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Abstract
Reliable plasma core fueling is critical to achieve steady-state operation in large
magnetic confinement fusion devices. This is of increased importance for helical
devices, for which hollow density profiles are predicted by neoclassical theory
during on-axis microwave heating. Currently, cryogenic pellet injection is the
leading core fueling technique, since it allows deeper fuel penetrations than
conventional gas puffing and does not introduce an energy source in the plasma
core as the Neutral Beam Injection. Despite this, some involved mechanisms,
particularly for stellarators, remain unclear. For instance, pellet deflections
have been observed in both stellarators and tokamaks and several models have
been developed to explain this process. In tokamaks, a radial acceleration
is usually observed, but predictions tend to overestimate the experimental
observations. In contrast, in stellarators the situation is more complex, since
pellets are also deflected in the vertical direction.
In this work, pellet acceleration experiments are carried out in on-axis
electron cyclotron resonance heated hydrogen plasmas in the TJ-II stellarator. The three-dimensional pellet trajectory and the different components of
the pellet acceleration, assumed to be constant, are studied using the TJ-II
double-bundle fast camera system. This allows estimating the dependency of
the different components of the pellet acceleration on the plasma current, electron density and temperature, as well as pellet mass and injection velocity.
This preliminary study suggests that pellet vertical acceleration increases for
larger pellets into cooler and less dense plasmas. However, the experimental
observations indicate that the assumption of constant acceleration could be
inadequate, since it is observed to be more pronounced at the end of pellet
life-time.
In addition to the above, experimental results are compared with predictions from the stellarator version of the HPI2 code, including pellet acceleration. This is done by using the 1st Principles and Semi-empirical models
in HPI2, recently extended to stellarators. The radial and toroidal components of the pellet trajectory are relatively well reproduced, while the poloidal
component is only approximately reproduced, i.e., it is underestimated by
the Semi-empirical model. In addition, both acceleration models predict a
decreasing radial velocity (negative radial acceleration), which coincides with
the experimental observations. The observed positive increasing poloidal pellet velocity (positive poloidal acceleration) is relatively well reproduced by the
Semi-empirical model, but its magnitude is underestimated.
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Chapter 1
Introduction
Human development has been possible due to the continuous growth in energy
consumption since the first appearance of the species. Moreover, greater levels
of energy consumption have allowed a fast and more advanced society growth
while assuring a better life quality. This is the main reason why the world
energy consumption per capita has drastically risen in the last 200 years after
the first industrial revolution as shown in Figure 1.1.

Figure 1.1: Per capita world energy consumption, calculated by dividing world
energy consumption [1] by population estimates, based on Angus Maddison
data. http://www.ggdc.net/maddison/oriindex.htm
Of particular importance is the increase in the usage of fossil fuels after
World War II. For instance, it doubled from 35 to 70 GJ/capita/year between 1945 and 1970. At this point, our society drastically shifted its lifestyle,
becoming more energy-consuming. This resulted in significantly rising the atmospheric levels of CO2 , CH4 and NO [2]. Furthermore, the undeniable effect
of human activities on climate change was reported to be significant by several
independent studies [2–4]. Data supporting this conclusion are very revealing.
A significantly higher incidence of many extreme weather and climate events
5
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have been observed, together with the expansion of the deserts, the melting of
ice sheets, the shrinking of glaciers, the rise of sea level and the acidification of
the oceans. In addition, fossil fuels are not infinite [5]. Moreover, it has been
discovered that between 1960 and 2017 the global temperature has increased
by ∼ 1o C (see Figure 1.2), hence there is an urgent need to react if we want to
avoid increases of more than 1.5o C by the end of the century, which can lead
to terrible consequences.

Figure 1.2: Global warming relative to 1850-1900, from the Intergovernmental
Panel on Climate Change (IPCC) 2018 (Masson-Delmotte et al. 2018) [2].
All these facts highlight the real need for a change in the energy production
system to more sustainable and low-carbon energy sources. In this context,
renewable energies have proven themselves to help in shifting the energy sector
in the right direction. However, they are not the ultimate solution, since their
reliability is strongly conditioned by the intermittent nature of the different
energy sources and the present problems with storage capability [6, 7]. Indeed
renewable energies alone will not be able to cover the future electricity demand.
For this reason, nuclear fission becomes a very powerful alternative to fossil
fuels due to its high and reliable energy density and lower prices than renewable
energies. However, the social acceptance of this energy source is nowadays
compromised by the management of radioactive wastes and safety assurances
after historical accidents such as Chernobyl and Fukushima.
In contrast, nuclear fusion, which has been powering the stars for billions
of years, has significant advantages over nuclear fission. It is an inherently safe
process with significantly lower radioactive wastes and zero greenhouse-gases
emission. Most importantly, it allows higher power density production. These
advantages showcase the huge potential of nuclear fusion to become the energy source of the future, allowing to reduce the human carbon footprint and
contribute to solve the sustainable energy challenge of the XXI century. However, several technological developments and further research on the involved
physical processes are required to prove the feasibility of this promising energy
source.

1.1 Fusion energy

1.1
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Fusion energy

Nuclear fusion is the nuclear reaction that takes place when light nuclei come
together to form a heavier nucleus, while releasing huge amounts of energy [8].
This energy comes from the fact that the mass of the resultant nucleus is
lower than the sum of the masses of the original nuclei. This missing mass is
transformed into energy according to Einstein’s energy formula:
E = ∆mc2

(1.1)

The fusion reaction requires the involved nuclei to come close enough to
overcome their mutual Coulomb repulsion and start to be mutually attracted
by the nuclear force, which is dominant for d < 10−15 m . In stars, this is
possible due to the strong gravitational forces. But in the Earth such forces
are not present and an alternative way is to reach sufficiently high relative
kinetic energies via heating the light nuclei to extremely high temperatures
(higher than one million K). At this temperatures, matter is found in plasma
state, which is a neutral ionized gas formed by free electrons and positively
charged nuclei. A characteristic of plasmas is that, due to the presence of these
free charged particles, they are highly electrically conductive and its motion is
governed by collective electromagnetic fields.

Figure 1.3: Fusion cross-sections of different possible fusion reactions as a
function of the kinetic energy of the reactants [9].
The deuterium-tritium (D-T) reaction has been found to be the most effective for a fusion reactor, since it presents the highest cross-section at the
lowest temperature (50-100 million degrees), as seen in Figure 1.3 [9]:
D + T → He4 (3.5MeV) + n(14.1MeV)

(1.2)
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Moreover, deuterium is harmless and widely available, being extracted from
seawater at a proportion of 33 g/m3 . On the other hand, tritium is a fastdecaying radioactive isotope of hydrogen with a half-life of 12.32 years that
is not naturally present on Earth and must be produced. In future fusion
reactors, tritium is planned to be generated in breeding blankets located in
the first wall of the vacuum vessel from lithium, Li, which is a very abundant
element in the Earth’s surface. There are two possible lithium reactions to
produce tritium:
n + Li6 → He4 + T + 4.8 MeV

(1.3)

n + Li7 → He4 + T + n − 2.5 MeV

(1.4)

Li7 is more abundant (92.6%) than Li6 (7.4%), however reaction (1.5) is
much easier to initiate and will dominate the ”tritium breeding blanket” concept in future fusion reactors. The main idea of this concept is to capture
the high-energy neutrons, thus protecting radiation-sensitive components such
as the superconducting coils, while taking advantage of them to generate the
tritium fuel. Furthermore, since the capture of neutrons in the blanket will
heat the latter, this may be a suitable way to extract the produced energy as
heat and convert it into electricity through a conventional Carnot cycle.
To meet the ultimate goal of electricity production, the density of the
involved nuclei must be high enough to induce a sufficient reaction rate so
that the net power is positive. In other words, the Q-factor, defined as the
ratio between the output fusion power and the power input to heat the plasma,
must be greater than unity. Together with this, the nuclei must be confined
long enough so that fusion reactions can take place. These constraints are
synthesized in John Lawson’s triple product criterion [10], assuming equal
proportions of deuterium and tritium:
n · T · τE ≥ 3 · 1021 keV s m−3

(1.5)

Where n is the density of reacting nuclei, T is the temperature and τE is
the confinement time, defined as the average time taken by the energy to leave
the plasma.
As explained before, the temperature should be as high as possible to
achieve the maximum reaction rate for the deuterium-tritium reaction. Hence,
to fulfill the triple product criterion and reach breakeven (Q ≥ 1) there are
two free parameters to be maximized, density and confinement time, that lead
to two different approaches. The first is Inertial Confinement Fusion (ICF),
which attempts to reach high plasma densities (∼ 1031 m−3 ) for low confinement times (∼ 10−9 s) by compressing a small fuel capsule via very energetic
laser beams [11]. On the other hand, there is Magnetic Confinement Fusion
(MCF) that uses a magnetic field to confine the plasma and reach low densities (∼ 1020 m−3 ) but for much larger confinement times (∼ 1 − 10 s). It

1.2 Magnetic confinement fusion devices
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is expected that future fusion power plants will be based on the magnetic
confinement method, therefore this work will be only focused on MCF.
Fusion energy could be an ultimate but not immediate solution for the
sustainability dilemma of the modern society. From the start of the fusion
research in the 1950s, a whole scientific generation was devoted to the fusion
reactor design, construction and operation. Yet another generation is required
to unravel the underlying physics and achieve higher power gains. In this sense,
JET achieved Q ∼ 1 in 1997 [12] and ITER will be the most critical milestone,
which is expected to prove the viability of fusion energy by the achievement
of Q ∼ 10 [13]. If ITER is successful, the next step is the first fusion reactor
connected to the power grid, the DEMO reactor, with predictions to start
operation in late the 2050s and be able to achieve Q ∼ 25 [14].

