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Abstract
A pellet ablation model, based on the NGS model, has been developed and
adjusted to the pellet path inside the standard configuration of TJ-II. After
verifying the validity of the model, it was implemented into ASTRA as a
subroutine adapted to provide a pellet source term in the transport equations.
Benchmarking of the code was done by means of an ECRH model that is able
to reasonably reproduce a TJ-II plasma. It was found that this subroutine can
reliably introduce pellets as a source for ASTRA. Simulating ECRH plasmas
predicted that only miniature pellets would allow the plasma to recover after
the injection whilst filling the typical hollow density profile.
A more detailed NBI plasma model was used that evolves self-consistently,
updates the sources in time steps shorter than the typical confinement time,
takes into account the influence of the evolving background profiles on the
sources, includes evolution of the transport coefficients and the radial electric
field, and gives a well-described evolution from ECRH to NBI plasmas in TJ-II.
In a test plasma with nominal TJ-II parameters, it was found that an injected
pellet caused the density to almost triple very close to the centre while the
electron temperature dropped to ion temperature levels, showing relatively
good agreement with experiments.
In the second part of this work, pellets created in a recently commissioned
pellet injector were injected into NBI heated plasmas in the TJ-II stellarator.
In the first tests, injection of pellets was performed half way through the discharges. Most pellets yielded a typical light emission profile during ablation
inside the plasma with lower intensity when encountering rational magnetic
surfaces, and enhanced penetration than theoretically predicted when the pellet surpassed the plasma centre. In the case of a fragmented pellet accompanied
with a significant amount of hydrogen gas, better confinement was observed,
thus the small pellet in combination with the gas, might have triggered the
formation of an ITB that resulted in ELMy H-mode.
In additional tests, pellets were injected during the initial stages of the
discharge when larger plasma currents are present due to filaments of fast
electrons that are created during the magnetic ramp-up. It was observed that
although the pellets started to ablate normally, they were abruptly ablated
before reaching the plasma centre. This phenomenon was ascribed to fast
electrons, the position of which change throughout the discharge, in this mode
of operation.
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Chapter 1
Introduction
1.1

Fusion energy

Energy consumption is increasing at a considerable rate and predictions indicate that energy demand will increase even further in the near and far future.
Together with overpopulation, the grave environmental issues and the limited
amount of natural resources that are massively exploited to serve the current
means of energy production, a dangerous combination is formed. It is obvious
that it is necessary to turn towards different ways of energy production. The
alternatives should involve a different way to produce energy, that are as clean
and efficient as possible.
These objectives can be achieved by means of fusion power generation,
where there is no carbon dioxide emission, and very small amounts of radioactive waste1 during the very efficient fusion reaction. It is highly promising since
controlled thermonuclear fusion combines the advantages of being clean, safe,
efficient and with almost endless reserves of fuel, for which hydrogen’s isotopes
(deuterium and tritium) will be used. Deuterium is naturally found on earth
in significant quantities (0.0156 %H abundance) and while only trace amounts
of tritium are available in nature, it will be bred in the lithium blanket that
will surround the fusion reactor.
In order to fuse atomic nuclei, the charged nuclei need to overcome the
long range Coulomb repulsion between them and approach to the range of
the attractive strong nuclear force, for which they need to be accelerated to
high velocities. The high energy nuclei collide producing a heavier element,
helium, and a large amount of energy that is carried by a neutron. Since the
most efficient fusion reaction is found to be between deuterium and tritium
(D-T reaction), it has been chosen for future power plants since it has higher
probability to take place with lower energy input.
In order to acquire a net energy gain from fusing light elements, such as
deuterium and tritium, extreme conditions are required (i.e. pressures similar
1

Significantly less than fission. Additionally, most of the nuclear waste in the case of
fusion will be recycled.
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to this in the centre of the sun, and temperatures even higher since the density
is lower than in the centre of the sun). Under these conditions, the working gas
becomes a plasma and the issue of confining it is now apparent. Harnessing
fusion power on earth is a complex matter since, unlike in the sun, large
confining gravitational forces are not present therefore strong magnetic forces
need to be applied in order to obtain the confinement conditions needed to
achieve the Lawson criteria and thus ignition2 . These criteria force a threshold
for ignition that is given by the triple product nτE T . For a 50% D - 50% T
plasma with density ne =1020 m-3 , confinement time τE =2.7 s and temperature
Te =30 keV, the threshold for ignition would be ne τE Te > 8.1·1021 s·keV·m-3 ,
a limit that has not yet been achieved. Because radiation losses impose an
upper limit (Greenwald limit for tokamaks) for stellarators’ plasma density,
and the temperature cannot increase infinitely (extremely fast particles have
less probability to fuse) the aim is to increase the confinement time, τE , of
the device. Since τE increases with volume to surface ratio, large-scale devices
need to be constructed.

1.2

Plasma confinement devices

Since plasma is an ionised gas and consists of charged particles, magnetic field
lines force charged particles to move along the field’s direction. In order for
the particles not to be lost at the end of the magnetic field line, applied in a
linear geometry for instance, magnetic field lines that close upon themselves
- i.e. bending of the magnetic lines forming a torus - are required. However,
because of particle loss arising from curvature drift due to charge separation
in the vessel, an electric field is created and so, the particles are still drifting
~ ×B
~ drift - radially outwards. The application of an
away - due to the E
additional poloidal magnetic field twisting the toroidal one, creates helical
magnetic field lines that make several turns in the torus before closing and
leads to constraining the particle motion within the vessel.
Several plasma confinement devices exist, they differ in the way the magnetic field is created. Two types of magnetic confinement devices are considered as candidates for sustaining fusion reactions, tokamaks and stellarators
(Fig. 1.1). The main difference between the two is the way the magnetic field
components are created.
A tokamak is an axisymmetric torus, with a toroidal magnetic field being present due to the identically shaped coils that surround the vessel while
its poloidal one is induced by the very strong plasma current created by the
solenoid coil placed on the axis of the torus.
In contrast, a stellarator’s three-dimensional geometry, provides the ability
for the full magnetic field geometry to be created, without the need of an
induced poloidal current flowing through the plasma. The twisting of the
2

Self-sustained fusion, where the products of the reactions (alpha particles) can sufficiently heat the plasma without the need of external power input
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magnetic field is solely based on the helical coil. The non-axisymmetry of
stellarators allow different types, with different characteristics for the same
type of stellarators, to be studied (Torsatron, Heliotron, Modular, Heliac and
Helias Stellarator).
Even though the idea of a stellarator was conceived first, tokamaks have
attracted more attention due to the less complicated geometry that made it
possible to theoretically study and anticipate higher confinement times than
those of stellarators. Consequently experiments were mostly performed in tokamaks operating around the globe. The advances in performance of tokamaks
at the time, lead to the decision that the future experimental fusion device
demonstrating power efficiency (ITER) [3] should be a tokamak.
Nowadays, advanced simulations allow the optimisation of magnetic geometry so as to reduce plasma losses owing to neoclassical transport and hence,
fusion research on stellarators is flourishing too.

