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Abstract

Using spatially calibrated images of fast visible cameras, a database was estab-
lished containing pellet cloud images and the related pellet- and plasma paramet-
ers. Using this database, two scalings were derived for the cloud size along the
magnetic field lines as a function of pellet speed and ablation rate (first case) and
pellet speed, pellet volume, plasma temperature and plasma density (second case).
Using the images - based on the number of radiation maxima - the four main cloud
shapes were also categorized. The isotope effect (the effect of hydrogen pellets in hy-
drogen or helium plasma) was also investigated with particular attention devoted
to the cloud characteristics. Finally, a synthetic diagnostic - which simulates the
measurement system and produces a synthetic pellet cloud image based on the out-
put of the pellet cloud simulation - was developed to reveal the underlying density-
and temperature distributions of the observed pellet cloud images. Using this syn-
thetic diagnostic, one of the main identified cloud shapes was reconstructed. Our
goal is to derive a scaling law for the toroidal extension of the pellet cloud at differ-
ent pellet- and plasma conditions, to give a more reliable input for the pellet ELM
triggering simulations and using these two results - a better understanding of the
pellet-caused pressure perturbation.
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1 Introduction

Cryogenic pellet injection is one of the most promising methods to efficiently fuel fu-
sion plasmas [1, 2]. To optimise fuelling efficiency, it is important to determine, how
deep the pellet penetrated into the plasma, before the material has fully ablated (pel-
let penetration depth), how this material is deposited along the pellet path (deposition
profile), and how these two quantities depend on the different pellet- and plasma para-
meters. Experimental scaling at Axially Symmetric Divertor EXperiment (ASDEX)
Upgrade (AUG) tokamak for H-mode plasmas on High Field Side (HFS) pellet injection
[3] shows, that the main parameters determining the pellet penetration depth are the
pellet speed, size, plasma density and temperature and the applied magnetic field [4].
These findings are in fair agreement (despite the lack of magnetic field effect) with the
results of the hybrid pellet simulation code (combination of the LLP (Lajos Lengyel’s
Pellet ablation simulation code) [5] and the Neutral Gas Shielding (NGS) model [6] -
see later), which takes into account shielding of the spherical cloud, channel flow and
electrostatical double potential [7]. For deposition profiles, a similar comparison were
made - using the HPI (written by B. Pégourié and his colleagues) [8] and Pressure Re-
laxation Lagrangian (PRL) [9] simulation codes - at the Mega Amp Spherical Tokamak
(MAST) with the main goal of investigating the ∇B-induced pellet cloud drift (which
drives the ablated material towards the magnetic Low Field Side - LFS), and its ef-
fect on the pellet material deposition. The results were in good agreement with the
experiments, except discrepancies between the measurements and one of the applied
simulations in some cases [10].

At H-mode operation - which is the planned main operation mode for the Interna-
tional Thermonuclear Experimental Reactor (ITER) [11] - in tokamaks pellets injected
in the plasma usually trigger a plasma instability, the so-called Edge Localized Mode
(ELM). This is an unfortunate effect in terms of fuelling, since ELM crashes wash out a
significant part of the deposited pellet material from the plasma, but this phenomena
makes the pellets a good candidate for controlling edge instabilities [12, 13]. How-
ever, efficient fuelling is still possible in H-mode using supplementary methods, such
as resonant or nonresonant magnetic perturbations in addition to pellet fuelling or
using auxiliary heating methods with gas puff during high-frequency pellet injection.
[14, 15, 16, 17].

In order to efficiently design the pellet ELM triggering tool, it’s important to un-
derstand how a pellet causes a perturbation in the plasma parameters, which then
can trigger an ELM. It is experimentally found, that this perturbation is localised ra-
dially (appears at the middle of the pedestal) [18] and toroidally [19, 20], which find-
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ing was also confirmed by non-linear magnetohydrodynamical simulations [21]. How-
ever, investigating this local perturbation, quantitative discrepancies have been found
between the experiments and simulations in some cases regarding the minimal number
of particles to trigger an ELM [22]. Nevertheless the main source of pellet perturba-
tion causing an ELM seems to be the field line elongated, high pressure pellet cloud (or
plasmoid). In this paper, we investigate the properties of this plasmoid.

One of the first direct pellet cloud observations was at the Texas Experimental Toka-
mak (TEXT) and was reported in [23], which made suggestions to refine the theoretical,
time independent ablation models (along with the results at the ASDEX tokamak [24]),
like the classical NGS model [6]. The reason of this refinement was the experimental
observation of pellet cloud striations (periodically changing brighter and darker regions
along the pellet path - seen on long exposure images) [25]. At TEXT, pellet clouds were
recorded with cameras sensitive in the visible range. The observed main cloud shapes
are composed of one or two ellipsoid (parallel with the magnetic field lines) with one
brightness peak per ellipsoid. At ASDEX Upgrade, pellet cloud images were used to im-
prove plasma q-profile reconstruction, where similar pellet cloud shapes were reported
[26].