1.2

Magnetic confinement fusion devices

Magnetic confinement fusion takes advantage of the fact that charged particles, like those constituting the plasma, follow helical trajectories along the
magnetic field lines. Hence, plasma motion is restricted and it can be confined
if a geometry in which the magnetic field lines close upon themselves is chosen.
The toroidal geometry is very suitable for this configuration. However, if only
a toroidal magnetic field was utilized, the curvature of the magnetic field would
cause a drift of the plasma particles, and therefore a charge separation that
will result in the creation of an electric field. As a consequence, the plasma
~ ×B
~ drift that would push them out
particles would experience an outward E
of the confinement volume. To avoid this circumstance, a poloidal magnetic
field must be employed in the configuration. The way it is generated sets the
two different approaches to achieve magnetic plasma confinement: tokamaks
and stellarators.

Figure 1.4: Schematics of magnetically confined plasmas in (a) tokamaks and
(b) stellarator configurations [15].
In tokamaks, the poloidal magnetic field is achieved by inducing a toroidal
current in the plasma with a central solenoid via the transformer effect, with
the plasma acting as the secondary. The resultant magnetic field is axisymmetric, but it forces the operation to be intrinsically pulsed, since a varying
induced current cannot be maintained indefinitely. Nonetheless, alternative
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ways to drive current, which can bring the tokamak concept closer to the desired steady-state operation, are being investigated [16]. Another disadvantage
is that the high toroidal current acts as a source of free energy to generate instabilities due to the coupling between the plasma and the confining field. For
instance, disruptions, which cause a significant fraction of the plasma energy
to be suddenly ejected to the plasma facing components, might arise.
On the contrary, in stellarators, the poloidal magnetic field is generated by
external non-axisymmetric coils. Hence, there is no need for a toroidal current and stellarators can intrinsically operate in steady-state without the risk
of disruptions. But their confining magnetic field is fully three-dimensional.
Therefore, collisional diffusive losses are enhanced and magnetic topologies,
such as stochastic regions and magnetic islands, arise, deteriorating the confinement capabilities. Those could be avoided by achieving quasi-symmetries
through highly optimized designs as in the case of Wendelstein 7-X.
Even though the stellarator design was conceived first in 1951 by L. Spitzer
[17], the tokamak concept, invented in 1952 by the soviet physicists A. Sakharov
and I. Tamm [16], has been developed more rapidly because of the greater simplicity of its geometry. As a consequence, tokamaks are leading the pathway
to controlled magnetic fusion and have been able to reach higher confinement
times than stellarators. However, the above mentioned problems related to the
steady-state operation of tokamaks highlights the large potential of stellarators
to become more feasible for a fusion power plant.

1.3

Fuelling needs for steady-state operation

Steady-state operation of MCF devices remains a huge challenge for the scientific community because of the extreme conditions required to achieve and control fusion plasmas. Several technologies have been developed to increase the
duration of the plasma pulses, but they are not an ultimate solution. For tokamaks, the lower hybrid current drive systems provide an alternative method
to drive the plasma to the transformer effect with the central solenoid. In
addition, superconducting magnets and active cooling on the wall components
allow to reduce the heating of the wall components and the magnetic coils, but
they require additional cooling circuits. In addition to these, reaching a stable
kinetic configuration of the plasma is required. For that, a highly peaked density profile in the plasma core is mandatory. Hence, an efficient core fuelling
capability becomes a key issue. Moreover, the situation is more challenging
for stellarators due to the coupling of the particle and energy transports in the
plasma core. In these devices, neoclassical theory predicts a particle outwardpinch that leads to the formation of hollow density profiles for both on-axis
Electron Cyclotron Resonance Heating (ECRH) and Ion Cyclotron Resonance
Heating (ICRH) [18]. Besides, Neutral Beam Injection (NBI) contributes to
core fueling but it introduces an energy source in the plasma core, increasing
the difficulties for density control [19]. In addition, conventional gas puffing

1.4 Description of pellet injection
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cannot reach the required depth in large devices [20]. This is because the
plasma edge temperature is higher than the ionization temperature of deuterium and tritium. Therefore, the fuel is ionized at the plasma edge and the
amount of fuel particles deposited and confined inside the plasma is low [21].
In contrast, core refuelling without inherent energy source via pellet injection
is currently the leading technique, since it allows deeper fuel penetrations and
reliable density profile control.

1.4

Description of pellet injection

Pellet injection is currently the most promising core fuelling method. It consists in the high-speed injection of solidified fuel into the hot confined plasma.
There are two main methods for fabricating the solid material: pipe guns and
extruders. Pipe guns allow in situ pellet formation inside the gun barrel by
keeping a fraction of the guiding tube below the triple-point temperature and
achieving the inverse sublimation of the fueling gases, typically H2 and D2 .
On the other hand, extruders allow batch-like manufacturing of large amounts
of pellets by a motor driven screw-piston system operating at cryogenic temperatures [22]. After been produced, pellets must be accelerated before their
delivery inside the vacuum vessel via guiding tubes. There are two main methods for pellet acceleration: gas guns and mechanical centrifuges. Simple gas
guns incorporate pneumatic propelling systems with fast valves using H2 , D2
and He due to their high sound speeds, which allow for maximum accelerations. On the contrary, mechanical centrifuges had the advantage of not using
propellant gases and allowed high repetition rates, but they were discarded due
to their significantly lower reliability. At first, due to the easier accessibility to
the outer wall of the devices, only Low Field Side (LFS) pellet injections were
performed. With this technique, significant efforts were devoted to achieve
pellet rates > 5 Hz and high velocities > 2000 m/s. These values were the
estimated requirements to provide sufficient core plasma fueling in reactor-like
devices, where the high electron temperatures Te (0) > 20 keV would lead to
very shallow pellet penetrations [23]. But the discovery in 1997 of the drift
of the material along the ∇B direction abruptly changed the paradigm. This
drift was proved to be beneficial in the case of High Field Side (HFS) injection
in tokamaks, pushing the pellet material towards the plasma core. For HFS
injections, curved guiding tubes are mandatory to drive the pellets from the
pellet injector to the inner wall, due to space constraints in the central region
of the torus. It was concluded that the beneficial drift of the HFS injection
overcompensates the limitation of maximum velocity to 100 - 300 m/s due
to the curvature of the tubes that compromises the survival of the pellets at
higher speeds [24].
In addition, pellet injection has become a leading method not only for
plasma fuelling, but also to allow edge and core control of the plasma. This
technique allows a transient improvement of the confinement and higher den-
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sity operation due to its capability for central matter deposition [25]. Moreover, it allows the triggering of Internal Transport Barriers and improvements
of plasma control, such as the mitigation of disruptions and of Edge Localized
Modes by influencing their size and frequency [23].

1.5

Motivation of this thesis

Reliable plasma core fuelling is mandatory for the achievement steady-state
energy production in large MCF devices. This is of higher importance for
stellarators, due to hollow density profiles predicted by neoclassical theory for
on-axis microwave heating. Currently, cryogenic pellet injection is the leading technique for efficient core fuelling for both tokamaks and stellarators. For
tokamaks, the mechanisms involved in the pellet ablation and material homogenization are generally well-understood and the models reproduce significantly
well the experimental observations. In contrast, comparisons with experimental results in stellarators have allowed to conclude that the homogenization
physics are not fully understood yet. Therefore, further studies are required to
enlighten the different drift mechanisms and assess the differences with respect
to tokamaks. Moreover, pellets have been observed to be deflected from their
injection flight paths in both types of MCF device. Several models have been
developed to simulate this process in tokamaks, but generally the simulations
do not reproduce the experimental observations. Recently, these models were
modified to include the additional vertical acceleration for non-axisymmetric
devices and they were included in the stellarator version of the HPI2 code.
In this work, the physics related to pellet deflections into ECRH plasmas
in the stellarator TJ-II is studied. For that, the utilization of a double-bundle
fast camera system in the TJ-II can help to enlighten this unclear picture
by allowing to determine the three-dimensional pellet trajectory and the real
pellet acceleration in the different directions. In this manner, it could be
possible to verify if the observed acceleration is consistent with the drift of the
ablated material or if more mechanisms could be involved. The objectives of
this thesis are:
- Correctly calculate the pellet trajectory from the fast camera images
and estimate the pellet velocities and accelerations, if present, in the radial,
poloidal and toroidal directions.
- Study the dependencies of such accelerations on the plasma current and
electron density and temperature and on the pellet mass and injection velocities.
- Compare the experimental observations with the predictions from the
pellet acceleration models included in the HPI2 code version for TJ-II.
To accomplish these objectives, the pellet injector and the fast camera system installed in the TJ-II stellarator are used as the main tools to perform the
experimental studies. In addition, the comparison with the HPI2 code is used
to verify if the observed pellet accelerations are well reproduced by the accel-
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eration models. The work is organized as follows. In Chapter 2, the physics
of the pellet ablation, homogenization and acceleration are summarized. In
Chapter 3, the stellarator TJ-II, its pellet injector and the main related diagnostic are described. The experiments performed in TJ-II, the experimental
results and the comparison with the simulation results are included in Chapter 4. Finally, Chapter 5 is dedicated to the obtained conclusions and possible
future work.
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Chapter 2
Pellet physics
When a pellet is injected into a magnetically confined plasma, several physical
process take place before the pellet is completely consumed and its material
diffuses inside the plasma, refueling it. In this chapter, the ablation process
is summarized. Then, the homogenization process of the pellet material is
described, with particular attention of the drift of the plasmoid and the drift
acceleration damping mechanisms. Finally, the mechanisms responsible of the
pellet acceleration are analyzed and some pellet acceleration models are reviewed.