1.3

TJ-II

TJ-II is a four-period, heliac type stellarator [4]. It is a medium-sized device
with low magnetic shear and a coil system that consists of toroidal, helical,
central and vertical magnetic coils (see Fig. 1.2a). The magnetic surfaces
are created combining all the different types of coils. The 32 toroidal coils
produce the toroidal magnetic field whilst the helical coil, which twists around
the central coil, introduces the rotation of the surfaces and produce the poloidal
magnetic field. In addition, the vertical coils allow positioning of the plasma.
The parameters of the machine can be seen in table 1.1 and the resulting
poloidal plasma cross-section, is a bean-shaped plasma. The working gases
are hydrogen, deuterium or helium. TJ-II has been in operation since 1998
at Ciemat, Laboratorio National de Fusion, Madrid. As in all flexible heliac
devices, the wide range of plasma characteristics, allow the study of transport,
fluctuations and magnetic configuration effects.
The vacuum vessel of the machine provides very good access to the plasma

(a) Tokamak [1]

(b) Stellarator (W7-X) [2]

Figure 1.1: Magnetic configurations for plasma confinement devices
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(a) Coil system

(b) Sectors

Figure 1.2: TJ-II magnetic coils and the segments of the device [4].
(96 viewports). Each octant of each of the four identical sectors (or quadrants)
of the device (see figure 1.2b), is equipped with up to 3 viewports that are
called ‘TOP’, ‘BOTTOM’ and ‘SIDE’. Additionally, segments 1 and 8 of each
sector, have an extra tangential viewport, called ‘TANG’. As a result, TJ-II
is equipped with numerous diagnostic systems (passive and active) that are
installed in its access windows.
For plasma heating
systems, two Electron CyParameter
Value
clotron Resonance HeatMajor radius, R (m)
1.5
ing (ECRH) gyrotrons operated at 53.2 GHz each,
≤ 0.22
Minor plasma radius, < a > (m)
as well as two Neutral
Magnetic field strength, B(0) (T) ≤ 1
Beam Injectors (NBI) are
≤ 300
Pulse duration time, tpulse (ms)
employed.
The breakRotational transform
0.9≤ ι(0)/2π ≤ 2.2
down of the plasma is
3
achieved by the ECRH
Plasma volume (m )
1.1
gyrotrons that can each
Density, ne (0) (m−3 )
≤ 0.5 · 1020
deliver up to 300 kW of
Electron temperature, Te (0) (keV) ≤ 1
power through the quasioptical transmission lines
Table 1.1: TJ-II parameters.
using the 2nd harmonic of
the electron cyclotron frequency of the plasma. For additional heating two NBIs are used. They can
inject accelerated neutral Ho particles (E ≤ 32 keV), counter or co-counter to
the plasma flow, providing an additional absorbed power of 2 MW.

1.4

Introduction to Pellet Injection

Since the need for core plasma fueling is critical, it has been realized that gas
puffing as well as neutral beam injection are not the most efficient methods
for raising the central plasma density, so research turned to pellet injection
(PI). This technique of injecting solid (frozen) pellets in the plasma, has been
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demonstrated by far to be the most efficient for fueling.
As a solution to fueling fusion reactors, injection of accelerated solid pellets
in the plasma was first proposed by Spitzer [5] in 1954, nonetheless, the first
pellet injector was installed on the Puffatron device [6] 20 years later. This system was able to deliver very small and slow (0.25 mm and 10 m/s respectively)
hydrogen pellets. Since then, several different systems were developed that
have differed in pellet formation techniques, pellet acceleration, delivery systems as well as in the control systems and pellet diagnostics that are mounted
on the system.
Forming a hydrogen (D or T) pellet, requires operation at temperatures and
pressures lower that the triple point of the element so that the solid pellet is
created and sustained. This can be accomplished via direct freezing, extrusion
or the “Zamboni machine”. In direct freezing, the pellets are formed in situ at
the firing position in the tube/gun barrel that is in contact with the cold finger
of a liquid helium cryocooler. In the extrusion technique, the pellet is solidified
before it is extruded to the corresponding cylindrical hole in a rotating cold
wheel (the wheel will then align the pellet to the gun barrel that will fire
it), thereby enabling continuous pellet supply. The “Zamboni machine” is a
rotating disk that freezes the gas on its periphery using liquid helium. The
result is an ice ribbon surrounding the disk from which pellets are punched
whilst it is rotating.
The acceleration of the pellet needs to be carefully calculated in order to
reach the desired velocities without jeopardising the pellet’s integrity. The
low density of solid hydrogen permits high velocities with the application of
relatively low acceleration forces. Most commonly, the light gas gun and the
centrifuge are used as pellet acceleration techniques. The light gas gun is
a pneumatic device where high pressure gas accelerates the pellet to high
velocities. When the gas is released to the larger volume of the guiding tube, its
internal energy is converted to the pellet’s kinetic energy. As for the mechanical
centrifuge accelerator, an ice filament is delivered perpendicularly to a fast
rotating arbor that has two U shaped tubes attached. While rotating, the
tubes on the surface of the arbor cut the pellet from the end of the ribbon
whilst accelerating the pellet before firing it tangentially. For more information
concerning these systems, see the review article by Combs [7] and the references
therein.
Owing to the flexibility of the design as well as the use of the machine,
many different ways of injecting pellets have been studied. Pellet injectors are
now used for plasma fueling, as a diagnostic tool and also for mitigation of
edge instabilities, the so called Edge Localized Modes (ELMs).
As a fueling tool, pellet injectors have proved to be very efficient due to the
high penetration the system can achieve. The expected penetration depth is
0.33
given by the scaling law λ/a=0.079Te (0)-0.56 ne (0)-0.11 m0.19
(where vp is the
p vp
velocity of the pellet, mp is the number of particles in the pellet and Te (0) and
ne (0) are the central electron temperature and density respectively), from the
International Pellet Ablation Database (IPADBASE) [8]. Varying according
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to the plasma and confinement device characteristics, different properties are
required from the pellet so as to serve the corresponding goal. The potential to
create large pellets and accelerate them at high speeds, increases the fuel deposition - as a first approximation - closer to the plasma core, thus, succeeding as
a fueling technique. Considering that in most stellarators, neoclassical particle
transport is the dominant mechanism for particle loss from the plasma core
to the edge, pellet injection in the plasma centre can peak the hollow density
profile, and therefore respond to the demand for density control. It is worth
bearing in mind that according to the above equation, λ/a is most sensitive
to the central electron temperature, and for a fixed plasma, the most sensitive
parameter to determine the penetration length will be the velocity. Also, too
big a pellet may introduce too much fuel and cause excess plasma cooling.
Within the framework of plasma transport and impurity studies, PI is
used as an active diagnostic tool. The impurity particles when injected into
the plasma, after they become ionised, they first move along the magnetic
field lines and then they diffuse radially. Following the pellet trajectory with
CCD cameras and detecting the ablated material using, for instance, Charge
Exchange Spectroscopy, essential information can be obtained throughout the
emission lines about ion temperature in the plasma core (Doppler effect) and
plasma flow direction. Perturbative studies with small pellets in TJ-II might
take place during the next campaign. Also, impurity pellet injection is used
to enhance fast particle studies [9]. Conventionally, solid pellets of a selected
impurity material are formed and accelerated to the plasma core. That way
particles are deposited throughout the pellet trajectory from the edge to the
core, as opposed to a recently developed method called tracer-encapsulated
solid pellet (TESPEL) injection [10].
In another application, the frozen substance (10 K for hydrogen pellets)
can be planned to be deposited at the edge plasma edge. This approach is
advantageous for large tokamaks operating in H-mode, where repetitive energy
bursts can transport particle and heat, from the plasma core towards the vessel
wall. The very cold and dense pellet of small radius, creates locally very steep
pressure profiles (increase of density/decrease of temperature) that can trigger
ELMs. The local perturbation of the pressure by small pellets at the pedestal
region, is a very promising method to control the plasma and avoid the large
bursts of energy towards the walls of the device. High frequency of small pellet
injection can mitigate very large ELMs, that are caused by pressure instabilities
(referred to as Type I ELMs). This is accomplished by the destabilization of
the ballooning mode and thus, resulting in smaller ELMs and lower power
density deposition on the plasma facing components. Therefore, the lifetime
of the device can be extended since the plasma can be better controlled via
continuous injection of small pellets.
Theoretical studies on the ablation rate of the pellet are vital in order to
predict the particle deposition and the post-ablation plasma behavior. Several
models based on the processes that take place when the pellet is injected in
the plasma, such as neutral gas shielding (NGS model), have been developed