On fast video camera recordings, it was observed, that part of the plasmoid sur-
rounding the pellet frequently detaches from the main cloud and drifts towards the
magnetic low field side (LFS) with a speed two orders of magnitude higher, than the
pellet speed [27, 28, 29]. This drift is likely caused by the ∇B drift and points to the
same direction (the outward radial direction) at high field side (HFS) and LFS injec-
tions. Moreover, in some cases, high speed drifting cloudlets moving toward the upward
vertical direction were also observed [28]. Accordingly, at certain times, two cloudlets
can be seen on one snapshot of the recording. One is the cloudlet of the ablating pellet
and the other is the cloudlet, which is drifting away, but still radiates in the visible
range.

The pellet ELM triggering experiments drew back the attention to the investigation
of the distribution of pellet clouds. Our goal is to determine the material- and temperat-
ure distribution inside the pellet cloud to make the existing simulations more realistic
by providing a more precise distribution of the local perturbation. Furthermore, to ap-
ply the results to different machines, it is necessary to make a scaling with the major
parameters determining the pellet cloud distribution along the magnetic field lines.

In this paper, individual short exposure time pellet cloud images were analysed
based on our recordings with cameras sensitive in the visible range. The main iden-
tified cloud shape categories are shown along with a scaling law for the pellet cloud
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extent on the magnetic field lines as a function of different pellet- and plasma para-
meters. The simulation of the diagnostic system is introduced (synthetic diagnostic).
With the help of this simulation, the material and temperature distribution necessary
to produce one of the main observed pellet cloud shapes is described. Moreover, it was
analysed, whether the different pellet isotopes (hydrogen, deuterium) and plasma ma-
terials (hydrogen, deuterium, helium) introduce any difference in pellet cloud extent
in the direction of the magnetic field and perpendicular to it, which is an important
question at the start of ITER.

The article is organised as follows. First the experimental setup is described in Sec.
2, then the typical cloud shapes are introduced in Sec. 3. The scheme of the pellet cloud
database can be found in Sec. 4, which is followed by the statistical analysis of the data.
The effect of different isotopes is described in Sec. 6. Sec. 7 contains the description
and the results from the synthetic diagnostic. The paper ends with a summary.

2 Experimental setup

The ASDEX Upgrade tokamak is a middle-size divertor tokamak with a major radius
of 1.65 m, the typical values of configuration are: minor radius of 0.5 m, the plasma
volume is 13 m3, the typical toroidal magnetic field in the analysed shots is around
-2.5 T, the plasma current is around 1 MA. The plasma elongation is typically 1.6-1.8.
All the recordings selected for this investigation were made in H-mode plasma with
various heating schemes, the most significant part of the heating was provided by the
neutral beam injection (NBI) using electron-cyclotron resonance heating (ECRH) and
ion-cyclotron resonance heating (ICRH) as coheating. The plasma facing wall elements
were (partly) coated with tungsten until 2007, after that the wall become a full metal
(stepwise from 1999 - 2007) [30], tungsten coated wall. The shots analyzed in this
article were performed between 2005 and 2012 (the first pulse number in the database
20513, the last is 28503), which means there are shots with the partial carbon and
also with the full tungsten coated wall as well. The dataset consists of two parts,
the first part contains pulses performed between 2005 and 2007 (20513-22570), the
second part - which contains the data for the isotope effect investigation - contains
shots performed in 2012 (shot# 28403-28503). All available shots from these two time
periods were analysed. For pellet launch a centrifuge pellet injector [31] was used, the
pellets arrived from the magnetic high field side (HFS). The centrifuge is capable to
deliver pellets in the velocity range of 240 − 1000 m/s with a pellet size of 1.7 − 4 · 1020

D2 (or H2) molecules. The schematics of the pellet injection system is seen on Fig. 1.
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From the centrifuge the pellets fly through a guiding tube to reach the inner side of the
tokamak.

Figure 1: The ASDEX Upgrade centrifuge pellet injection system

The diagnostic system [32] is viewing from the 5Co port of the tokamak (the same
sector where the pellets are injected), which is a radial view facing the inner wall. The
light is transported through an image guide (fiber optic matrix) to an optical system
(consisting of mirrors and beam splitters) and from there to the CCD chip of a PCO
SensiCam. The system has the possibility to use up to three cameras for recording
simultaneously at every shot. On every image there are multiple, short exposures,
which results in a stroboscope-like recording (multiple pellet clouds on one image, each
was taken at different time, and therefore seen at different position; see upper left
corner of Fig. 2). The trigger for our cameras were provided by the pellet centrifuge,
when it released a pellet. A delay was applied to this trigger to compensate the time,
while the pellet flies through the guiding tube. This way, when the (delayed) trigger
has arrived, the pellet was near to the vacuum vessel and the camera started to make
exposures, typically 10 ms before the pellet arrived. However, the time stamps of the
images were synced with the central clock of ASDEX Upgrade, this way the timing of
the images is correct. The exposure time was set short - to avoid saturation and blur
on the image and to ensure, that we record one snapshot -, it was typically set between
1 - 10 µs. The repetition time between two exposures (on one image) was set so, that
the consecutive exposures about the pellet clouds are clearly separated on the images.
Depending on the designed pellet velocity, this was typically 60− 150 µs.
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The whole procedure described above can be seen schematically in Fig. 2. Due to our
limited view to the pellet path, the dataset contains clouds, which were photographed
at poloidal flux surfaces between 1 and 0.76 (which is equivalent with the 18.5 - 52.4
cm distance range measured from the pellet injection point).

