIH plasmas. With NIH the reheating is faster, probably as a result of direct heating
by fast ions.

The appearance of fluctuations in the emitted radiation during pellet ablation was very

surprising. This effect, well known from tokamaks, was not expected in the nearly

13




shear-free stellarator. The current explanation of ablation fluctuations by rational flux
surfaces is thus called in question and must presumably be revised. Also the experiments
in W VII-A do not decide whether the fluctuations occur already during ablation or
following ablation as a fast developing instability.
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Figure Captions

Fig. 1:

Fig. 2:

Fig. 3:

Fig.4:

Fig. 5a:

Fig. 5b:

Fig. 6:

Fig. T:

Fig. 8:

Fig. 9:

Fig. 10:

Arrangement of the pellet injector in the W VII-A stellarator

Particle content of pellets normalized to particle content of the W VII-A

plasma for several pellet sizes.
Vertical soft X-ray array in W VII-A.

Plasma current, ohmic power, line density and total energy content of pellet
injection into OH plasma (#23293), £(0) = 0.123, B(o) = 3.55T, 1.0 mm ¢D;
pellet, 500 m/s.

Arrangement to measure the H, emission during pellet injection along the

pellet direction.

Measured H, during pellet ablation into OH plasma (#24389). Arrows indi-
cate when the pellet entered and left the plasma.
1.0 mm ¢D, pellet.

Measurement of SXR emission (2uBe) during pellet injection using a vertical
XR array (Fig. 3). The records are not calibrated. The distance of the line of
collimation from the axis on the torus diameter is given for each diode. 1.0
mm ¢ Dy pellet, 380 m/s, (#24227), OH plasma.

Pellet: dashed line; internal disruption: solid line.

Electron temperature and density for several OH plasma shots at the to-
rus axis before and after pellet injection, measured by single-point Thomson

scattering diagnostics.

Electron temperature profile before and after pellet injection into OH plasma,
measured by ECE diagnostics (#24231).
1.0 mm ¢ D, pellets.

Total energy content of OH and ECRH plasmas without and with pellet
injection, measured by a diamagnetic loop. Plasma current in OH plasmas:
20 kA and 30 kA. The density ranges from 0.5-10% cm™2 to 5- 103 cm 2.

Line density and total energy content (diamagnetic) of pellet injection into
ECRH plasma (¢(0) = 0.51)
RF: 70 GHz, 200 kW, At = 60msec (#63012). 0.6 mm ¢D; pellet, 570 m/s.
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Fig. 11;

Fig. 12:

Fig. 13:

Fig. 14:

Fig. 15:

Fig.16:

Fig. 17:

Fig. 18:

Fig. 19:

Fig. 20:

Deposition profiles calculated for 0.6 mm ¢ (a) and 0.4 mm ¢ (b) pellets using
the neutral gas shielding model for ECRH plasmas.

Normalized electron temperature profiles measured by ECE diagnostics before
and after pellet injection into ECRH plasma. T.(0) is decreased by a factor
0.4 by the pellet (#63033).

0.6 mm ¢D, pellets, 560 m/s.

Variation of the total energy content of ECRH plasmas by pellet injection
versus line density for several shots (#63024,63027,63029,63030).
0.6 mm ¢ D, pellet.

Line density and total energy content (diameter) of pellet injection into ECRH
plasma (5(0) = 0.51). RF = 70 GHz, 200 kW, At = 60 ms (#63003).

Total radiated power for ECRH plasmas with pellet injection, measured by

bolometry.
a) #63012; b) #63006.
0.6 mm ¢D, pellets, 570 m/s.

H, emission during pellet injection measured by a diode (Fig. 1).
ECRH plasma: £(0) = 0.60 (#49252).

ECRH: 28 GHz, 150 kW.

0.8 mm ¢D, pellet, 530 m/s.

Pellet ablation trace in NIH plasma with traces of sputtered particles. For
explanation see Fig. 27 (#57109).
0.8 mm @D, pellet, 600 m/s.

Electron temperature and density at the torus axis before and after pellet
injection for several NIH discharges, measured by single-point Thomson scat-
tering diagnostics (#27024 — 27041).

1.0 mm ¢ D, pellets.

Line density, electron temperature (XR) and total energy content of NIH
plasmas with pellet injection, OH target plasma.

NIH : 1.7 MW, ¢0) = 0.165, By = 3.5T.

a) #36950; b) #36946.

0.6 mm ¢D, pellets, 610 m/s.

Variation of total energy content of NIH plasma versus line density: #34420
without pellet, #34469 with pellet.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

21:

22:

23:

24:

25:

26:

27:

28:

0.6 mm ¢ D, pellet.

Line density of NIH discharges with different rotational transforms ¢(a) and
with and without pellet injection.

0.6 mm @D, pellets.

a) t{a) = 0.45 (non-rational); #34469 with pellet, #34420 without pellet.

b) s(a) = 3 (rational); #38990 with pellet, #38988 without pellet.

Line density, electron temperature (XR) and total energy content of NIH
plasmas with pellet injection, ECRH target plasma.

NIH : 1.3 MW, (0) = 0.45, B; = 2.6T.

a) #62262; b) #£62274.

0.6 mm ¢D; pellets, 590 m/s.

SXR emission (0.0pBe) during pellet injection, measured by the vertical XR
array in the injection plane. The distance of the line of collimation on a
diameter is given for each diode.

(#37986), NIH plasma.

0.6 mm ¢ D, pellets.

XR emission profiles at various times during pellet injection. Signals relative
to pre-pellet level. Negative scale enlarged, (#37986).
0.6 mm ¢D, pellets, 590 m/s.

Line density and total energy content for simultaneous NIH and ECRH plasma
with pellet injection.

NIH: 1.3 MW, ECRH: 200 kW at 28 GHz, +(0) = 0.60, B; = —1.0 T, #49256.
0.8 mm ¢D, pellets.

H, emission during pellet injection into simultaneous NIH and ECRH plasma.
NIH: 1.3 MW, ECRH: 200 kW at 28 GHz, #49242.
0.8 mm ¢ D, pellets.

Description of photos in Figs. 17 and 28 ~ 30. Top view of radial ablation

trace.

Photographs of ablation traces in ECRH plasmas. Top view of radially injec-
ted pellets.

ECRH: 200 kW at 70 GHz, +(0) = 0.5...0.6.

0.6 mm ¢ D, pellets, 580 m/s.

a) #63015, b) #63042, c) #63040, d) #63005.
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Fig. 29: Photograph of ablation trace in NIH plasma (top view).
NIH: 1.3 MW, #{0) = 0.45, #57112.
0.8 mm ¢ D, pellets, 640 m/s.

Fig. 30: Photograph of ablation trace of a splitting pellet in OH plasma (top view)
4£54446.
0.8 mm ¢ D, pellets.
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Figure 28a

#63015

Figure 28b

#63042
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