2.1

Pellet ablation

Inside the plasma, a pellet is subjected to collisions and energy transfer from
the hot plasma particles, which results in pellet ablation. This is, the erosion and removal of the pellet particles from the pellet surface. This process is
dominated by thermal electrons, whose Larmor radius is small, and in contrast
to thermal ions, encounter the pellet in their trajectories along the magnetic
field lines [26]. Subsequently, this ablated material or ablatant, forms a neutral gas cloud around the pellet. This cloud initially travels with the pellet
at the same velocity, while expanding spherically around it. Afterwards, an
outer fraction of the ablated material is ionized, the so-called plasmoid, which
starts expanding in the parallel direction of the magnetic field lines. Because
of their high density, both neutral, and to a lesser extend, ionized particles
act as a shielding cloud that protects the pellet from further interactions with
the surrounding plasma particles. In this manner, the pellet is capable of
surviving for longer times inside the plasma, and hence, reaching deeper penetration depths. Moreover, the ablation process is considered a self-regulated,
quasi-stationary and periodic process, in the sense that an adequate shielding
capability is assured by the cyclic self-arrangement of the shielding cloud so
that the traversing energy flux is just enough to maintain an adequate cloud’s
line integrated density. There are three different shielding mechanisms, whose
efficiency determines the pellet self-protection by reducing the pellet-plasma
interaction and, thus, the rate at which the pellet material is ablated [27].
15
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The first and most important mechanism for cryogenic hydrogen pellets is the
dynamics of the shielding cloud. The reason is that, due to the low sublimation energy of H2 , the outer pellet layers rapidly evaporate. This leads to a
significantly higher density of the cloud surrounding the pellet than that of
the background plasma. Therefore, collisions with the cloud particles strongly
decrease the energy of the incident plasma particles and their capability to
contribute to the ablation process [28]. The second mechanism, the so-called
‘electrostatic shielding’, results from the negative biasing of the cloud with
respect to the ambient plasma. This occurs because plasma electrons move
much faster than ions and penetrate deeper into the shielding cloud, negatively
charging it. Accordingly, the further incoming electrons are repelled from the
ablation cloud and their contribution to the ablation process is reduced [27].
Finally, the expanding plasmoid partially pushes out the magnetic field lines
from the interior of the cloud. This results in fewer electrons, following these
field lines, reaching the pellet cloud in their trajectory and contributing to the
ablation process [29].
Furthermore, in discharges with additional heating power, this situation
is significantly modified by the presence of supra-thermal electrons and ions
[30]. Supra-thermal electrons heat the cloud and modify its hydrodynamics
and shielding capability. Moreover, they travel through the cloud with few
interactions and can penetrate deeply into the pellet and heat its volume,
resulting in instantaneous pellet sublimation. If these populations are located
in the plasma edge, they lead to much shallower pellet penetrations. On the
contrary, if they are found in the core they are reported to lead to increased
pellet-material deposition in the plasma core [31]. On the contrary, fast ions
with energies of several hundreds of keV’s can reach the pellet surface and
directly participate in the ablation process [30].
Comparison with experimental results from different devices present in the
International Pellet Ablation Data Base (IPADBASE) has allowed to conclude
that the physical processes governing the pellet ablation are well understood
in both tokamaks and stellarators [32].

2.2

Homogenization of pellet material

The final deposition of the pellet material is governed by the homogenization
process between the plasmoid and the background plasma. As explained in the
previous subsection, the plasmoid expands along the magnetic field lines. This
expansion takes place until the plasmoid and the background plasma pressures
are in equilibrium. During this process a charge separation takes place due to
the motion of plasmoid electrons and ions inside an in-homogeneous magnetic
field. This results in the modification of the plasmoid potential distribution
during the plasmoid expansion and in the drift of the pellet material along the
∇B direction.
The drift of this material is as follows: on each magnetic surface, the pellet
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expels a spatially limited blob of dense and cold particles, where the motion in
opposite directions of electrons and ions generates an initially uncompensated
current, j∇B . In a general magnetic field geometry:
2(p0 − p∞ )B∞ × ∇B∞
(2.1)
3
B∞
Here, p∞,0 are the plasma and plasmoid pressures (in Pa) respectively and
B∞ is the surrounding magnetic field (in T). This process lasts as long as the
plasmoid is in open-circuit conditions, which are hold at the beginning of the
cloud expansion. In this case, when the particles initiate their gyro-motion,
an opposing polarization current completely compensates the ∇B current, as
seen in Figure 2.1:
j∇B =

jpol =

n0 mi dE
2
B∞
dt

(2.2)

Where, n0 is the plasmoid particle density in (m−3 ), mi is the plasmoid ion
mass (in kg) and E is the charge-separation induced electric field (in V/m).
At equilibrium, the condition of current closure: j∇B + jpol = 0, determines
dE/dt and allows the calculation of the cloud’s drift acceleration:
∞
d( E×B
)
2
dvd
2(p∞ − p0 )∇⊥ B∞
B∞
=
=−
dt
dt
n0 mi B∞

(2.3)

Figure 2.1: Polarization of the cloud created by the vertical drift of plasmoid
electrons and ions in an in-homogeneous magnetic field [33].
Furthermore, there are three drift damping processes resulting in the reduction of the acceleration calculated from equation 2.3. The first one is the
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emission of Alfvén waves from both ends of the cloud along the magnetic field
lines. This process occurs at the beginning of the homogenization process and
limits the initial polarization of the plasmoid and, thus, the acceleration caused
by the E × B drift [34].
The second mechanism is the Internal Circuit Closure (ICC) effect [33].
It takes place when the plasmoid length covers half a poloidal turn on a flux
~
surface of finite rotational transform due to the plasmoid expansion along B.
At this point, the magnetic field lines are diametrically opposed with respect to
the central axis of the plasmoid at both ends. Moreover, the generated opposite
∇B currents are connected by internal parallel currents as seen in Figure 2.2.
This short-circuit of the ∇B currents reduces the cloud polarization and the
drift acceleration.

Figure 2.2: Schematic representation of the ICC, i.e., the short-circuiting of
the plasmoid currents (represented by black arrows). Blue and green lines
represent two magnetic field lines that are reversed after a poloidal turn [33].
The third one is the External Circuit Closure (ECC) effect [35]. It is
related to the rotational transform and the toroidal twisting of the magnetic
field lines, which cause a potential difference, associated with the polarization
of the cloud, between the two ends of the flux tube. This potential difference
reaches in a very short time interval (compared to the drift time) the whole
toroidal extension of the plasmoid. It causes the overlapping of flux tubes
of opposite polarization, which are connected by an external parallel resistive
current through the plasma. This short-circuit due to the external current
reduces the drift acceleration. Moreover, in regions with rational values of the
q factor, where the connection length of the magnetic-field lines is reduced,
the ECC effect very efficiently. Therefore, these rational surfaces act as a kind
of transport barrier where the ablated material tends to be accumulated [36].
The main processes responsible for the plasmoid expansion parallel to the
magnetic field and its drift down the magnetic field gradient are generally well
understood for the simplified picture of tokamaks. However, the situation is
not that clear for non-axisymmetric devices, where the confining magnetic field
is fully three-dimensional. This is due to the strong dependency of the drift
mechanisms on the magnetic configuration, which results in the drift motion
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to be much more complex than in tokamaks and the experimental results to
not be fully understood.