All the images were spatially calibrated - with the precision of a few millimeters -
using the camera obscura model, and the individual pellet clouds were separated. At
the spatial calibration it is assumed, that the whole ablation process takes place on a
plane, which is spanned by the line of the designated pellet path and the magnetic field
lines in the vicinity of this line. This seems to be a reasonable assumption according
to the camera measurements from the 4Co (tangential view) [33], at least from the
injection point to the 0.76 poloidal flux surface, where our datapoints are located.

Figure 2: The diagnostic system and data flow to the database. Lower right: toroidal
cross-section with the pellet path and the diagnostic system. Upper right: schematics
of the observation system. Upper left: an example of the stroboscope-like recordings
with the individual pellet clouds taken at different time during the pellet flight (in
order to visualize both, the pellet cloud snapshots are overplotted to the bright image
of the inner wall of the vessel). Lower left: the extracted individual pellet cloud with
the pellet path and the magnetic field line crossing the geometrical centre of the cloud,
brightness distributions along the pellet path and along the field line.
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3 Typical cloud shapes

In this section the typical observed cloud shapes are introduced. 96% of all observed
clouds can be aligned into four, empirically assigned main shapes (classes). For all
the latter displayed images, the almost vertical line represents the designated pellet
path, and the almost horizontal line is the magnetic field line crossing the middle of the
cloud. The centre of the cloud is the geometrical centre (or centre of gravity), not always
the highest radiation region. The typical cloud extent (full width of the brightness
distribution at half of the maximum - FWHM) is 1 - 9 cm along the magnetic field line
crossing the centre of the cloud(let) and 0.5 - 2 cm perpendicular to the field line. After
investigating the camera images, the following, empirical classification of the pellet
clouds was found.

Shape I: "classic“, cigar-shape cloud with one radiation maximum along the mag-
netic field line (see Fig. 3; the coordinates of the magnetic field line is marked with z).
This cloud shape was also observed by Durst et al. [23] and also Müller et al. [26].
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Figure 3: Top: Image of the shape I cloud; bottom: brightness distribution along the
magnetic field line marked on the cloud.

Shape II: Cigar-shape with two radiation maxima (see Fig. 4). This was also ob-
served in [26] in some cases (though it hasn’t been introduced as a separate category),
but hasn’t been reported in [23]. The distributions producing this shape will be further
discussed in Sec. 7.
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Figure 4: Top: Image of the shape II cloud; bottom: same as in Fig. 3.

Shape III: Two cigar shapes, each with one radiation maximum (see Fig. 5). This
shape was reported in [23, 26, 29]. The cause of this shape is (according to [28, 29]) the
drift caused by the gradient of the magnetic field, which pushes the cloudlet towards
the LFS with a much higher speed, than the pellet velocity. However, [26] reported,
that at AUG, an upward component of this drift was also observed. A recent investiga-
tion confirms this observation [28].
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Figure 5: Image of the shape III cloud. Left: the upper cigar is brighter and wider.
Right: the lower cigar is brighter and wider.

Shape IV: Two cigar shapes with several radiation maxima (see Fig. 6). This shape
hasn’t been reported yet. There are two subtypes of this cloud shape; the first is with
two radiation maxima on the upper cloud and one on the lower one; the other is the
opposite.
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Figure 6: Image of the shape IV cloud. Left: two maximum at the lower, and one
maximum at the upper cigar. Right: one maximum at the lower, and two at the upper
cigar.

4 The pellet cloud database

With the observation system described in Sec. 2, images were collected from several ex-
periments. These experiments were typically pellet fuelling and pellet ELM control in
standard or nitrogen seeded H-mode in deuterium, helium and hydrogen plasmas. The
collection method of the images are also described in Sec. 2. After the collection, sep-
aration of the pellet clouds and the spatial calibration, the coordinates of the centre of
each cloud were determined, that can be represented in flux surface labels, cylindrical
coordinates etc. The local unperturbed values of the corresponding quantities (mag-
netic field strength, plasma temperature and density etc.) were also collected. The
local values of the temperature and density are based on reconstructed profiles meas-
ured before the pellet arrival into the plasma. Using the collected data, the extent,
and brightness distribution of the clouds were determined along the direction of the
magnetic field lines and perpendicular to it through the geometrical centre of the cloud
- as can be seen in Fig. 2 (around the red box). At clouds with two cloudlets (called
shape III and IV in Sec. 3), the brighter stripe (along the magnetic field lines) was
investigated based on the assumption, that the pellet is the primary particle source of
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the cloud, so the brighter cloud encompasses the pellet (since it is colder, thus emits
more visible light). From all of this collected data, a database was built, which con-
tains pellet-, cloud- and plasma specific information for all of the 254 observed pellet
cloud. Unfortunately, even this dataset contains clouds with missing data (e.g. the
density profile could not be determined at the given time point; this is not needed e.g.
at the cloud classification, but is essential at the scaling), so counting all the „valuable“
clouds - which can be used at the scaling - the database contains 242 pellet clouds. 109
clouds observed from deuterium pellets in deuterium plasma, 112 clouds come from the
hydrogen pellet experiments in helium plasma, and 21 clouds are in the dataset from
the hydrogen pellet in hydrogen plasma experiments. The fields in the database can
be categorized based on type (plasma, pellet, camera or pellet cloud parameters) and
dimension (a value, a vector or an array), see Tab. 1.