1.4 Introduction to Pellet Injection
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and allow the estimation of the ablation rate considering plasma density and
temperature profiles. Given the experimental observations of pellet ablation
in different fusion devices, the IPADBASE database [8] is beneficial for the
improvement of the theoretical models. The database helps improve the prediction of fueling efficiency with pellets in next generation fusion devices such
as ITER.
Since there are fewer stellarators than tokamaks, the ablation data by pellets launched in stellarator plasmas is limited. Increasing the number of stellarators that operate with pellet injectors, will enrich the understanding of
particle transport in these configurations, and of course allow the study of
central fueling, a key element for stellarators, in the frame of pellet ablation.
Better knowledge of these processes will lead to more reliable modeling-scaling
and determination of the pellet injector that would be suitable for future advanced stellarators, such as W7-X.
Numerous fusion devices around the world are equipped with a pellet injector. Many of them were developed and fabricated in ORNL as was the new
pellet injection system that was installed recently at TJ-II. The development
and operational testing of the machine was performed in ORNL before it was
shipped to Ciemat. Initial testing of the device on TJ-II was undertaken during
this thesis.
In this thesis, the new pellet injector of TJ-II is presented in chapter 2
along with the first experimental testing and commissioning results, discussed
in chapter 3. Software was developed to simulate pellets when injected in TJ-II
plasmas, using ASTRA code. The aim is to predict the pellet ablation rate in
typical operation TJ-II plasmas, the behavior of the plasma during and after
the pellet enters the plasma, and to make possible to propose experiments (as
a first attempt). The basic features of the code and the acquired results are
presented and discussed in chapter 4. Finally, results from the first pellets
injected in TJ-II are discussed in chapter 5. Unfortunately, a recent accident
involving the transformer of the ECRH system of TJ-II, forced operations to
be suspended. As a result, just a few pellets could be injected into TJ-II
plasmas during the experimental phase of this thesis. For this, the plasmas
were created during the ramp-up of the magnetic fields by NBI heating and
maintained during the flat-top with NBI. The resultant fast electron filaments
created during the ramp-up phase, and hence large plasma current, make pellet penetration more complicated as pellets can be suddenly ablated before
reaching the plasma core.
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Chapter 2
Experimental Setup
The new pellet injection system, installed on TJ-II, has been developed and
built in collaboration between the Oak Ridge National Laboratory (ORNL)
and the Cento de Investigaciones Energéticas, Medioambientales y Tecnológicas
(CIEMAT). It is an upgraded version of the “pellet injector in a suitcase” that
operates in the Madison Symmetric Torus (MST) [11, 12] also developed in
ORNL. The system will be used as a diagnostic tool related to transport, rational magnetic surfaces, and for central fueling. Deciding the type of PI system
that would meet the stellarator’s needs was a result of scientific, economic and
practical considerations. Space availability limitations in the TJ-II operation
room, restricted the size of the machine whilst the pellet size range together
with the pellet velocity variance, were defined in accordance to specific needs
of the TJ-II plasmas.

Figure 2.1: A layout of the pellet injector and the TJ-II sector B2. The pellet
injector system consists of two parts. First the pellet formation part (to the
right) and second the pellet injection line with guide tubes and surge tanks.
In this chapter, the experimental setup is introduced, TJ-II and the pellet
injection system, including a brief description of a few TJ-II diagnostics. Pellet
formation and acceleration are discussed in detail, and the experimental pro13
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cedure is also represented with a flow diagram. Diagnostics of the PI system
are also introduced.

2.1

TJ-II some specifics and some diagnostics

TJ-II is a flexible, low magnetic shear stellarator that permits research on a
wide range of rotational transforms. Numerous diagnostics are installed on the
device, some of which were employed for interpretation of the first experimental
results of pellet injection presented in chapter 5, and are briefly discussed here.
The pellet injector is placed in sector B2, as seen in figure 2.2. It should be
noted that in neighboring sectors the main hydrogen gas puff (sector A8) and
the two gyrotrons (sectors A6 and B6) are operating. The location of the main
gas puff of the stellarator might be recorded in the intensity of Hα emission
of the ablant, while the ECRH might cause striations or enhanced ablation on
the Hα signal due to suprathermal electrons.
A typical plasma with ECRH has
a central density up to 1.7·1019 m-3
C
D
and electron temperature in the centre of the plasma up to 1 keV.
With additional NBI heating plasmas
with n(0) ≤ 5·1019 m-3 are achieved
while the central electron temperature drops to ≤300 eV. The plasma
poloidal cross-section is bean shaped
(see 2.1). The standard magnetic
configuration used is the so-called
100 44 641 .
With regard to diagnostics, density and temperature profiles are proA
B
vided by the high-resolution Thomson Scattering system (TS), that is
Figure 2.2: TJ-II schematic [13].
installed in sector D2 [14]. The profiles are obtained at a single time in the discharge. However, very low density
regions (like plasma edge) are not a target for reliable measurements for TS,
due to very low signal and the optical design of the TS. Consequently, the error
of the temperature measurements in the low density regions is much higher.
Another diagnostic that permits the electron temperature in the core of
the plasma is Electron Cyclotron Emission (ECE). The elliptical mirror that
redirects the radiated signal to the antenna is placed between sectors C4 and
C5, and receives radiation from the low field side (LFS) of the plasma. Though,
most of the channels measure radiation from the high field side (HFS) as well.
If the plasma is sufficiently heated and dense, time evolution of plasma electron
temperature can be obtained, with a cut-off when ne >2·1019 m-3 . Therefore,
1

This labeling refers to the amount of current in the coils
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Figure 2.3: Temperature (top figures) and density (bottom figures) obtained
by Thomson scattering. The profiles have been smoothed to highlight the
peak of Te and the hollow ne in an ECRH plasma(left), and the flat Te and
parabolic behavior of ne in an NBI heated plasma(right).

these measurements cannot be used for NBI heated plasmas when the density
is high.
Several bolometric systems [15] are installed in different sectors of TJ-II.
Each system has several channels monitoring the plasma cross-section and
measure the total plasma emissivity. Recording the incident electromagnetic
radiation in different radial positions of the plasma, allows the spatial reconstruction of radiated power. The high temporal resolution of the bolometers
can detect fast changes in the plasma.
Finally, the Doppler Reflectometer of TJ-II, measures the density fluctuations velocities together with their wave numbers spectra [16]. The microwave
emitting antenna and the moveable mirror that focuses the microwave beam,
are placed at sector C2 of the stellarator. The flexibility of the mirror allows
changes in the angle of the incident to the plasma beam, and permits measurements on turbulence scales. For further information about the principles
of the diagnostics, see for example Hutchinson [17] or, online in Fusion Wiki [4]
.
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TJ-II Pellet Injector

The compact flexible pellet injection system for TJ-II, presented in figure 2.4,
is a four-barrel system with a cryogenic refrigerator for in situ pellet formation [18]. It is equipped with fast propellant valves for pellet acceleration. The
flexibility of the system allows the formation of pellets with diameters between
∼0.4 to 1 mm in the corresponding gun barrel bore, and velocities ranging from
∼800 to 1200 m/s.
Nominal size (mm)