2.3

Mechanisms for pellet acceleration

In several MCF devices, pellets have been observed often to deviate from
their expected trajectories through the plasma, in the poloidal, radial and/or
toroidal directions. This pellet acceleration is believed to be caused by different
mechanisms related to unbalanced heating due to asymmetries in the electron
or ion distribution functions, the plasmoid E × B drift and significant plasma
current. These asymmetries lead to an unbalanced ablation between both
sides of the pellet and propulsion in the counter-direction of the over-ablation
due to the so-called ‘rocket effect’ [27]. One of the causes of this differential
pellet ablation is the presence of asymmetries in the ion or electron distribution
functions. For instance, in ohmically heated plasmas, this distortion is caused
by the parallel electric field. In this situation, a radial current is induced, which
leads to an unbalance between the ablation in the co- and counter-current
directions [37]. In contrast, in additionally heated plasmas, the asymmetry is
generated by the presence of fast particles, which can cause the over-ablation
of parts of the pellet. In the case of unbalanced NBI, the cause of the pellet
deviation is the asymmetry of the high ion tail that over-ablates the pellet in
the tangential direction of the neutral beam ions [38].
On the other hand, shielding asymmetries can also be produced by the
plasmoid E × B drift, which also deforms the neutral cloud by dragging it due
to friction forces. In the case of LFS injections, this leads to the HFS side of
the pellet to be less-efficiently protected (see Figure 2.3) [39]. This region will
then be over-ablated and this will also lead to pellet acceleration via the ‘rocket
effect’ towards the LFS. In contrast, for HFS pellet injections, this effect pushes
the pellet further into the plasma core, allowing for higher fueling efficiencies.
This process has been investigated in Tore Supra and JET [40] and in ASDEX
Upgrade [41]. In these machines, a significant pellet acceleration was observed
in the radial direction, i.e., the E × B drift direction [39].
The understanding of these processes is crucial to increase the fueling efficiency in a future fusion reactor. For this, two different acceleration models
were developed: the Semi-empirical model and the First Principles model [39].
The first model introduces stronger ablation on the pellet HFS by an increase
of the cloud pressure in this region. The pressure difference is calculated by
the introduction of the pressure asymmetry as a free external parameter ():
pHF S − pLF S =  · p0

(2.4)

Here, p0 is the initial cloud pressure (in N/cm2 ) and pHF S and pLF S are the
pressures at the HFS and LFS of the pellet surface, respectively. The pellet
acceleration (in m/s2 ) is calculated as the force exerted on the pellet surface
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Figure 2.3: Schematic representation of the plasmoid E × B drift. The lineintegrated density of the cloud (dashed lines) on the HFS is lower than that
of the LFS, hence, ablation is higher on the HFS and the pellet experiences
rocket effect acceleration towards the LFS [39].
divided by the pellet mass (in kg):
ap =

(pHF S − pLF S ) · rp2 π
p0 · rp2 π
=
·
mp
mp

(2.5)

Here, rp is the pellet radius and mp is the pellet mass. The First Principles
model considers that the ∇B drift of the plasmoid is the origin of the ablation asymmetry and thus of the rocket acceleration towards the LFS [41]. It
assumes a spherically symmetric neutral cloud and a cigar-shaped plasmoid.
The pellet acceleration can be calculated as:
3
ap = −
4πrp2 ρp

Z

p
2vap µI mp dṄ
dΩsinθcosψ Ṅ (θ, ψ) = −
ρp li rp
dx

(2.6)

Here, ρp is the pellet material density, µI = mi /m+ , where mi and m+ are
the pellet ion mass and the proton mass, respectively, vap = 0.005 eV is the
sublimation energy, li is the cloud thickness and Ṅ is the ablation rate.
Comparisons with experimental results in ASDEX-Upgrade, JET and Tore
Supra conclude that the First Principles model systematically overestimates

2.3 Mechanisms for pellet acceleration

21

the observed pellet accelerations. On the contrary, the Semi-empirical model
achieves better approximations, due the external modification of the pressure
asymmetry parameter to a value that better reproduces the experiment [40,41].
Additionally, the effects of plasma current on the pellet dynamics have been
studied in several devices such as T-10, TFTR, Tore Supra, JET and HeliotronE [26]. In these experiments, a significant toroidal deflection was observed in
plasmas with current [42]. The plasma current density, je , causes a shift in the
electron distribution function. This shift can be modeled by two different heat
fluxes reaching the pellet surface in the co-current counter-current directions.
These heat fluxes determine the toroidal pellet acceleration and to understand
the underlying physical processes, three different models were developed in
[26]. The charged pellet model was found to more accurately reproduce the
experimental results, in which the toroidal acceleration is calculated as:
−1/3

1/3 0.64 −5/3
dvz /dt = 2.2 · 1015 U n−1
rp mi
a ne Te

4
∆Te · exp(−e∆φ/3Te )
3

(2.7)

Here, U is the hydrogen atom velocity at the pellet surface, na = 5.26 · 1022
cm is the atomic density of hydrogen, ne and Te are the electron density and
temperature, respectively, and e∆φ is the potential drop in the electrostatic
sheath surrounding the pellet.
−3
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Chapter 3
Experimental set-up
The experiments analyzed in this thesis have been carried out with the pellet
injector system present in the TJ-II stellarator. The goal of these experiments
is to investigate the physics of pellet acceleration and its dependency on the
main pellet and plasma parameters. In this chapter, all the experimental
systems involved in the pellet injection experiments are summarized. First,
the TJ-II stellarator is presented. Then, the TJ-II pellet injector system is
described, as well as its in-line diagnostics and the associated pellet diagnostics.
Finally, some associated plasma diagnostics are reviewed.

3.1

The TJ-II stellarator

The TJ-II is a four-period, heliac type, low magnetic shear (∆ι ≤ 6%),
stellarator located in the Laboratorio Nacional de Fusión (LNF), Ciemat,
Madrid (Spain). It is characterized by its high flexibility of magnetic configuration that allows the achievement of a wide range of rotational transforms
[0.9 ≤ ι(0)/2π ≤ 2.2] [43].
The magnetic field configuration in TJ-II is generated by a set of toroidal,
poloidal and vertical field copper coils (see Figure 3.1). The toroidal magnetic field (TF) is induced by 32 toroidal coils, toroidally twisted with pitch
law θ = −4φ (with θ and φ, the poloidal and toroidal angles). The threedimensional winding of the central axis is achieved by two central coils, one
circular (CC) and the other helical (HC), wrapped around the former following the same pitch law as the TF coils. In addition, two circular coils (VF)
provide a vertical field that allows controlling the position of the magnetic
axis. The resultant cross-section of its fully three-dimensional plasma is beanshaped, with a central magnetic field B(0) ≤ 1.1 T and total plasma volume
≤ 1.1 m3 . The broad range of rotational transforms is obtained by adjusting
the currents in each coil type independently. Furthermore, the absolute value
of these currents in hundreds of Amperes is used to label the different magnetic
configurations in the following manner: CC HC VF. In all the configurations
the value of the current in the toroidal coils is almost constant, and it is only
slightly modified to keep the central magnetic field at ∼ 1 T. TJ-II discharges
23
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last around 250 ms and have a repetition frequency of ∼ 7 minutes.
The TJ-II vacuum vessel is made of stainless steel and its wall is regularly
coated with lithium and boron to improve plasma-wall interactions, i.e., to
reduce the level of high Z impurities in the plasma [44]. In addition, TJII showcases 96 access windows and it is equipped with a high quantity of
passive and active diagnostic systems that allow to perform a broad variety of
scientific studies [45].

Figure 3.1: Schematic of the TJ-II model, where the sets of poloidal, toroidal
and vertical coils are shown in blue, the helical coils in yellow, the plasma in
purple, and some of the viewports in grey. http://fusionwiki.ciemat.es/
wiki/File:TJII_model.jpg
The TJ-II is equipped with two different heating methods. The first technique is the Electron Cyclotron Resonance Heating (ECRH) system. It is
constituted by two gyrotrons, each of them capable of providing up to 250 kW
during ≤ 300 ms [46] by operating with X-mode polarization at 53.2 GHz, this
is the second harmonic of the electron cyclotron resonance frequency [47]. In
addition, an in-vacuum steerable mirror system allows to direct this power to
the plasma axis (on-axis) or to other radial positions (off-axis). Central electron plasma densities achieved during the ECRH phase are ne = 1.7×1019 m−3 ,
while central electron and ion temperatures are Te (0) ≤ 2 keV and Ti (0) ∼
80 − 100 eV, respectively. On the other hand, there is a Neutral Beam Injection (NBI) system. It incorporates two tangential NBI injectors which allow for ≤ 120 ms pulses of high-energy neutral hydrogen (EN BI ≤ 32 keV,
PN BI ≤ 0.7 MW). The neutrals beams are ionized in the plasma and then
heat it via Coulomb collisions, while fuelling the plasma. NBI 1 injects parallelly to the magnetic field, while NBI 2 performs a counter-injection. During
normal TJ-II operation, plasmas are generated through the ECRH system,
and then further heated with NBI. This results in higher central densities,
ne = 5 × 1019 m−3 , but lower central electron temperatures, Te (0) ≤ 400 eV,
and slightly higher ion temperatures, Ti (0) ∼ 120 eV, when a lithium coating
is applied to the inner wall [48]. The TJ-II main parameters are reviewed in
Table 3.1.
Gas puffing is usually done by one piezoelectric valve driven by pre-programmed voltage signals, whose values determine the opening time of the valves
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depending on the desired plasma density. This valve is able to supply ≤
3.5 × 1019 particles/s. This system provides both the pre-filling before each
pulse, and active fueling during them to maintain the plasma density profile
[49]. Moreover, plasma fuelling can be also performed by the NBI system and
the pellet injector.
Parameter

Value

Major radius, R0 (m)

1.5

Minor radius, a (m)

≤ 0.22

Central magnetic field, B0 (T)
Rotational transform, ι/2π

∼1
0.9 - 2.5

ECRH heating power, PECRH (kW)

≤ 500

NBI heating power, PN BI (MW)

≤ 1.1

Pulse duration (ms)

∼ 250

Table 3.1: Summary of TJ-II main parameters.