• Plasma paremeters: the stored plasma parameters in the dataset are the shot
number, the plasma species (deuterium, hydrogen or helium), the temperature
and density profile time windows (these can differ for ne and Te), the flux co-
ordinates (ρpol. (l)) along the pellet path (l) - which is taken as the perpendicular
direction to the magnetic field line crossing the centre of the cloud; the electron
density (ne (l)) and temperature (Te (l)) profiles calculated a few ms before the
pellet arrival to the plasma. The temperature profiles were calculated from the
signals of the Thomson scattering and the ECE radiometer diagnostics, while the
density profiles were derived from the signals of the Thomson scattering, Lithium
beam, reflectometers and interferometers. All meaningful available signals were
used for the profile calculations at a given shot. The typical integration time for
the profiles are 10-100 ms.

• Pellet parameters: the nominal (designed) pellet size and the reduced size,
which is empirically estimated for different pellet speeds and nominal sizes and
describes the pellet deterioration in the flight tube, and therefore gives the pellet
size at the torus entrance [31]. The calculation for the reduced pellet size takes
into account, that at higher speed, the pellet mass deterioration is also higher in
the flight tube, even at the same initial mass. The pellet size at the location of
the pellet cloud (rp (lc)) and along the whole pellet path (rp (l)) is also calculated -
using the reduced size as initial value - and stored in the dataset (see later in Sec.
4.1). The physical coordinates of the pellet path (l) are also in the dataset. The
pellet species (which can be deuterium or hydrogen) is also stored along with the
pellet speed (vp). The pellet speed is taken constant for the whole pellet path, be-
cause of the following two phenomena. Because the optimized flight path and the
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unique ASDEX Upgrade pellet injector the deceleration of the pellet in the flight
tube is minimal compared to significant (>50%) deceleration experienced in other
tokamaks, therefore it is neglected. The radial pellet acceleration in the plasma
- described by the rocket model -, and the acceleration caused curvature of the
pellet path is also neglected [33]. The calculated, theoretical ablation rate, which
based on the measured data and a simplified, but very reliable ablation model (the
NGS model, see Sec. 4.1) at the location of the cloud

(
Ṅ (lc)

)
and along the whole

pellet path
(
Ṅ (l)

)
is also part of the dataset along with the local, unperturbed

electron density and temperature - calculated from the reconstructed profiles - at
the location of the cloud (ne (lc) and Te (lc), respectively).

• Camera data: the camera name (identifier), the exposure time, the repetition
time (between two consecutive exposures), the trigger time of the camera image
corresponding to the actual cloud, the image number within the actual image
sequence and the number of the cloud on the given image.

• Pellet cloud data: the cloud position in physical coordinates (lc), the cloud
brightness distribution (digit level vs. distance) and the first four moments of
these distributions along the magnetic field lines (z), and along the perpendicular
direction (l). Cloud size along l and z (FWHM), the cloud shape (which was de-
scribed in Sec. 3), the magnetic field line coordinates in physical coordinates (z) -
crossing the geometrical centre of the cloud - and finally, the cloud image itself.
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Dim. Plasma params. Pellet params. Camera params.
Pellet cloud

params.

shot number nominal size camera name cloud position (lc)

plasma species
(D, H, He)

reduced size exposure time
cloud brightness

distribution
moments (along z)

temperature profile
time window

species (D, H) repetition time
cloud brightness

distribution
moments (along l)

0 density profile time
window

speed (vp) trigger time
cloud size along z

(FWHM)

ablation rate
(
Ṅ (lc)

)
image number

cloud size along l
(FWHM)

electron density (ne (lc)) cloud number cloud shape
electron temperature (Te (lc))

size (rp (lc))

flux coord. (ρpol.(l)) pellet path (l)
magn. field line

coords (z)

1 electron density
profile (ne(l))

pellet size (rp(l))
cloud brightness

distribution along z
electron temperature

profile (Te(l))
ablation rate

(
Ṅ(l)

) cloud brightness
distribution along l

2 cloud image

Table 1: Summary of the parameters stored in the pellet cloud database

4.1 Calculation of the ablation rate and the pellet size

The ablation rate
(
Ṅ
)

based on the NGS model [6] is taken as

Ṅ = 1.12 · 1016 · r
4
3
p · n

1
3
e · T 1.64

e ·M− 1
3

i (1)

where the ablation rate is measured in
[
atoms
s

]
, rp is in [cm], the unit of ne is [cm−3], the

plasma electron temperature is in [eV ], and Mi - the atomic mass is in [atomic units].
The ablation rate in this whole paper is calculated from Eq. 1. This means, that the
calculated ablation rate will inherit the uncertainty of the plasma temperature and
density, however, for the investigated shots this is the most reliable method to evaluate
the material decrease of the pellet.

The pellet size is calculated from the ablation rate at as a function of time. The
pellet shape is taken as a sphere, when it leaves the guiding tube and arrives to the
entrance of the torus. The original shape of the pellet (when it is produced) is a cuboid,
but by the time it runs through the flight tube, the protrusions are eroded and its shape
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becomes roughly a sphere. By knowing the reduced size of the pellet at the entrance of
the torus, and calculating the ablation rate along the pellet path, the particle content
of the solid pellet is known at every recorded pellet cloud location. Using the density
of the solid hydrogen (or deuterium depending on the actual pellet species) the current
volume of the pellet can be derived and - assuming, that the pellet retains the spherical
shape - the new pellet size can be calculated.