Number of particles

Barrel 1

0.42

3.1·1018

Barrel 2

0.66

1.2·1019

Barrel 3

0.76

1.9·1019

Barrel 4

1

4.2·1019

Table 2.1: Number of particles that correspond to the nominal sizes of the
pellets for L/D=1, L being the length and D the diameter of the pellet.
The sizes of the required pellets was determined by several factors. For
instance, the ECRH of the stellarator imposes a density limit (cut-off limit), i.e.
1.7×1019 m-3 , above which the ECR wave are reflected, and therefore plasma
heating is inefficient. For that reason, small pellets of ∼3.1·1018 particles are
necessary so as not to overcome that limit. However, aiming to increase the
NBI heating efficiency, larger pellets up to ∼4.2·1019 particles are required in
order to establish the high central plasma density.
Large pellet creation is a well known procedure [12, 20], nevertheless smallscale pellet formation is a technological challenge, notably regarding the propulsion system. The small size of the pellets makes them more fragile when exposed to the extreme pressure of the propulsion gas, thus the likelihood of

Figure 2.4: The pellet injector during testing in ORNL [19]. In the figure
1)cryocooler, 2)formation chamber, 3)pneumatic propellant valves, 4)vacuum
connection and gauges, 5)light gates/photographic station, 6)microwave cavity
mass detector, 7)moveable target and 8)end connectors to TJ-II barrels.
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fracturing the pellet becomes higher. At the same time, technological issues
such as supply of small amounts of gas in such a small tube, cannot be underestimated.

2.2.1

Pellet formation
Pressure [torr]

Primarily, hydrogen will be the working gas for pellet
Solid
injection in TJ-II plasmas. The system is capable of
54
using other gases, such as D2 , Ne, Ar, CH4 and mixtures. As the triple point of H2 is about 14 K, operational
temperatures of ∼10 K, at the pellet formation location,
15
Gas
1.5
are mandatory for reliable formation of solid pellets.
10
12
14
Temperature [K]
For temperatures below the triple point, the pressure in
the formation part of the barrel needs to be above the
phase transition line that corresponds to the conditions Figure 2.5: Phase
where solid and gas phase of hydrogen can exist in equi- diagram of hydrolibrium, as seen in figure 2.5. Since for lower tempera- gen
tures the lower limit for the pressure also decreases, it is obvious that at lower
temperatures the pellet is easier to form. As the pressure locally drops during the formation of the pellet, when it reaches values as low as the phase
transition line indicates, the pellet can no longer grow.
Hydrogen pellet formation takes place at 10 K
due to the cold finger that is connected to the
pellet formation location. The gas supply system
is at room temperature and can deposit gas from
both sides (or only through one side) of the cold
region of the gun barrel. There, hydrogen that
is introduced in the low pressure-low temperature
conditions, is solidified. The pellet remains in the
firing position, for at least two minutes after formation, to “cure” before the system is ready to
proceed to the next stage of operation, pellet acceleration.
The gas manifold that serves as the H2 feeding system for pellet creation, shown in figure 2.6,
operates at low pressure (≤50 Torr). It consists of Figure 2.6: Gas manifolds,
several parts (i.e. remotely controlled valves and cooling head and formapressure gauges) to ensure control of the amount tion chamber for the PI at
of gas that enters into the gun barrel. The gas TJ-II.
flow between different sections of the manifold, is
regulated using needle valves.
At first, H2 enters and is filtered in the lower part of the structure, while
a closed valve dissociates it with the rest of the volume. A pneumatic and
a needle valve control the gas flow to the cylinder. The 50 ml cylindrical
deposit (that can be the reservoir for a few pellets) is filled with gas and the
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Figure 2.7: Pellet formation inside the formation chamber [11] of the pellet
injector.
needle valve is closed again. Now the previous section is sealed off, and the low
pressure gas flows from the bottle to the next stage where 4 pressure gauges and
needle/pneumatic valves monitor and control the evolution of the gas-feeding
procedure, towards the pellet fabrication part of the system. Two small gate
valves, in the downstream and upstream end of each barrel, introduce the gas
to the pellet formation section.
Determining the amount of gas needed to form the pellet is achieved through
a predetermined drop of pressure in the manifold when the valve opens. A
baratron in the gun barrel detects a pressure rise of the same absolute value
as the pressure drop in the gas manifold. As the particles start to freeze while
forming the pellet, the pressure in the baratron drops again, an indication that
the gas is frozen.
Inside the pipe gun the range of pressure for optimum operation, is 5 to
50 Torr [19]. For pressures lower than 5 Torr, the gas flow into the barrel is
not adequate for the gas to freeze, even for the smallest pellet, since at 10 K if
the pressure falls below a certain value then freezing stops. In contrast, above
50 Torr the pressure is high enough for the gas to transfer heat from the parts
that are in room temperature (gas, moveable tubes) to the pellet formation
location and prevent the freezing of the gas.
The cooling system, is a double-stage cryogenic cooler of Gifford-McMahon
type (model: Coolpower 10 MD by Leybold Vacuum GmbH, Cologne, Germany [21]) with a cooling capacity of up to 4 W at 10 K [22]. The operational
temperature of the system is monitored in all four barrels and on the cold
finger by silicon thermocouples. These thermocouples are silicon diodes of the
series DT-670, by Lake Shore Cryogenics Inc., Westerville OH.
As seen in figure 2.7(right), the section of the guiding tubes where the pellets are formed, is attached to a copper structure that is connected to the cold
head, enabling the formation of up to four pellets before firing them. In order

2.2 TJ-II Pellet Injector

19

to control the extent of the area to be cooled by the cryostat, movable passive
copper structures at room temperature are placed on either side of the formation part of the tube. This way, a steep temperature gradient defines a limit
for the length of the pellet. Having control over the length to diameter ratio
(L/D) of the pellet, increases the flexibility of the pellet fabrication process.
In between pellet formation, the pellet formation section warms up to
∼30 K. It is important to vaporise possible fragments of ice on the inner wall of
the barrel, left from the previous pellet. The gas is pumped out of the system
and finally the cold part is clean and ready to create a new pellet. For this,
higher temperatures than 10 K are achieved through a resistance heater placed
in the middle of the copper cold head. Current flows through this heater and
the temperature of the structure rises to 30 K. A feedback system keeps the
temperature at 30 K by varying the current through the heater accordingly.
Finally, a turbomolecular and a mechanical pump are used to evacuate
the injector chamber. Typically, the pressure is 10-6 mbarr or better. Besides
the shielding of the formation chamber, the fabrication part is covered with
aluminated plastic foil to provide thermal isolation from infrared radiation
from the walls of the chamber.