3.2

TJ-II Pellet Injector and in-line diagnostics

The Pellet Injector (PI) operating in TJ-II since mid-2014 is the result of a
collaboration between the Fusion Energy Division of Oak Ridge National Laboratory (ORNL), Tennessee, USA and the Laboratorio Nacional de Fusión,
Ciemat. It consists of a four-barrel compact pipe gun, equipped with a cryogenic refrigerator for in-situ cylindrical pellet formation (at T ∼ 10 K), fast
propellant valves for pellet acceleration (v ∼ 800 − 1200 m/s) and straight delivery lines, as seen in Figure 3.2. Temperatures lower than the triple point of
hydrogen (T ∼ 13.9 K) are required to assure reliable pellet formation. After
their acceleration, pellets travel through the guide tubes to the TJ-II vacuum
vessel. These guide tubes are straight since, at such velocities, pellets would
not survive the stress from impact and centrifugal forces associated with curved
tubes. Moreover, the length of the tubes must also be minimized to reduce
mass losses due to friction with the inner walls (d < 3m, see Figure 3.2). In addition, good reproducibility of pellet mass and velocity is achieved (∆t ≤ 5µs,
where ∆t is the uncertainty in pellet arrival time to the plasma edge).
The TJ-II PI is characterized by its flexibility, since different pellet sizes can
be injected through each of the four barrels. The sizes are 0.42 mm (Type-1
pellet), 0.66 mm (Type-2 pellet), 0.76 mm (Type-3 pellet) and 1 mm (Type-4
pellet), see Table 3.2. Small cylindrical pellets (Types-1 and -2, that contain
≤ 4 × 1018 and ≤ 1.2 × 1019 H atoms, respectively) are suitable for experiments
using ECRH, where surpassing the gyrotron cut-off density limit (∼ 1.7 ×
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1019 m−3 ) must be avoided [50]. Larger pellets (Types-3 and -4, that include
≤ 1.8 × 1019 and ≤ 4.1 × 1019 H atoms, respectively) are used for deeper
penetrations into high-density NBI-heated plasmas.
Pellet

Nominal diameter

Nominal volume
3

Mass

Particle content

(mm)

(mm )

(mg)

(H atoms)

1

0.42

0.058

0.05

3.08 × 1018

2

0.66

0.226

0.02

1.20 × 1019

3

0.76

0.345

0.03

1.83 × 1019

4

1.00

0.785

0.069

4.16 × 1019

type

Table 3.2: Summary of nominal characteristics of TJ-II pellets [51]. The nominal length equals the nominal diameter of the pellets.

Figure 3.2: Cross-sectional sketch of the TJ-II vacuum chamber, magnetic
surfaces, and the pellet injector. The relative locations of pellet Lines #1
through #4 are indicated with respect to the rear of the PI. Reproduced courtesy of IAEA. Figure from [52]. ©2017 Centro de Investigaciones Energéticas
Medioambientales y Tecnológicas.
Two key diagnostics are part of the PI system. These diagnostics are
crossed by the pellets before entering the plasma, as shown in Figure 3.2 [50,53,
54]. The first is a light gate (LG) that consists of a continuously light emitting
diode and a light sensitive diode, diametrically opposed. Their combination
forms a light beam whose signal is reduced when crossed by the travelling
pellet. The observed negative peak allows to determine the timing signal
required for the calculation pellet velocity of injection. In addition, there is
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a microwave cavity (MC), that provides a mass-dependent timing signal [55].
Moreover, this second timing signal provided by the MC, together with the
signal from the LG, allows to precisely determine the velocity of the pellet,
assuming a negligible pellet acceleration.
The pellet injector is located in sector B2 (see Figure 3.3), where direct
line-of-sight observation is possible. Injection lines, as can be seen in Figure
3.2, are separated by 54 mm both vertically and horizontally; they are labelled
Line #1 to Line #4. Line #1 is the upper and Line #2 the lower located at
toroidal angle φ = 14o , and Line #3 is the bottom and Line #4 is the top line
located at φ = 13o .

Figure 3.3: Bird0 s eye view of the TJ-II. The locations of the magnetic coils,
PI, associated diagnostic and relevant plasma diagnostics are highlighted [56].
BT is the toroidal magnetic field direction.

The distance between the Last Closed Flux Surface (LCFS) of the plasma
and, for instance, the light gate depends on the magnetic configuration, since it
affects the plasma volume, and on the pellet injection line, due to the 54 mmseparation between lines. This implies that the closest approach to the plasma
centre varies between injection lines for different magnetic configurations. As
an example, pellet trajectories into the standard magnetic configuration (100−
44 − 64) for the upper Lines #1 and #4 approach the plasma core, while the
lower Lines #2 and #3 have their nearest approach at ρ = 0.273 and ρ =
0.45, respectively, where ρ = r/a is the normalized plasma radius. However,
this is far from being a limitation due to the high-flexibility of the PI, since
pellet types can be interchanged between the four injection lines, thus all
pellet sizes can be injected into a path that crosses the magnetic axis, but not
simultaneously [56].
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Associated pellet diagnostics

The study of the physical processes taking place inside a plasma and their
dependency on different plasma parameters is a crucial task in the way of
achieving thermonuclear fusion. However, plasma characterization has required technological development of several plasma diagnostics that withstand
the high temperatures and allow the required high spatial and time resolutions. Accordingly, the TJ-II stellarator possesses a wide set of such plasma
diagnostics. In particular, pellet studies require an accurate measurement of
the temporal evolution of the light emitted by the pellet ablated material. A
brief description of the diagnostics for pellet ablation, the Hα detection system
and the CMOS fast camera, together with associated plasma diagnostics is
given in the following subsections.

3.3.1

Balmer Hα detection system

When a pellet enters the plasma, the ablation process starts. Its temporal
evolution can be followed by analysing the Balmer Hα light (λ = 656.28 nm)
emitted from the neutral cloud surrounding the pellet [57]. This particular
line is chosen because it is the most intense emission from the cloud and can
be detected by simpler optical methods operating at visible wavelengths. In
order to collect the Hα light emission, an optical fibre-based diagnostics system
is installed outside two viewports of sector B2. One detector is located above
the line of flight (TOP OUTER), while the second is behind the injection path
(SIDE), as can be seen in Figure 3.2. The system is constituted by a 5 m
long, 600 µm diameter step-index type optical fibre fitted a Hα filter (FB66010, Thorlabs Inc., Newton, NJ, USA), which has central wavelength of 660
nm ± 2 nm, full-width at half maximum (FWHM) of 10 ± 2 nm, and peak
transmission of ≤ 50 %; and a switchable-gain amplified silicon photodiode
detector, where the collected light is directed. These Si detectors are designed
to detect light signals in the wavelength range of 350 nm to 1100 nm [50].

3.3.2

Fast CMOS camera

To directly observe the pellet trajectory inside the vacuum vessel and the evolution of the light emitted by the ablatant, the TJ-II is equipped with a fast
camera with a Complementary Metal Oxide Semiconductor (CMOS) sensor.
It allows recording the travelling pellet from above, behind and/or tangentially, through the TOP INNER, SIDE and/or TANG viewports, respectively
(see Figure 3.2 and Figure 3.3). Moreover, it is able to reach very high sampling rates by significantly reducing the sensor size, i.e., the number of pixels
constituting the region of interest. Therefore, its monitoring requires to carefully adjust the recording section to the one crossed by the pellet, in order to
maximize the recording speed. The model installed in TJ-II is a monochrome
FASTCAM APX-RS by Photron Inc., San Diego, CA, USA (see Figure 3.4 a)
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and b)). This camera has a digital memory of 2 Gigabytes and a frame rate
range from 50 frames/s at full frame (1024x1024 pixels) to 250 kframes/s at the
smallest frame (128x16 pixels). In addition, it allows to control the exposure
time within a range from 1/frame rate (in frames/s) to a minimum of 1 µs. In
previous experimental campaigns, a coherent fibre bundle, that only allowed
the recording from one of the viewports, was used [58]. Recently, the previous
fibre was substituted by a 4.5 m long coherent fibre double bundle of squared
section of 6x6 mm2 and 45 lines/mm, which corresponds to 270x270 fibres (see
Figure 3.4 c)), custom-made by Schott AG, Mainz, Germany. Moreover, this
system uses the same 12.5 mm lenses (model HF12.5SA-1 by Fujinon, Tokyo,
Japan) for both branches of the double bundle. This improvement allows the
simultaneous recording from two different viewports and, thus, determining
the full 3D pellet trajectory. In particular, for this work, TOP INNER and
TANG viewports were chosen.

Figure 3.4: Photron FASTCAM APX-RX, used in TJ-II for pellet injection
studies, seen from a) front and b) behind. c) Photography of the 4.5 m long
double bundle. Each branch is 6 mm x 6 mm, with a fibre density of 45
lines/mm [59].