4.2 Exploration of the database

From the collected information a scaling - which is aimed to reveal the connection
between the different pellet- and plasma parameters and the pellet cloud size - will be
derived (for the details of the scaling, see Sec. 5). The available ranges in the database
of these parameters can be seen in Tab. 2. Since the source of the material forming the
cloud is the ablating pellet, it is important to know, how the extension of the pellet cloud
is connected to the ablation rate. However, there might be other important parameters
describing the pellet cloud size, such as the pellet speed, which is one of the main pellet
parameters. It is also worth to investigate the parameters from Eq. 1 separately, since
the weight they contribute to the cloud size can be different from their contribution to
the ablation rate. But first, we make an attempt to find the most important parameter
in view of the pellet cloud size.

vp
[
m
s

]
Vp

[
mm3

]
Te [eV ] ne

[
1019 m−3

]
Ṅ

[
1023 s−1

]
lFWHM [cm]

Param. range 240, 255, 560, 600 0.46 - 3.95 37 - 788 1.3 - 9.25 0.03 - 3.80 1.17 - 8.73
Mean 330 2.74 341.00 6.04 1.91 4.38

Std. dev. 154 0.85 132.57 1.70 0.96 1.28

Table 2: Ranges of the most important parameters in the database. The pellet speed
(vp) is the designed value, all the other parameters are measured locally (Te, ne) a few
milliseconds before the pellet arrives to the plasma or calculated

(
Vp, Ṅ

)
along the

pellet path. lFWHM is the cloud size along the magnetic field line.

In the database, most of the data is originated from deuterium plasma with deu-
terium pellets. In the next few paragraphs, only this part of the database will be
discussed. First, it is investigated, how the cloud size is connected to the ablation rate
(Fig. 7).
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Figure 7: Pellet cloud size - ablation rate. Red triangles mark the [240, 255] m/s, cyan
diamonds mark the [560, 600] m/s pellet speed. Left: cloud size along the magnetic
field line vs. ablation rate (109 clouds). Right: cloud size perpendicular to the magnetic
field line vs. ablation rate (also 109 clouds).

On the left-hand side of Fig. 7 a trend is visible: with higher ablation rate, the pellet
cloud is wider along the magnetic field lines. This trend cannot be seen perpendicular
to the field line (right side of Fig. 7). Based on this observation, the rest of the paper will
deal only with the cloud size along the magnetic field line (except at the investigation
of the isotope effect).

Contrary to the previously found clear trend, no direct connection is found between
the pellet cloud size and the instantaneous pellet volume. The dependence reveals, that
with higher pellet volume the cloud size decreases according to a complicated function
with possible hidden parameters (see Fig. 8), which tends to depend on the pellet
velocity too. There are three distinct regions (at 2, 3 and 3.7 mm3), where it seems,
that the cloud size varies much without a large change in the pellet volume at a given
velocity region.
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Figure 8: Pellet cloud size as a function of the instantaneous pellet volume (approxim-
ated with a sphere). Red triangles: [560, 600] m/s pellets, cyan diamonds: [240, 255]
m/s pellets. The number of clouds in this plot all together is 109. The region defined by
the two vertical lines contains the points, which are used in Fig. 9.

Since the FWHM inherently contains the effect of the temperature and density
e.g. through the NGS ablation rate formula (as mentioned above), points from the
2 mm3, [560, 600] m

s
region were chosen to investigate the FWHM - temperature con-

nection at a (fairly) constant pellet volume. This region contains the most points, so it
is a good candidate to look for the connection with the temperature and density.
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Figure 9: Cloud size as a function of unperturbed local temperature of the background
plasma for the selected points in Fig. 8. Only the clouds originated from [560, 600] m/s
pellets are shown. The number of clouds in this plot is 39.

We investigated the cloud sizes originated from [560, 600] m
s

pellets (where we have
enough data points) and they clearly show an increasing trend with increasing temper-
ature (this can be seen in Fig. 9). This trend can be a combined effect of the density
and temperature, since the effect of the density is still not filtered from the plotted
data points. By filtering the data further for a (fairly) constant temperature range, the
contribution of plasma electron density can be plotted (see Fig. 10). It can be seen, that
the FWHM depends on the density in a nonlinear way. Summarily we can say, that
the pellet cloud size tends to increase with decreasing pellet volume, and increasing
plasma electron density and temperature, however, the connection is rather nonlinear,
which needs to be further investigated.
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Figure 10: Cloud size as a function of local unperturbed local density of the background
plasma for the selected points in Fig. 9. Only the clouds originated from [560, 600] m/s
pellets are shown. The number of clouds shown on this plot is 15.