2.2.2

Pellet propulsion

Pellet speed, is an essential characteristic for pellet penetration in the plasma.
To ensure deep penetration of small pellets into TJ-II plasmas, velocities of
the order of 1000 m/s are required. However, satisfactory penetration of larger
pellets (∼1 mm) can be achieved at lower speeds. Also, small pellets would
not survive impact with a mechanical punch in addition to heat loads that
the punch tip would put on the cool part of the barrel. Therefore, utilizing
light-gas gun propellant valves is necessary.
When a pellet has been formed and it is required to inject it into TJ-II, highpressure gas is released to accelerate the pellet. The pressurized gas is provided
by a gas manifold through a fast pneumatic valve. The propellant valves, unlike
a mechanical punch system, can guarantee accuracy of the pellet’s speed, so
that the pellet reaches the plasma within the desired time period. The variation
in pellet arrival times with fast valves propulsion can be of the order of µs
as opposed to several ms variance of mechanical punch systems. It should be
stressed here, that a TJ-II discharge can last up to 300 ms and the flight length
of the pellet to the plasma core is ∼2.8 m.
Operating at room temperature, hydrogen is used as working gas for the
propulsion system. Hydrogen passes through an adapter that is connected
to the gas bottle, where it is compressed prior to entering the gas manifold.
The gas when entering the gas manifold is filtered before it passes to the
next stage of the gas supply, in order to avoid impurities. It is then directed
further to the next part of the propellant gas manifold, through the filling valve
which in turn, directs gas through the line valves. There, the high pressure
gas (∼70 bar in a ∼10 cm3 chamber) waits for the pneumatic valve to open
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Figure 2.8: Flow diagram of the sequential steps required for pellet injection
into TJ-II.
and accelerate the pellet to high velocities. Monitoring the pressurized H2 is
done by a high-pressure piezoresistive gauge. Also, on the high pressure gas
manifold, a manual vent valve and an overpressure safety valve (that will vent
when the pressure is over 72 bar) are installed.
All four pellet injection lines, are equipped with an individual remotely controlled propellant valve. According to the gun barrel that the pellet is formed,
the matching part of the manifold volume is filled with high pressure hydrogen.
The main steps of a single pellet injection are schematically presented in figure
2.7(left). The interplay between the high vacuum of the pipe gun and the high
pressure of the gas manifold, leads to a very successive sealing. The system is
now armed and ready to fire the pellet. When firing a pellet, a TTL pulse is
sent to a high voltage generator which produces a 150 to 200 V pulse for the
piezoelectric fast propellant valve.
During a single signal pulse for the propellant, the pressure rises very fast
to a maximum value, remains there for as long as the triggering pulse lasts and
then drops again. After the valve is opened, the evolution of the propellant
pressure in the gun breech is recorded by means of fast pressure transducers.
Using this, when testing we can estimate the pressure at which pellet break
away is accomplished and thereby minimize the amount of high pressure gas
released into the system. The pellet accelerates, once it is released from its
location, to terminal velocity in about ∼10 µs. In this time it will have travelled
a few cm. This is important as the pellet must reach the light gate, which is
about 32 cm away from the formation location, at terminal velocity in order
to correctly measure the velocity.
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The experimental procedure of pellet formation and acceleration is represented in a flow diagram, in figure 2.8.

2.2.3

PI diagnostics

Different diagnostics are installed along the pellet injection system, to record
the basic properties of the pellet. Vital information, such as pellet shape
(L/D), speed, and mass are obtained through the camera in the photographic
station, the light gate and the microwave cavity signals respectively. To date,
the light gate and the microwave cavity are in operation. For the camera to
photograph pellets, adjusting is required.
It is important to diagnose the pellet after acceleration, in order to have
the highest possible accuracy when calculating the characteristics of a pellet
that enters the plasma. Whether the pellet was delivered intact or not is an
issue of concern, since it would effect the outcome of the pellet in the plasma.
When a pellet is fired, it passes through the light gate (LG) first. This
diagnostic simply consists of a continuously light emitting diode (LED) and
a silicone diode, diametrically opposed. Therefore, when the pellet crosses
through the light beam it causes a reduction in the signal in the diode. With
the presence of a spike in the light gate signal, the pellet verifies successful
break away and a time signal to determine its velocity.
A microwave diagnostic tool was developed in order to measure the pellet’s
mass. Additionally, the time dependency of the signal, gives the second point
needed to identify pellet speed. During the pellet flight path, and after it passes
through the light gate, the pellet crosses the microwave cavity (MC) and shifts
the resonant frequency to lower values. The amplitude of the frequency shift is
proportional to the pellet mass. The microwave cavity is a toroidal cavity and
monitors all four guiding tubes at the same time. Changes have been done to
the initial microwave cavity design used on MST, so as to maintain sensitivity
for the selected small-size pellets [18, 19]. A frequency of 10.92 GHz is used
to detect pellets of this size range (∼0.4 - 1 mm). A detailed description of
this type of mass detection microwave cavities is given in reference [23]. The
separation between the LG and the MC is 0.575 m thus the pellet velocity can
be determined using the time signals.
A picture of the pellet can be taken during the first stage of the pellet
flight. That way it will be known whether the the pellet remains intact after
acceleration and the L/D of the pellet can be determined. When the pellet
passes through the photographic station, the signal of the LG is directed to
the pulse generator where a TTL (Transistor-Transistor Logic) signal triggers
(almost instantaneous) the laser diode and the camera. The pulsed laser diode
flashes, and the camera takes the in-flight picture of the pellet. The laser
is an LS9-40/220-50/100-510-11 model, pulsed laser diode module by Laser
Components. It operates in a power range ≤225 W and has a response range of
30 to 120 ns. Fast response is mandatory considering the velocity of the pellet.
Assuming that the pellet has a speed of 1000 m/s, after the 30 ns required
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Figure 2.9: Light gate and microwave cavity signals for a type 4 pellet, with a
mass and velocity m=0.062 mg and v=1168.7 m/s respectively. Here, m=∆V ·
0.088 mg/V where ∆V is the MC signal voltage drop.
for the triggering the blurring of the pellet shadowgraph will be about 30 µm,
which is less than 10% of the smallest pellet.

2.2.4

Pellet injection line, flight path and other instrumentation

The pellet guiding tubes are straight, and as seen in figure 2.1, they direct
the pellets to the low field side (LFS) of the plasma, and are connected to the
barrels. Positioning of the four bores in the z direction, is done two by two,
with the smallest and the biggest pellet lines placed at z=-19.4 cm below the
central coil and the others (barrels 2 and 3) placed at z=-24.84 cm. At the
same time, pellet lines 1 and 2 are at toroidal angle of φ=14o and pellet lines
3 and 4 are at φ=13o .
The total distance between the formation position and the central coil of
TJ-II is 2.99 m. Along this path, apart from the diagnostics described in the
previous section, there are also two 25-litre surge tanks that minimise the
penetration of propellant gas in the plasma chamber, and a stainless steel
target (with a linear manipulator to allow removing or placing the target in
the path of the pellet) that permits test firing of pellets when the vacuum port
of TJ-II is closed.
There are three breaks in the guiding tubes from the pellet formation position until the intersection with the TJ-II window. The first one is in the
light gate/photography station, the second one is in the microwave cavity, and
the last one is at the position of the test target, see figure 2.4. Therefore, the
pellet has to make three “jumps” before entering the plasma chamber. The
separation in each break is ∼2 cm. In order to maximize the possibility that
the pellet enters the next tube, the next tube is slightly wider in diameter.
The first tube has the nominal size of each type of pellet, the second tube
5 mm and the last tube is 8 mm in diameter.
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Plasma pellet diagnostics

Access to the plasma is provided by four viewports that allow observation of
the pellet from the top, side, tangential and bottom vessel windows. One of the
side ports is reserved for pellet injection and a CCD camera will be installed
at the tangential viewport and will follow the trajectory and ablation of the
pellet from behind, whilst silicon (avalanche) photodiodes will record the same
from the rest of the viewports.
The photodiode is a model PDA36A amplified silicon detector by Thorlabs
Inc., Newton, NJ. It is operated with a 1.5·105 V/A gain and a 320 kHz bandwidth. A 10 nm FWHM bandpass filter centred on 660 nm is used to transmit
the Hα light at 656.3 nm emitted by the pellet cloud, and to block all other
wavelengths. A 5 m long, model M34L05 fiber transfers light to the photodiode. Finally, all signals from the pellet diagnostics are saved to the TJ-II data
acquisition system for later analysis.