3.3.3

Additional plasma diagnostics

To study the effect of the plasma characteristics on the pellet physical processes and the consequences of a pellet injection on the target plasma, several
diagnostics are used. They are employed to characterize the density, temperature and fast electron populations of the TJ-II plasmas before and after the
pellet injections.
A Thomson Scattering (TS) system provides the electron density and temperature profiles, along the full plasma diameter, at a particular instant of the
discharge [60]. The TJ-II Thomson Scattering system (located in sector D2,
φ = 14.5o , as seen in Figure 3.3), employs a single-laser pulse (≤ 40 ns) per
discharge, which is generally used in pellet injection experiments. Electron
temperature and density are measured at 160 spatial positions, along a 360
mm laser chord inclined 17o from the vertical, i.e., with ∼ 2 mm spatial resolution [61, 62]. Due to geometric considerations, the collected profile is limited
to ρ = 0.8.
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The Electron Cyclotron Emission (ECE) is a well-established technique
used for measurements of time and space resolved electron temperature changes
during ECR heating. In the TJ-II, a 16-channel heterodyne radiometer (between sectors C4 and C5, φ = 315o ), which covers the frequency range 50-60
GHz, i.e., the second harmonic of the electron cyclotron emission in X-mode
polarization at a central magnetic field of 0.95 T, is used to measure electron
temperature profiles [63, 64]. The spatial resolution is about 1 cm, while the
average sampling rate is 100 kHz.
Interferometry allows measuring the temporal evolution of the plasma lineaveraged density. The TJ-II microwave interferometer is placed in sector B8
(φ = 264.4o , see Figure 3.3). It allows to measure the line-integrated electron
density along a TJ-II discharge with 10 µs of temporal resolution [65].
Finally, Hard X-ray detectors are employed to detect the presence of suprathermal electron populations inside the plasma. These Hard-X rays are generated when supra-thermal electrons escape from the confined plasma and are
absorbed by the stainless-steel chamber wall [66].

Chapter 4
Experimental and simulation
results
Several hydrogen pellet injection experiments have been carried out in on-axis
ECRH hydrogen plasmas in the TJ-II stellarator for different magnetic configurations. These experiments have been devoted to study the pellet acceleration
mechanisms by using the TJ-II double-bundle fast camera system. First, a
representative pellet discharge is presented. Then, the methods to analyze
the fast-camera recordings are described. Afterwards, the integrated light profile from the fast camera images is compared to the Hα from the photodiode
system. In addition, the values of the radial, toroidal and poloidal pellet accelerations are estimated. Moreover, their possible dependency on the main
plasma and pellet parameters is studied. Finally, their values are compared
with the predictions from simulations obtained with the HPI2 code.

4.1

Representative TJ-II pellet discharge

An injected pellet has very drastic transient effects on the main parameters
of the target plasma. In the first instance, a sudden reduction of the electron
temperature is observed due to pellet ablation, H2 dissociation and H ionization processes. Immediately, within a few hundred microseconds, the electron
density increases rapidly and the electron temperature continues to fall as the
plasma is filled with the cold pellet electrons. However, after a time dependent on the pellet penetration depth and the pre-injection plasma parameters,
both Te and ne recover their values before the pellet injection. This occurs
due to the deconfinement of the plasma particles, which takes ∼ 10 ±3 ms
when ne > 6 · 1018 m−3 [67]. Deeper pellet penetrations allow higher density
increments and for longer times [56]. These features can be observed in the
representative discharge #51178, where two pellets were injected during the
ECRH phase (see Figure 4.1). Additionally, the hard X-ray signal shows that
no supra-thermal electrons are present in this discharge. The Hα signal shows
the light emission by the pellets, which coincides in time with the electron
31
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temperature drop and density rise. Finally, a typical low plasma current in
TJ-II is shown, thus, no toroidal pellet deflections are expected.

Figure 4.1: TJ-II discharge #51178 with ECRH showing the evolution of the
plasma energy (x0.25 and green), the line-average electron density (dark blue),
the central electron temperature (red), the plasma current (yellow), the hard
X-rays generated by fast electrons (purple) and the Hα emission (x5 sky blue).
Pellet #1 enters the plasma at 1116.3 ms with 5.46 ·1018 H atoms at 868.8
m/s and Pellet #2 at 1155.6 ms with 6.8 ·1018 H atoms at 952 m/s.

4.2

Analysis of the fast camera images

Fast cameras can be used to study the pellet trajectory. For this purpose,
the double-bundle fiber installed in the TJ-II stellarator is very useful, since
it allows the 3D observation of the pellet during its flight-path. Previous to
the analysis, some considerations are needed. Due to the high luminescence of
the emission from the neutral cloud, the intensity of the incident light must be
reduced to avoid image saturation. The lenses are focused to 0.8 m for TOP
and to 1.05 m for TANG. Besides, a test card with shapes of known sizes and
separations is used to ascertain the spatial resolution (see Figure 4.2). For injection line #1 the pixel-size equivalence is 0.547 mm/pixel for TOP and 0.837
mm/pixel for TANG. For the latter view, the pellet to lens distance increases
as the pellet moves further into the plasma, and the pixel-size equivalence
must be corrected accordingly. On the other hand, the TOP snap-shot images
must be rotated an angle of approximately -2o to be correctly aligned with the
toroidal direction. Moreover, the vertical pellet motion observed from TANG,
if present, is used to correct the pixel-size equivalence from TOP viewport. In
order to achieve an accurate correlation between the position of the fast camera images and the real location inside the TJ-II vacuum vessel, illuminated
references of the wall whose position is known are used. For example, in the
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case of TOP, optical windows at the bottom of the B2 sector, at R = 1.45 m
and R= 1.69 m, are used to locate the different plasma regions [51].

Figure 4.2: Resolution test card (positive USAF 1951) used to calibrate the
lenses. The calibration recording was performed with 12.5mm lens at full open
diaphragm, 50 fps and exposure time 0.02 s.
A representative example of the recording of the fast camera system is
shown in Figure 4.3. It corresponds to discharge #51178, in which a pellet
#2 containing 6.8 ·1018 H atoms was injected along Line #1 into an standard
configuration (100 44 64) plasma at ∼ 952 m/s. The traveling pellet is assumed
to be located inside the area of highest luminosity in the recording. For the
calculation of its position, and to reduce the uncertainty due to the image
saturation, very high recording speeds, ≥ 80 kfps, and very low exposure times,
≤ 4 µs are required [52].
To accurately locate the pellet within a single frame, the image is filtered to
only keep the region of maximum intensity. This way, the part of the shielding
cloud that expands toroidally is not considered in the calculation of the pellet
position. For that, only the pixels exceeding a threshold value of light intensity
are taken into account. This threshold value varies from shot to shot depending
on the time exposure of the recording. For the discharges studied in this work
the threshold value was modified in the range of 80 to 95% of the maximum
intensity to correctly estimate the region where the pellet is located. Then,
two different methods are employed to locate the pellet and/or the expanding
plasmoid: two-gaussian fitting and the calculation of the centroid of the snapshot image. In the former, the vertical and horizontal light intensity profiles of
each frame are fitted by two gaussian functions, for both directions in the case
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Figure 4.3: Montage of the snap-shot during discharge #51178 from TOP
(Left) and TANG (Right) viewports, respectively. The frame rate is 87.5 kfps
and the exposure time is 1 µs.

of TANG, and only for the horizontal profile of TOP. One of them representing
the plasmoid and the other, the pellet. While the vertical profile of TOP is
fitted only by one gaussian function, since there is no toroidal plasmoid drift
and hence the toroidal pellet acceleration, is assumed to be negligible. On the
other hand, the pellet position is estimated by calculating independently the
horizontal and vertical positions of the centroid of the snap-shot image. This
calculation is done as follows:

xpellet =

h(LI(x, y) · yi
h(LI(x, y) · xi
ypellet =
hLI(x, y)i
hLI(x, y)i

(4.1)

Here, LI(x,y) is the light intensity of each pixel and x and y are the respective pixel horizontal and vertical positions. Since the result of both methods
generally coincides (as shown in Figure 4.4) it can be concluded that the pellet
is correctly localized. Finally, the plasmoid toroidal expansion is estimated by
the Full Width Half Maximum (FWHM) of the vertical gaussian fit from TOP
viewport. This value is then used to estimate the possible range of error in
the calculation of the vertical pellet position from TANG viewport (see Figure
4.5). This process is repeated for all the recorded frames in a particular discharge to calculate the total pellet trajectory. However, due to the fact that
strong light emission is not observed from the pellet while it travels through
the plasma edge, and also to the low exposure time of the camera, pellets
are generally not detected until they are several centimeters inside the last
closed flux surface. In addition, sometimes the end of the pellet trajectory is
not recorded due to viewing limitations set by the viewport dimensions. The
complete pellet trajectory for discharge # 51178 is shown in Figure 4.5, where
the pellet deflection in the vertical direction can be clearly observed from the
TANG viewport.
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Figure 4.4: Top left: Two gaussian fit of the integrated light profile in the
horizontal direction, obtained from TOP viewport. Top right: one gaussian
fit of the integrated light profile in the vertical direction, obtained from TOP
viewport. Bottom: Snap-shot image recorded from TOP viewport during
discharge #51178, with the calculated positions of the pellet (red and purple)
and the plasmoid (green).

Figure 4.5: Measurements of the pellet trajectory for discharge #51178 from
TOP (left) and TANG (right) viewports. Purple points represent the pellet
position in each frame, error bars in the pellet trajectory obtained from TANG
viewport are estimated by the plasmoid toroidal expansion observed from TOP
viewport.
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Comparison with the Hα emission

The Balmer Hα radiation emitted by the pellet’s shielding cloud is detected
by the system of photodiodes described in Chapter 3. To accurately measure
the light emissions the signals must be corrected for the amplifier gain, the
detector efficiency, the transmissions of the fiber and filter and the collection
solid angle [56]. After these corrections, it is possible to estimate the ablation
rate from the Hα , since both quantities are related as follows [57]:
dNα
dN hσνe iexc
∝
dt
dt hσνe iion

(4.2)

Here, dNα /dt is the production rate of Hα photons (in photons/s), dN/dt
is the ablation rate (in atoms/s), hσνe iexc is the neutral excitation rate of
hydrogen atoms and hσνe iion is the ionization coefficient of neutrals. For completeness, the Hα emission is compared with the light intensity profile from
the fast camera for discharge #51178 in Figure 4.6. Both measurements are
in agreement and they correctly estimate the pellet penetration depth at the
time the light emission ends.