5 The pellet cloud scaling

To summarize and clarify the observations based on the plots shown above (Figs. 7,
8, 9 and 10) a scaling for the cloud size (FWHM) along the magnetic field lines was
derived based on the data shown. This scaling - based on the NGS model - was derived
in two forms. The first form contains the pellet speed and volume, the plasma electron
density and temperature separately in the form of power functions using the following
formula.

lFWHM = C · vα1
p · V α2

p · Teα3 · neα4 (2)

The decision of using power functions is based on the NGS model, which is very suc-
cessful in describing the ablation rate, despite its simplicity. Since we assume, that the
ablation rate is important in determining the cloud size, we also look for the scaling in
this form. This idea is also strengthened by an investigation of statistical significance
of the different pellet- and plasma parameters at the HFS pellet penetration depth
scaling [4], where the outcome of the investigation gave similar parameters.
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The other form contains only the pellet speed (the only quantity from right-hand
side of Eq. 2, which is not present in the NGS-model) and the ablation rate (Ṅ ), also in
a power function form

lFWHM = C · vα1
p · Ṅα2 . (3)

A non-linear fitting was used for both equations 2 and 3, which uses a gradient-
expansion algorithm to compute a non-linear least squares fit to Eq. 2 and 3. The error
of the cloud size was set to ±1 cm, which was derived from the scattering of the data
(see Fig. 7). The results are summarized in Table 3. The non-linear fitting procedure
was crosschecked with a log-linear one and the resulting coefficients match within the
errors. The values in parentheses are calculated from the NGS model (Eq. 1) using the
same relative error, as the fit gave for the ablation rate coefficient. All the data points
were used from the standard deuterium pellet with deuterium plasma shots, which
means 109 pellet clouds. The scaled cloud size is in good agreement with the measured
one, see Fig. 11.

vp Ṅ Vp Te ne const. χ2

Eq. 3 0.05± 0.05 0.34± 0.05 (0.15± 0.02) (0.55± 0.08) (0.11± 0.02) 3.0± 0.3 0.772

Stat. sign. 1.0 6.8 — — — — —
Eq. 2 −0.03± 0.05 — −0.09± 0.04 0.40± 0.05 0.13± 0.08 1.0± 0.2 0.691

Stat. sign. 0.6 — 2.25 8.0 1.625 — —
Eq. 3 w/o vp — 0.33± 0.05 (0.15± 0.02) (0.54± 0.08) (0.11± 0.02) 3.2± 0.1 0.773

Stat. sign. — 6.6 — — — — —
Eq. 2 w/o vp — — −0.08± 0.04 0.41± 0.04 0.15± 0.08 0.87± 0.16 0.689

Stat. sign. — — 2.0 10.25 1.875 — —

Table 3: Parameters of the different fitting methods. Since the pellet speed seems
to have no significant impact on the coefficients, the last two rows contain the same
fits without taking to account the pellet velocity. The coefficients in parentheses are
calculated based on the ablation rate formula of the NGS model (see Eq. 1).

Both fits indicate that the temperature has the most significant impact on the cloud
size, with coefficients 0.55 and 0.4 (based on Eq. 3, Eq. 2, respectively). The possible
cause of the temperature dependence is that the material source of the cloud is the
ablating pellet. In the NGS model, the ablation rate has a power dependence from the
background plasma temperature with the exponent of 1.64. Since this is the highest
exponent, it is expected, that the temperatures has the highest influence on the cloud
size.
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Figure 11: The plot about the calculated size of the clouds (after the regression) vs. the
measured lenght of the clouds along the magnetic field lines. The two green lines mark
the ±1 cm lines around the 0-1 line.

The effect of the pellet velocity seems to be negligible, since it is 0.05 with the abla-
tion rate fit and -0.03 with the all parameters fit and within error, both fit allows it to
be zero. This is consistent with the idea, that the pellet provides the material for the
cloud according to the NGS model and the model does not depend on the pellet speed.
In fact, this is confirmed by the regression without the pellet speed (see the last two
rows of Tab. 3), where neither the parameters, nor the χ2 does not change consider-
ably, they stay the same within error. From now on, we will compare the two fits, using
the calculated parameter value for the pellet volume, plasma electron temperature and
density from the ablation rate equation (Eq. 1), when referring to the results from Eq.
3.

It seems, that the density has only a slight contribution, which agrees (within error)
for both fits and is around 0.1, however, the Eq. 2 fit gives a quite large error. The
most ambiguous parameter is the pellet volume. For this, the two methods give the
coefficients 0.15 and -0.09, respectively. The reason for the different sign is a subject
for further investigation, but it can be stated, that the ablation rate fit does not allow
the pellet volume to be negative alone, since it has a positive sign for all the coefficients.

Comparing this with the all parameters fit shows, that the large positive power of
the density and temperature in the all parameters fit does not let the ablation rate to
have a negative coefficient in the power function, but since the value of χ2 is slightly
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closer to 1 for the ablation rate fit case, it indicates, that the pellet volume might have a
small positive influence on the cloud size rather than negative. However, based on the
small difference of χ2 between the two fits, it cannot be easily decided, which one fits
the dataset better. Although the ablation rate provides the source of the pellet cloud
and since there is no big difference between the two methods, the use of the ablation
rate seems more practical.

Investigating the correlation matrix for the fit of Eq. 2, similar conclusions can be
derived (see Tab. 4). The (anti)correlation is taken as significant (and marked with
bold characters) when |corr.| > 0.5.

vp Vp Te ne lFWHM (fit)

vp 1.0
Vp -0.58 1.0
Te 0.08 -0.69 1.0
ne -0.38 -0.05 0.60 1.0

lFWHM (fit) -0.001 -0.63 0.98 0.70 1.0

Table 4: The correlation matrix of the coefficients. The significant (anti)correlations
are marked with bold characters and means, that (|corr.| > 0.5).