2.2.6

Remote operation

During TJ-II operations, the pellet injection system needs to be controlled
remotely from the control room. For that purpose, LabView programming has
been developed that allows controlling all stages of pellet injection. Up to four
pellets per TJ-II discharge can be injected.
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Chapter 3
Pellet testing and
commissioning
Since the pellet injection system was installed at TJ-II, testing and commissioning was necessary. During this procedure, the system was calibrated and
optimisation of the techniques in all stages of pellet injection was performed.
Additionally, practical issues and potential difficulties can be reported and,
thus, resolved. Investigation of pellet creation, acceleration and reproducibility of the system took place using the test target. The obtained data and the
analysis procedure is presented below. Some issues, that are not critical for
the outcome of experiments, still need to be resolved.

3.1

Initial considerations

The importance of knowing as accurately as possible the characteristics of the
pellet that is entering the plasma, has been already stressed.
As a first step towards this goal, calculations were performed that connect
the size of the pellet with the number of particles that compose it, the weight
of the pellet as well as the pressure drop required to allow the formation of a
specific pellet.
Firstly, the volume, weight and number of particles for different sizes of
cylindrical and also ellipsoid hydrogen pellets are calculated. During the calculations, the factor L/D is taken into account.
Then, the number of particles in the pellet formation manifold is calculated,
using the ideal gas law. For the given values of pressure and volume (P=50 Torr
and V=77.856 cm3 ), the initial number of particles in the gas manifold is:
N=

NA P V
= 1.28 · 1020
R T

(3.1)

where P, V and T are the pressure, the volume and the temperature of
the gas manifold respectively. NA is Avogadro’s constant and R is the gas
constant.
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In order to calculate the pressure in the gas manifold after the flow of
hydrogen in the formation chamber, all that is required is the desired amount
of particles for the pellet to be formed. The final pressure in the manifold is
then calculated by:
N − Np
(3.2)
N
where Np is the number of particles in the pellet, or more precisely, the
number of particles released from the gas manifold into the formation tube.
Therefore the pressure drop when opening the valve for the gas to enter the
formation chamber, is simply:
Pf = P

∆P = P − Pf

(3.3)

Calculated values of the pellets’ characteristics, for the nominal sizes of the
four bores are presented below, in table 3.1.
L/D
1

1.5

Type

D (mm)

V (mm-3 )

W (mg)

N

∆P (Torr)
18

1.228

1

0.42

0.058

0.005

3.149·10

2

0.66

0.226

0.020

1.222·1019

4.766

19

7.277

3

0.76

0.345

0.031

1.866·10

4

1.00

0.785

0.071

4.251·1019
18

1.842
7.149

16.576

1

0.42

0.087

0.008

4.724·10

2

0.66

0.339

0.030

1.833·1019
19

10.915
24.865

3

0.76

0.517

0.047

2.799·10

4

1.00

1.178

0.106

6.377·1019

Table 3.1: Cylindrical hydrogen pellet nominal sizes. L/D is the length to
diameter ratio, D is the diameter, V is the volume, W is the weight, N is the
number of particles of the pellet, and ∆P is the corresponding pressure drop
in the gas manifold.
Considering that the main way to control the length of the pellet is the
position of the the passive copper structure (at room temperature) at either
side of the formation part, the pellet should be cylindrical. That is the case for
the D2 pellets formed for MST, where positioning of the temperature gradient
is critical for the shape of the pellet. Yet, during testing of TJ-II PI system
in ORNL it has been observed that for the case of H2 pellets the significance
is lower [19]. Perhaps due to the lower than D2 triple point of H2 (∼18.7 and
∼13.9 K respectively) and the operational limits of cryocooling refrigerators
that cannot operate lower than ∼10 K, the latter making the 10 K temperature
just adequate to solidify the hydrogen gas.
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However, the resulting shape of the pellet could be somewhat between a
cylinder and an ellipsoid, depending on the intensity of the properties mentioned above.
In any case, the shape of the pellet together with the L/D ratio, will be investigated using the images that are to be collected at the photographic station,
when it will be available for use. Nevertheless it should be also mentioned, that
proper positioning of the moveable copper tubes seems to be mostly important
for the miniature pellets.

3.2

Remarks

During system testing, all four injection lines were thoroughly examined separately. Close observation of the different stages of pellet fabrication and
acceleration, led to identifying and solving evident technical problems (such as
gas leaks, data collection or software debugging) and also preventing similar
issues from occurring in other parts of the setup.
Concerning pellet fabrication, large pellets of ∼1 mm size were easier to
form while the smallest ones of ∼0.42 mm were pushing the technology to the
edge, as expected. The same differentiation between large and small pellets
applies for propulsion and identification by the diagnostics of the system.
Letting a very small amount of gas to pass through the valves to the small
barrel guns for the miniature pellet creation (pellet type 1 out of 4), is difficult
to control accurately. The issue was overcome by programming the gas valve
from the manifold to open and close very quickly several times, pulsing the
valve, allowing a very small amount of gas to enter in the barrel each time it
opens.
The pressure drop in the formation gas manifold that corresponds to forming a type 1 pellet, therefore the pressure in the pipe gun, is very small (see
table 3.1) and out of the optimum operational range for the cold head to freeze
hydrogen gas (i.e. 5 - 50 Torr, see chapter 2). At such low pressures it is difficult for the particles to flow towards the cold region of the tube, so different
values had to be tried out in order to find the optimum pressure drop for
the formation of the small pellet. After the fabrication and acceleration of
these test pellets, by detecting the mass of the pellets at the microwave cavity,
calculating the number of particles and the size of the pellet becomes trivial.
To increase the efficiency of freezing out gas into type 1 pellets, the most
suitable position for the passive copper moveable structure had to be determined. Intuitively, the warm tubes that play a role to the length of the pellet,
should be placed as close as possible to the centre of the cold part so as to
maximise the effect of temperature gradients. Evidently crucial for reliable
formation of type 1 pellets.
Small pellets, are more prone to breaking during propulsion. Taking into
account that the smaller the pellet, the harder it is to achieve high velocities
of the order of 1000 m/s, decreasing the pressure of the propulsion gas would
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lead to even lower pellet speeds. It has been observed during testing, that
the velocity of small pellets is ∼20% less than that of large pellets for the
same propulsion gas pressure, possibly due to the reduced conductivity of the
narrow tubes for the high pressure gas. Furthermore, for type 1 pellets, high
velocities are required in order to avoid complete ablation of the pellet before
it reaches the plasma centre. This could be problematic, based on the above
remark.
However, even if the miniature pellet survives the acceleration forces and
manages to have a successful break away, there is higher probability than this
of larger pellets, that the small pellet will not survive all three “jumps” that it
needs to make along the path towards the plasma. It might not even manage
two jumps until the microwave cavity due to the arbitrary trajectory that it
follows.
Nevertheless, successful miniature pellets were performed, despite all the
difficulties mentioned above, not only at ORNL during the testing of the system
but also during testing at TJ-II.
Pellets of ∼0.66 mm diameter (type 2) are significantly easier to be fabricated and accelerated. Even though they share some difficulties with type 1
pellets, being larger by 65% is sufficient to make the formation and propulsion
of the pellet less challenging.
While large pellets of ∼1 mm size (type 4) were formed routinely during
testing at TJ-II, pellets of ∼0.76 mm size (type 3) were not formed due to
technical problems with the fast propulsion valve that will be resolved in the
future. In particular, a gas leak in the formation line of type 3 pellets, did not
allow demonstration. Correction of this problem will be undertaken at a later
date. However, all types of pellets were successfully fabricated and accelerated
during testing at ORNL [19].