Figure 4.6: Hα signals from SIDE (dashed purple) and TOP (dashed green)
photodiodes plus the light intensity profiles of the fast camera recording from
TOP (solid orange) and TANG (solid blue). On the left axis the values of the
Hα from the photodiode system are indicated. On the right axis the values of
the light intensity profiles from the fast camera recording are included.

4.3
4.3.1

Pellet dynamics studies
Calculation of pellet accelerations

The pellet motion is divided into radial, toroidal and poloidal components. It
must be recalled that the horizontal direction in both views corresponds to the
radial direction, while the vertical in TOP coincides with the toroidal direction
and the vertical in TANG with the poloidal component. Considering this, pellet acceleration in each direction can be estimated. For that, some assumptions

4.3 Pellet dynamics studies
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Figure 4.7: Measurements of the pellet radial (top left), toroidal (top right)
and poloidal (bottom) positions for discharge #51178 from the fast-camera
images. where a pellet containing 6.8 · 1018 H atoms was injected at 952 m/s.
The frame rate is 87.5 kfps and the exposure time is 1 µs. The experimental
observations are shown in blue crosses and the dashed red line represents the
fits to calculate the components of the acceleration and/or velocities.

are made. First, the radial and poloidal components of the acceleration are
considered to be constant. Secondly, toroidal acceleration is presumed to be
negligible. Finally, vertical initial velocity is also presupposed to be zero, since
pellet injection angle is ∼ 0o . Taking this into account, radial and vertical
accelerations are calculated by fitting the experimental pellet position with a
second degree polynomial. Results from these calculations are shown in Figure
4.7 for discharge # 51178 and in Figure 4.8 for discharge # 51187. Both cases
show similar characteristics which are summarized here:
- Positive radial velocity and negative radial acceleration. This means
that the acceleration is directed towards the LFS of the device and the pellet
velocity is reduced when pellets move inside the plasma.
- Very low values of toroidal velocity, which confirms the assumption of
negligible toroidal acceleration.
- Positive poloidal accelerations, which means that both pellets are upwardly deflected in the vertical direction, as observed in Figure 4.5.
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Figure 4.8: Measurements of the pellet radial (top left), toroidal (top right)
and poloidal (bottom) positions of discharge #51187, where a pellet containing
6.29 · 1018 H atoms was injected at 929 m/s. The frame rate is 70 kfps and
the exposure time is 1 µs. The experimental observations are shown in blue
crosses and the dashed red line represents the fits to calculate the components
of the acceleration and/or velocities.
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Pellet acceleration dependency on plasma and pellet parameters

Results from analysis described in the previous subsection, apply to different
cases of pellet injection, which show diverse values of pellet accelerations. This
could be expected, since the acceleration source is believed to be an unbalance
ablation, which should depend on plasma and pellet parameters. It must be
mentioned that positive values of radial acceleration were sometimes estimated
from the fast camera recordings. This is probably due to some problem with
the analysis, since there are no significant differences in the discharges that
could induce this change in the pellet behaviour. These opposite estimations
of the radial acceleration direction may explain that no dependence on plasma
or pellet parameters have been found. Therefore, in this subsection, only
the dependency of the vertical pellet acceleration on plasma current, electron
density and temperature, as well as on pellet mass and injection velocity, are
investigated for TJ-II. For that, the values of the line-averaged electron density
and the electron temperature at the plasma core just before the pellet enters
the plasma are selected. These particular quantities are analyzed since they
are the most representative approximations of the global plasma conditions
governing the pellet ablation process and they are continuously measured along
each discharge. For all considered cases a Pellet #2 was injected along Line
#1 into different magnetic configurations of ECRH plasmas.
First, the relationship between the vertical acceleration and the plasma
line-averaged electron density is analyzed and results are shown in Figure 4.9.
It can be concluded from the figure that pellet vertical acceleration generally
decreases with line-averaged density, i.e., pellets are less deviated in the vertical
direction into high-density plasmas.

Figure 4.9: Estimated vertical accelerations (blue diamonds) from fast camera
images for a range of line-averaged electron densities. All cases correspond to
a Pellet #2 injected into an ECRH plasma. In addition, a possible tendency
of the data is shown by the dashed magenta line.
Secondly, the dependency of the vertical acceleration on the electron temperature is studied and results are presented in Figure 4.10. It can be concluded
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that the vertical pellet acceleration is reduced for higher electron temperatures,
i.e, pellets are less deviated in the vertical direction into hotter plasmas.

Figure 4.10: Estimated vertical accelerations (red diamonds) from fast camera
images for a range of core electron temperatures. All cases correspond to a
Pellet #2 injected into an ECRH plasma. In addition, a possible tendency of
the data is shown by the dashed magenta line.
Next, the estimated vertical pellet accelerations are compared with the values of plasma current in different discharges and results are shown in Figure
4.11. A relatively wide range of plasma currents is studied, since in some discharges significant plasma current was induced by one of the ECRH gyrotrons.
The comparison shows no clear tendency, which seems to suggest that plasma
current has no influence on the vertical acceleration, at least for the range of
currents considered here.

Figure 4.11: Estimated vertical accelerations (yellow diamonds) from fast camera images for a range of plasma currents. All cases correspond to a Pellet #2
injected into an ECRH plasma. In addition, a possible tendency of the data
is shown by the dashed magenta line.
To continue, the dependence on pellet injection velocity is analyzed and
results are shown in Figure 4.12. The analysis seems to suggest that vertical
pellet acceleration is independent of the initial radial velocity. However, the
speed interval taken into account is rather narrow.
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Figure 4.12: Estimated vertical accelerations (sky blue diamonds) from fast
camera images for a range of pellet injection velocities. All cases correspond to
a Pellet #2 injected into an ECRH plasma. In addition, a possible tendency
of the data is shown by the dashed magenta line.
Finally, the connection between the vertical acceleration and the pellet
mass is investigated and results are shown in Figure 4.13. Here, a clear increasing tendency is observed, i.e., larger pellets are observed to be more
strongly deviated in the vertical direction. However, it should be considered
that it may be the size of the pellet, not the mass, which explains this effect.
Indeed, for larger pellets, the electron density and temperature difference on
both sizes of the pellet is higher, i.e., the pressure difference increases with the
pellet size.

Figure 4.13: Estimated vertical accelerations (green diamonds) from fast camera images for a range of pellet masses. All cases correspond to a Pellet #2
injected into an ECRH plasma. In addition, a possible tendency of the data
is shown by the dashed magenta line.
The dependence of the vertical acceleration on the plasma electron density
and temperature, and the pellet mass seems to suggest that pellets are further
deviated for lower ablation rates, which are predicted for ITER as follows [26]:
−1/3

1.64
Ṅ = 1.12 · 1016 · n1/3
· rp4/3 · mi
e · Te

(4.3)
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However, this in contrast with the fact that plasmoid drift is governed by
the pressure difference and, thus, by the temperature difference between the
plasmoid and the plasma. If the vertical acceleration process was governed by
the plasmoid drift it should have a positive dependency on the temperature.
This disagreement could be due to experimental uncertainties in TS profiles
collected during this experimental campaign, which are used to calibrate the
ECEs and measure the electron temperature. It must be mentioned that the
range of values under study is relatively narrow and this analysis should be
repeated in cases where the rest of parameters are kept constant.

4.4

Comparison with simulations from the HPI2
code

The Hydrogen Pellet Injection (HPI2) is able to simulate the ablation and
homogenization of a cryogenic pellet [30, 35, 68]. This code considers the specific geometry of the device, its magnetic configuration and the density and
temperature profiles just before the injection of a pellet. Firstly, pellet ablation is described by a Neutral Gas and Plasma Shielding (NGPS) model [30].
This model considers the shielding provided by both the neutral cloud and the
plasmoid [69], and also the electrostatic and magnetic shielding (see Section
2.1). It also provides the initial plasmoid parameters to model the plasmoid
time evolution, which is done with a 0-D, two-cell (plasmoid and background
plasma) four fluid Lagrangian system [30, 68, 70]. In addition, the E × B plasmoid drift acceleration is calculated [35] taking into account the acceletation
damping mechanisms: Alfvén-wave emission [34] and ECC [33] and ICC [35]
effects (see Section 2.2). Moreover, pellet acceleration can be included in the
simulation. For that, the Semi-empirical and First Principles models for pellet
acceleration [41,68] (see Section 2.3) can be employed. Furthermore, the HPI2
code can be used for non-axisymmetric configurations. Indeed, it is possible to
include the magnetic field gradient in the poloidal direction in the calculation
of the drift [71]. This stellarator version of the code has been validated for
TJ-II [52] and for W7-X [72] for some scenarios. Recently, such version has
been further modified to allow the simulation of pellet acceleration in nonaxisymmetric devices. For that, an additional vertical pellet acceleration is
considered in the models [73, 74].
Discharge # 51178 was simulated using the HPI2 code with and without
considering pellet acceleration in the simulation. Predicted pellet trajectories
are shown in Figure 4.14. It must be mentioned that the electron temperature
profiles, one of the code inputs, might be inaccurately measured during this
experimental campaign. Therefore, a profile fitted from the Thomson Scattering data corresponding to this case and to a similar discharge from a previous
campaign has been used. This should not affect the predictions, since the
ablation model has already been validated.
The simulated ablation profiles for the three cases are compared with the

4.4 Comparison with simulations from the HPI2 code

43

Figure 4.14: Comparison of predicted pellet trajectories for discharge #51178,
indicating the original pellet trajectory, i.e., with constant pellet velocity
(green crosses); and the trajectory with acceleration using the 1st Principles
(orange crosses) and the Semi-empirical (magenta crosses) models. In addition, closed magnetic-flux surface cross-sections for the injection toroidal angle
are shown.
Hα profile recorded with the SIDE photodiode and the fast camera system in
Figure 4.15. It can be seen that the ablation profiles are in significant agreement with the Hα emission, except for the H atoms at the final peak, and they
estimate very similar penetration depths. Moreover, there are no significant
differences when pellet acceleration is considered, only a small decrease of the
peak value in the case of the 1st Principles model.