The anticorrelation between the pellet speed and the pellet volume is a consequence
velocity dependent erosion in the flight tube. The plasma temperature and the pellet
volume is also strongly anticorrelated because the ablation rate is higher at higher
temperature. And there is correlation between the plasma temperature and density,
which is also expected in tokamak plasmas. The correlation matrix also shows, that
the strongest correlation is between the pellet cloud size and the plasma temperature,
then the plasma density, and an anticorrelation between the cloud size and the pellet
volume and there is no correlation between the cloud size and the pellet speed.
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6 Material effect

Figure 12: Investigation of the isotope effect with different pellet- and plasma combin-
ations. The pellet velocity shown here is 240 m/s, since for the H/H and H/He data only
contains this speed value. The large symbols mark averaged values. The inlets at the
lower right corner depict all the data points. The x axis is the same as the averaged
plot, however, the y axis differs along the field lines, therefore it is marked.

It is also important to know, whether the above reviewed characteristics are dependent
on the pellet and target plasma species. For example, ITER will start its operation
with helium plasma and hydrogen pellets. Thus it was investigated, whether the hy-
drogen pellet clouds in helium or hydrogen plasma show the same behaviour with the
cloud FWHM or there is a difference compared to the „standard“ deuterium pellet in
deuterium plasma case. The analysis shows, that the trend is the same as the usual
deuterium plasma and deuterium pellets case. The averaged values are shown on Fig.
12. Along the x axis even spacing was used and the values in a box were averaged
along the y direction. The errors on Fig. 12 both in x and y direction were the error
of the mean value. Unfortunately, for the hydrogen pellet - hydrogen plasma case, the
database contains only one shot (#28503) with 21 pellet clouds. In the other cases, con-
siderably more events are collected (113 for the hydrogen pellet - helium plasma case,
and 60 events for the deuterium pellet - deuterium plasma case). This is a subset of
the whole database, since only the clouds of pellets with the velocity of 240 m/s were
used, since the H/H and H/He configurations contained only 240 m/s pellets. However,
it can be stated, that there is no difference in terms of pellet clouds by using D/D, H/H
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and H/He pellet/plasma configurations. The main cloud shapes (described in Section 3)
are also observable in all cases. There were also attempts to recalculate the scaling for
the whole dataset adding the atomic mass to the formulas Eq. 2 and 3, but the dataset
is too small to fit two distinct values (1 for Hydrogen and 2 for Deuterium), therefore
the exponents from that regression are not robust enough to be used.

7 The synthetic diagnostic

In the previous section the distribution of the pellet cloud visible light emission was in-
vestigated experimentally. However, first principle models usually simulate the pellet
cloud properties, e.g. the distribution of the electron density, temperature and ion-
isation degree. To link the results of these model calculations to the measurement, a
synthetic diagnostic has been developed, which calculates the light emitted by the sim-
ulated pellet cloud, based on pellet- and plasma parameters. On the other hand, the
synthetic diagnostic helps us to estimate the physical parameters of the cloud from the
acquired camera images.

When developing the synthetic diagnostic, our approach was the following. We as-
sumed, that the electron density, temperature and ionization degree of the pellet cloud
particles are prescribed (inputs from a model) along the magnetic field line. It was also
assumed, that the pellet cloud is cylindrically symmetric around the magnetic field
line crossing the middle of the pellet cloud. The distribution of the cloud parameters
perpendicular to the magnetic field line is not really given by the models, therefore
several approaches were tested, and the one which gives simulated radiation distribu-
tion similar to the measured ones was finally selected. The simplest approach tested
was, when no gradient in the distribution perpendicular to the magnetic field was as-
sumed. Another approach assumed that the parameters have an exponential decay
in the perpendicular direction. These distributions gave qualitatively different pellet
cloud images as the observed ones. The most successful approach was the so-called
quasi two-dimensional (Q2D) one [34], which mimics the transformation of the spher-
ical expansion of the neutral pellet cloud into the channel flow along the magnetic field
lines. The applied flow pattern is seen on Fig. 13.

24



Figure 13: The scheme of the most successful Q2D approach (the figure shows one
fourth of the full 2D distribution, however, the distribution is symmetric for both axes
shown here).

The inevitable parameter, the typical radius of the spherical cloud was taken from
the experiments as 1 cm. The two dimensional distribution of the pellet cloud paramet-
ers were determined taking the distance from the pellet according to this flow pattern.
These two dimensional distributions were used to compute the three dimensional para-
meter distributions in the pellet clouds by assuming cylindrical symmetry. The three
dimensional distribution of the light emission of the pellet cloud was calculated by a
collisional-radiative model [35]. Since the measurement did not use wavelength selec-
tion, the total radiation in the visible range was calculated. The last element of the
synthetic diagnostic code then mimics the measurement itself by projecting the calcu-
lated radiation to a two dimensional plane using the camera obscura model.

The goal of the synthetic diagnostic was to restore at least one of the observed cloud
shapes from the output of pellet cloud simulations. The only simulation, whose results
resemble the observed small pellet cloud size along the field line (5-10 cm) and whose
parameter distributions are available was the hybrid code [7]. That code takes into
account both the spherical pellet cloud expansion and the field aligned channel flow.
For the present analysis, the results from [36] (one dimensional distribution of the
cloud atom- and electron density and electron temperature) were used (see Fig. 14).
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Figure 14: One dimensional distributions for the synthetic diagnostic.