3.3

Results and discussion

Owing to the limited available time for testing and commissioning of the pellets, the number of data collected is not very large and varies between the
different types of pellets. During testing the pellets were impacting on the test
target. Collecting and analysing the data obtained by the PI diagnostics, mass
and velocity of the pellet were calculated.
For data analysis, a code was developed that automatically identifies the
spikes in the light gate and the microwave cavity signals, as seen in figure 2.9,
and displays the mass and velocity of the pellet. Since the distance between
the light gate and the microwave cavity is 0.575 m, the time difference between
the signals gives the pellet’s speed. In the microwave cavity signal, the voltage
to mass ratio is 1 V=0.0889 mg.
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Pellet type 1
In some cases, the test pellets were not observed in the signals produced by
any of the PI diagnostics. Another case was when the pellet was detected by
the light gate but not by the microwave cavity, leading to the conclusion that
the pellet was formed but not accelerated properly.
Some pellets accelerate while the pressure in the barrel is still increasing.
Changes in the pulse signal that triggers the fast propellant valve (increase of
the intensity and the length), allowed optimisation of the acceleration process.
A peculiar behavior, evident only in pellets of
type 1, was that two structures prior to the pellet
were identified by the LG but usually not by the
MC mass detector. This recurrent event could be
caused by ice forming on the top and bottom of the
tube that is being dragged along by the acceleration
forces. These structures appear to be slower (or possibly even wider) than the actual pellet, for the light Figure 3.1: Ice formagate signal to be broad. The reason for that effect tion on the inner surappearing only in type 1 pellets could be excess gas face of the tube.
pressure in the tubing when the pellet is formed, leading to elongation of ice formation on the inner surface of the tubing, see figure
3.1.
The mean value of mass and velocity of the limited number of type one pellets, are 0.00438±0.00026 mg and 834.92±62.33 m/s respectively, values that
correspond to a size slightly smaller than the nominal size of the pellet assuming cylindrical shape with L/D=1 (see 3.1).
Pellet types 2 and 4
The obtained results for mass and velocity of pellets 2 and 4 are seen in the
histograms in figure 3.2. Measured velocities and masses of type 2 pellets are
seen in the top plots, while those for type 4 pellets are seen in the bottom
histograms. The number of type 2 pellets is not large enough for reliable
statistical analysis, as seen by the histograms. The mean value of mass and
velocity of type 2 pellets, are 0.0101±0.0009 mg and 1043.46±9.95 m/s respectively, values that indicate a pellet of smaller size than of the nominal one of
a cylindrically shaped pellet with L/D=1.
Considering pellets of type 4, the number of pellets is larger. To improve
statistics, the pellets formed and accelerated during the injections into TJ-II
are also included. The mean value of mass and velocity of type 4 pellets,
are 0.0503±0.0032 mg and 1184.23±11.2287 m/s respectively, values that once
again that correspond to a smaller pellet than of the nominal one of a cylindrically shaped pellet with L/D=1. It should be noted here that the range of
velocities is wide and up to ∼1350 m/s. That is because during pellet injections into TJ-II the velocities are higher than during testing, due to modifying
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Figure 3.2: Pellets velocity(left) and mass(right). The top graphs show pellets
type 2 and the bottom type 4.
the pulse length time of the fast valve from 2 ms to 3 ms.
In general, during testing, it has been found that the ability to successfully
create and fire a pellet was ∼80%. Furthermore, it was found that during
testing, interference in the form of jumps in the microwave cavity signal is
present. As recalibration of the cavity proved insufficient to eliminate the
noise, the source of that phenomenon needs to be investigated. Since the noise
appears in the signal even before the pellet arrives to the light gate, the cause
could be vibration of the system caused by the opening of fast propellant
valves. Indeed, the noise is apparent when the propulsion gas is released inside
the tube even without a pellet. Until this issue is resolved, and as the noise is
reproducible, it can be eliminated in Fourier space when the data are analysed.
In that way, performing an inverse Fourier transform would provide the actual
signal without any background noise.

Chapter 4
Pellet ablation simulations using
ASTRA code
When a pellet is exposed to the extreme conditions of a plasma, it ablates along
its flight path. Even though pellet ablation and the effects of the deposited
material in the plasma are still not intently understood, several models have
been developed during many decades of research that present good agreement
with the experiments.
Within the framework of this report, a code was developed based on the
NGS model by Parks [24] in order to predict pellet ablation. Then this model
was included into ASTRA transport code [25] as a subroutine to simulate pellet
ablation in TJ-II plasmas. The results of these calculations along with a brief
description of the code are presented in this chapter.

4.1

Modeling of pellet ablation

The Neutral Gas Shielding (NGS) model was first proposed by Parks and
Turnbull [24]. This model is a one-dimensional approach that assumes a monoenergetic electron heat flux incident on the neutral cloud that surrounds the
pellet. It contains detailed analysis of the hydrodynamic parameters of the
cloud that is considered to expand spherically from the pellet’s surface. The
resulting scaling law for pellet ablation rate in atoms/s is given by [24]:
dN
(4.1)
= 1.12 · 1016 ne0.333 Te1.64 rp1.333 Mi−0.333
dt
where ne is the electron density in cm-3 , Te is the electron temperature in
eV, rp is the pellet radius in cm, and Mi is the mass of the pellet material
in atomic units. In spite of this model being oversimplified, it presents very
good agreement with tokamak and stellarator experimental results and for that
reason it is still widely used. In fact, it is believed that this agreement is due
to compensation between several phenomena [26].
An improvement of Parks’ model was proposed by Kuteev [26], where a
Maxwellian distribution function for the incident electrons is considered. This
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Figure 4.1: Ablation rate calculated using equation 4.1 from the Parks’
model (blue solid line) and equation 4.2 from Kuteev’s model (red dashed
line). Here Te (0)=1000 eV, ne (0)=4·1013 cm-3 , a=32 cm, b=c=d=2 and e=1
in equations 4.3 and 4.4. Pellet parameters: rp0 =0.075 cm (initial radius) and
vp =6.6·104 cm/s (velocity).
two-dimensional approach also takes into account the modification of the pellet
shape during ablation and the asymmetry of cloud heating enforced by the
magnetic field, leading to the formula:
dN
= 3.465 · 1014 n0.453
Te1.72 rp1.443 Mi−0.283
e
dt

(4.2)

Modeling of pellet ablation in TJ-II plasmas is based on the NGS models
mentioned above. Benchmarking of the developed software was accomplished
by reproducing the ablation rate profiles that are presented in reference [26].
As also given in figure 4.1, the pellet ablation is calculated using both Parks
and Kuteev models with equations 4.1 and 4.2. The plasma parameters are
chosen as in the reference paper:

Te (r) = Te (0) 1 −

ne (r) = ne (0) 1 −

 r  b c
a

 r d e
a

eV

(4.3)

cm-3

(4.4)

The comparison between the two NGS models indicates a higher ablation rate
when Kuteev’s model is applied whilst Parks’ model predicts higher penetration of the pellet. The area that each curve covers is the same for both models
since the number of particles is conserved for the same pellet and plasma parameters, regardless the ablation model that is used for the calculations. The
equations give the ablation rate as a function of plasma radius. The deposition
of material may be different due to the “rocket effect” where an electric field
in the plasma cloud can cause the cloud to be accelerated.