Figure 4.15: Comparison of predicted ablation rates for discharge #51178,
indicating the case with no acceleration (dashed black line), the 1st Principles (dashed green line) model and the Semi-empirical (dashed magenta line)
model. In addition, the Hα emission detected with the SIDE photodiode
(dashed sky blue line) is shown, along with the integrated light profile from
fast camera images (solid blue line).
First, the calculated radial, poloidal and toroidal components of the pellet
trajectory, obtained from the fast camera images, are compared with the simulation results from the HPI2 code (see Figure 4.16). It is observed that the radial and toroidal positions are relatively well reproduced, while the agreement
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Figure 4.16: Comparison of the experimental pellet radial (left top), toroidal
(right top) and poloidal (bottom) positions for discharge #51178 estimated
from the fast-camera images (big blue crosses) and the simulation results from
the HPI2 code: no acceleration (black crosses), 1st principles (green crosses)
and Semi-empirical (magenta crosses) models.
for the vertical component is not good. This vertical deviation is underestimated by the Semi-empirical model, while it is predicted to be in the opposite
direction by the 1st Principles model. Then, the radial and poloidal velocities
calculated from fast camera images are compared with the simulation results,
as shown in Figure 4.17. The radial velocity is observed to decrease for this
particular discharge, as predicted by both the Semi-empirical and 1st Principles models. On the other hand, the poloidal velocity increases, which is better
reproduced again by the Semi-empirical model, but its values are clearly underestimated. On the contrary, the 1st principles model predicts a decreasing
poloidal velocity. Finally, the experimental values of the radial and vertical
accelerations are also compared with the theoretical values predicted by the
HPI2 code (see Figure 4.18). The value of the experimental radial acceleration
is negative, as predicted by both the 1st Principles and the Semi-empirical
models. Moreover, this value is significantly well-estimated by the 1st Principles model. In contrast, the vertical acceleration is better reproduced by
the Semi-empirical model, but is underestimated during the measured pellet
life time and overestimated at the end of the predicted pellet life-time by the
model. Moreover, it must be recalled that, to calculate the experimental acceleration, it has been assumed to be constant. However, in fast camera images,
it can be observed that the deflection increases more pronouncedly at the end
of the pellet life-time, as predicted by the models.

4.4 Comparison with simulations from the HPI2 code
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Figure 4.17: Comparison of the pellet radial (left) and vertical (right) velocities
for discharge #51178 from the fast-camera images (big blue crosses) with the
simulation results from the HPI2 code: no acceleration (black crosses), 1st
principles (green crosses) and Semi-empirical (magenta crosses) models.

Figure 4.18: Comparison of the pellet radial (left) and vertical (right) accelerations for discharge #51178 from the fast-camera images (big blue crosses) with
the simulation results from the HPI2 code: no acceleration (black crosses), 1st
principles (green crosses) and Semi-empirical (magenta crosses) models.
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Chapter 5
Conclusions and further work
In this thesis, the underlying physics of the pellet acceleration processes have
been studied in the TJ-II stellarator. It must be recalled that pellet injection
is the most promising technique to achieve efficient core fueling, which is crucial for the steady-state operation of large fusion devices. This is of greater
importance in stellarators, where hollow density profiles are predicted by the
neoclassical theory during on-axis microwave heating [18]. In this sense, further studies of the pellet homogenization physics in stellarators and of pellet
acceleration in both tokamaks and stellarators are required. These studies
could help to elucidate the differences between both designs, to validate the
current models and to optimize the PI location and the pellet parameters for
each device. The ultimate goal of this area of research is demonstrating that
stellarators are a reliable alternative to tokamaks for a commercial fusion reactor. Experimental results and the extracted conclusions from this work are
summarized in the following subsection. Independently, the conclusions from
the comparison between experimental and simulation results are described.
Finally, an outline of possible further lines of research is included.

5.1

Conclusions from experimental results

Pellet injection experiments have been carried out in the TJ-II stellarator
to estimate the different components of the pellet acceleration and study its
dependence on main plasma and pellet parameters. Main conclusions extracted
from experimental results are summarized here:
- The three-dimensional pellet trajectory can be correctly estimated using
the double-bundle fast camera system in TJ-II. With this system a pellet
dynamics inside the plasma can be studied, i.e., the different velocity and
acceleration components can be estimated.
-The assumption of negligible toroidal acceleration, for cases with no NBI
heating, has been demonstrated in TJ-II pellet injections. In contrast, the observations from the fast camera system suggest that the assumption of constant
components of the accelerations seems to be inadequate.
47
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- The radial acceleration has been observed to be directed towards the LFS
during different LFS injections in TJ-II, similarly to the cases of tokamaks. In
contrast, in some cases, radial accelerations towards the HFS were estimated,
but the only possible source of this values is an error in the analysis, since
there were no significant changes in the discharges.
- The vertical component of the acceleration has been seen to systematically
cause an upward pellet deflection. The study of its dependency on the main
plasma and pellet parameters has allowed to conclude that larger pellets are
further deviated into low-density and cooler plasmas.

5.2

Conclusions from comparison with simulations

The stellarator version of the HPI2 code, validated for TJ-II, has been extended
to allow the simulation pellet acceleration in non-axisymmetric devices by introducing the calculation of the vertical acceleration [73, 74]. The main conclusions extracted from the comparison with simulations for discharge #51178
are outlined here:
- The radial and toroidal components of the pellet trajectory are relatively
well estimated by both the 1st Principles and the Semi-empirical models. In
contrast, the poloidal component is only approximately reproduced by the
Semi-empirical model, being the deflection underestimated.
- Both acceleration models predict that the radial velocity decreases as the
pellet moves deeper into the plasma and this coincides with observations from
fast-camera images. On the other hand, the Semi-empirical model, but not the
1st Principles model, reproduces satisfactorily the increasing vertical velocity.
- The simulated radial acceleration decreases as the pellet moves deeper into
the plasma and this is in agreement with experimental observations. Moreover, the negative radial acceleration is significantly well-reproduced by the
1st Principles model. On the other hand, it should be noted here that a constant acceleration has been assumed for the analysis of the fast-camera images.
However, this assumption may not be adequate. Indeed, a sudden increase at
the end of pellet life-time seems to be observed experimentally. This would
be in agreement with both the 1st Principles and the Semi-empirical model
predictions.
- Finally, it can be concluded that the Semi-empirical model generally reproduces better the different components of the pellet trajectory, velocity and
acceleration in the different directions. However, the 1st principles model seem
to correctly estimate the radial acceleration. In contrast, the predictions from
the latter regarding pellet poloidal acceleration are contrary to the experimental observations.

5.3 Further work

5.3
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Further work

The experimental and simulation results described in this work have helped to
have a deeper knowledge of the involved mechanisms in the pellet acceleration
process in stellarators. In TJ-II, an increasing pellet vertical acceleration has
been observed, which seems to increase with the pellet mass and decrease with
the plasma electron density and temperature. Moreover, the Semi-empirical
model seems to reproduce better the experimental observations. However, the
investigation of some of the observed phenomena remains incomplete or requires more statistics to be conclusive. Therefore, some future lines of research
are presented here:
- Further studies of the dependencies of the acceleration components on
the main pellet and plasma parameters during NBI heating. Moreover, similar
studies can be performed in discharges with injected Tracer Encapsulated Solid
PELlets (TESPEL) filled with different impurities.
- Improve the estimation of the radial acceleration and extend the analysis
of the dependencies on the main plasma and pellet parameters to the radial
component of the acceleration.
- Improve the statistics and the range of the main plasma and pellet parameters in the analysis of the dependencies of the vertical acceleration. Moreover,
to study the effect of each parameter independently, the analysis should be repeated while the rest of parameters are kept constant.
- Find an optimized value for TJ-II of the pressure asymmetry parameter
() in the Semi-empirical model, which reproduces better the experimental
observations in this device.
- Extend this analysis to other non-axisymmetric devices equipped with PI
and similar fast camera system, to be able to compare if the observation and,
thus, the physical mechanisms are similar in both devices.
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