This model calculation was performed for ASDEX Upgrade geometry. The unper-
turbed plasma density and temperature was 1019m−3 and 800eV , respectively, while the
pellet size and speed was 2.14 mm3 and 500 m

s
, respectively. These results were taken

at a time instant when the pellet cloud is already well developed, in other words, both
the spherical neutral, and the field aligned ionised pellet clouds were well developed,
reaching a stationary state. At this phase - as it can be seen on Fig. 14 - the atomic
density drops rapidly when moving away from the pellet surface along the magnetic
field line.

Figure 15: Left: an original recording of the „cigar“ cloud shape with two radiation
maxima. Right: the reconstructed cloud shape with two radiation maxima.

On the other hand, according to the ongoing electron impact ionisation, the electron
density increases, reaches its maximum around 4 cm, then slowly decreases. The line
radiation - which is one of the determining light emission process - is proportional both
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to the electron and the atomic density, therefore it is not surprising, that the radiation
pattern obtained has two maxima along the field lines as plotted on Fig. 15 (the results
of the synthetic diagnostic is shown on the right). It can also be seen, that thought
the two images does not agree perfectly, the main characteristics are the same. These
characteristics are the dark centre and the two radiation maxima along the magnetic
field line (which is shown on the original image and is parallel to the x axis on the
synthetic image, and goes through the centre of the cloud).

Figure 16: Comparison plot of the simulated (red) and the measured (green) cloud
brightness distribution along the magnetic field line.

Fig. 16 shows the comparison of normalized brightness distribution along the mag-
netic field line for the simulated cloud (red) and the real measurement (green), indic-
ating that the radiation drop around the pellet is almost at the same relative level.
However, the location of the two brightness peaks differs a bit - on the simulated image
they are closer to each other. The width of the distribution is essentially the same, but
the measured distribution has a steeper decrease on the edge. This indicates, that the
applied simulation or the two- and three-dimensional generation methods can also be
improved, but it also gives a good qualitative agreement with the measured distribu-
tion. Presumably, to obtain a pellet cloud pattern with one radiation maximum is only
possible, if this ionised pellet cloud part - that is the cloud electrons - is not dominant.
Probably, this happens in a short time window just after the ionised cloud part is de-
tached, and drifting away - caused by the magnetic field gradient -, and leaving mostly
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the neutral part of the cloud around the pellet. In this case, probably the homogen-
eously distributed target discharge electrons dominate the radiation processes, which
results in a single-maximum light distribution.

Using the simulation data (Fig. 15), the electron pressure of the cloud was calcu-
lated and normalized with the background plasma electron pressure used in the sim-
ulation. The calculation shows two maxima of the pressure in the cloud, which are
located at 5 cm (measured from the middle of the cloud - this is the edge of the visible
region), where it is 45 times the pressure of the background plasma and it stays above
10 times the background plasma until 6 m along the magnetic field line. This means,
that the two maxima of the pressure perturbation are at around the edge of the visible
cloud - the location of these maxima can be estimated using the above mentioned scal-
ing of the pellet cloud size - and the whole (including the fully ionized part of the) pellet
cloud size can be more than 10 m at a machine similar to ASDEX Upgrade in size.

8 Summary

From 2D visible observations, a pellet cloud database has been established, which con-
tains the cloud and the related global and local pellet- and plasma information (plasma
temperature, density, pellet velocity, pellet volume, ablation rate etc.). From the im-
ages the main cloud shapes were classified. The effect of different pellet- and plasma
species on the cloud formation was investigated. Using the collected dataset and differ-
ent fitting methods, a scaling was derived for the size of the pellet cloud as a function
of pellet- and plasma related parameters. The scaling shows, that the most important
parameter is the electron temperature with the exponent 0.4-0.6 and the pellet velo-
city is not significant. This means that ten times higher temperature only causes a
three times increase in the cloud size. Investigating the isotope effect no significant
difference was found between the different isotopes in terms of pellet cloud properties
concerning the mean values of the cloud sizes for the different species and their error
of the mean value, the atomic mass does not influence the pellet cloud characteristics
significantly (the investigation also includes the effect of helium plasma). A fairly good
scaling of the extent of the pellet cloud visible radiation on the ablation rate was de-
termined (with an exponent of 0.34), thereby the parameter space determinating the
pellet cloud extent can be reduced.

To reveal the underlying pellet cloud density and temperature distributions of the
observed visible light radiation distribution, a synthetic diagnostic has been developed,
which simulates the measurement process, takes its input from pellet cloud simula-
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tions and generates similar outputs to the observed camera images. As input data for
the synthetic diagnostic, the pellet cloud parameters were taken from the hybrid code.
The output of the hybrid code shows the case, when the radiation is governed by the
cloud electrons, which have much higher density, than that of the target plasma. In
this case, a cigar shaped cloud with two radiation maxima (shape II) along the field
line was reconstructed, which reveals that the ionised, field-aligned pellet cloud part
is inevitable to be able to observe such a cloud pattern. Presumably single-maximum
light distribution (cloud shape I) can be formed, at which the electrons of the target
plasma dominate the radiation process. The two maxima are located at 5 cm (edge of
the visible region), where the pressure calculated from the output of the simulations is
45 times higher than the background plasma and the full extent of the pellet cloud is
in the order of 10 m at middle-sized tokamaks.
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