4.2 Magnetic configuration and pellet trajectory

4.2
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Magnetic configuration and pellet trajectory

The deposited material from pellet ablation creates a cold structure with high
density around the pellet that is elongated in the direction of the magnetic field,
the so called plasmoid. The magnetic field gradient induces a drift towards
the LFS, that the plasmoid is forced to follow, leading to separation of the
~ ×B
~ drift imposes movement of the
pellet and the plasmoid. Therefore, the E
pellet and the plasmoid in different directions in the case of LFS injection or
acceleration of the deposited material towards the center of the plasma (rocket
effect) when injecting the pellet form the HFS of the torus [27, 28, 29]. Ergo,
this displacement either decreases or enhances fueling of the reactor depending
on the injection direction.
Studies concerning the trajectory of the pellet itself have demonstrated
deflection of the pellet trajectory in the toroidal direction, in both tokamaks
and stellarators [30, 31, 32, 33]. In particular, in tokamaks the pellet is found
to deflect in the electron drift direction, in that opposite to the plasma current [31] while at Large Helical Device (LHD) the trajectory of the pellet
deflects toroidaly in the direction of the tangential NBI in operation [32].
The important question of mass deposition and pellet penetration that
could differ with regard to the injection side could be experimentally investigated at TJ-II, by replacing the straight guiding tubes with longer bent ones
that would guide the pellets to a HFS of the device. Highly curved tubes
increase the probability of pellet fractioning, therefore vertical pellet injection
seems more appropriate since it requires shorter tubes with less curves. Ad-
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Figure 4.2: Flux surfaces of the standard magnetic configuration 100 44 64 of
TJ-II. The pellets two by two encounter different magnetic configurations for
different injection angles. R is the major radius and Z is the vertical position
with respect to the central coil.
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Figure 4.3: Trajectories of the four types of pellets in a TJ-II plasma with the
standard configuration 100 44 64. The closest distance from the plasma centre
for each pellet type is also shown (red symbols). R is the major radius and ρ
is the effective radius r/a.
ditionally, the path of the pellet in different heating modes of TJ-II plasmas
could be investigated by means of fast camera measurements. That would provide with more information about particle deposition, and so fueling efficiency
during pellet injection.
During this thesis, the trajectories of the pellets injected in TJ-II plasmas
are assumed to be straight for simplicity.
In view of the different positioning of the guiding tubes of the pellets with
respect to the vacuum vessel, the pellets will follow individual paths inside the
plasma. Pellets of type 1 and 2 enter the plasma in a toroidal angle that differs
by 1o from pellets of type 3 and 4, therefore the flux surfaces they encounter
in the standard magnetic configuration are slightly different, as seen in figure
4.2. Additionally, pellets of type 1 and 4 pass through the centre of the plasma
in contrast to pellets of type 2 and 3, due to injection from different height.
Representation of the magnetic flux surfaces in a poloidal cross section was
done using a code provided by Antonio Lopez Fraguas, Ciemat.
In figure 4.3, the paths of each type of pellet are plotted, with the pellets
entering the plasma from the outer edge of the plasma towards the inner edge.

4.3

Automated System for TRansport Analysis (ASTRA) code

Despite decades of research, the goal of understanding transport processes in
magnetically confined fusion plasmas is far from completed. Simulations have
been an integral part of understanding these phenomena since the late 1960’s,
and have grown in importance along with the rapid rise in available computing
power. The appeal of simulations is obvious, in that they provide a “cheap
and easy” way of conducting well controlled experiments, which can provide
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Figure 4.4: Structure of the ASTRA code [25].
great insight into physical processes in real world plasma devices, as well as
being a tool for predicting plasma behavior in future machines.
The ASTRA code was first conceived in the 1980’s at the Kurchatov institute in Moscow. The principle behind the code was to develop a highly
modular tool with an automated code builder capable of producing ad-hoc
simulation scenarios, specific to the user’s particular needs. This has allowed
the code to be extensively developed and modified, right up to the present day,
and a large library of modules and “plug-ins” (for example, for different heating scenarios, or to simulate different instabilities) are available from a range
of authors. A graphical user interface makes the code highly user-friendly, and
the option of running the code in “active” mode allows real-time modification
of some simulation parameters, thus permitting flexibility in the simulation
scenario. A diagram showing the structure of the ASTRA code is given in
figure 4.4.
The fundamental equations of the ASTRA code relevant to stellarators are
the diffusive transport equations for electrons, electron heat and ion heat:

∂
∂t



∂ne
= −∇ · Γe + S
∂t


3
nj Tj
2

= −∇ · qj + Qj

with
Γj = −Dj ∇nj
5
qj = −nj χj ∇Tj + Γj Tj
2
where j=e, i for the different species, n is the density, T is the temperature, Γ
and q are the particle and heat fluxes respectively, and S and Q are the source
terms. D is the classical diffusion coefficient and χ is the thermal diffusivity.

4.3.1

Pellet ablation subroutine

In order to implement the ablation model described above in ASTRA, a subroutine was developed. This subroutine is called by the transport model that
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is used to simulate TJ-II plasmas and its evolution after the injection of the
pellet. The pellet ablation subroutine corresponds to a source term for these
transport models.
Since the magnetic surfaces are not equidistant, as the pellet crosses the
plasma column the amount of ablated material varies between different flux
surfaces. The distance between magnetic surfaces in the standard configuration was calculated using the information plotted in figure 4.2 for each pellet
individually. The results from this calculations are presented in figure 4.5
where the distance each pellet travels before it reaches the next magnetic surface (∆R, R being the major radius) is plotted with respect to the normalised
minor radius, ρ. The case of the pellet traveling from the outer edge (from
where the pellet is injected) towards the plasma centre (figure 4.5b) and the
case from the plasma centre towards the inner edge (figure 4.5a) are treated
separately, in order to adapt this information in ASTRA array format.
This information is incorporated in the transport model so as to have a
detailed calculation. Since the time-scale of transport is higher than the pellet
ablation process, special care needs to be taken when choosing the iteration
step for the calculation. The plasma is divided radially into several intervals in
which the properties of the background plasma are assumed constant. From
the distance between the magnetic surfaces (figure 4.5), the volume of each
cell and the velocity of the pellet, the time interval that the pellet spends in
each cell along its path is defined. Then, stepping along the pellet path while
evolving the radius of the pellet according to the temperature and density of
the plasma, the ablation rate profile is obtained.
Once the ablation rate is obtained (Parks & Kuteev models), the effect on
the evolution of plasma profiles depends on the choice of transport model. It
is, consequently, important to have a description of transport that reproduces
reasonably well TJ-II plasmas, which implies defining appropriately the sources
and transport coefficients. A minimum requisite is that steady states similar
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(a) Plasma centre towards the inner edge. (b) Outer plasma edge towards the centre.

Figure 4.5: Chord lengths between magnetic surfaces corresponding to the
path of each type of pellet in the configuration 100 44 64. Pellet paths from
the outer edge to the plasma centre(right) and from the plasma centre to the
inner edge(left) are plotted separately. ρ is the effective radius r/a and ∆R is
the distance between flux surfaces.
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to those experimentally found can be obtained. The first checks about how
the pellet ablation creates a source term for transport have been performed on
ECRH plasmas. In this case a simplified description of transport and sources
is enough. The expected source term is found large enough, in most cases, that
the density will grow above ECRH cut-off limits, so in order to perform a more
predictive analysis it has been necessary describing NBI plasmas as well. These
include the NBI sources of particles and heat, which depend on the plasma
profiles (density, temperature) but also on the distribution of neutrals. Both
ECRH and NBI plasma models were developed by D. López-Bruna, Ciemat.

4.3.2

ECRH plasma model

TJ-II ECRH plasmas can be reasonably well described by a simple model
where the heat source is fixed. Gaussian power deposition profiles are used
for both ECRH lines, PECRH ∝ exp[−(ρ − ρ0 )/∆2 ], where ρ is the normalized
radial coordinate, ρ0 is the center of the Gaussian and ∆ is its width. This
function is normalized so as to give the proper volume-integral value, around
200 kW per ECRH line. The particle source is calculated using the neutrals
package included in the Astra suite [25] as described in [34].
The transport coefficients for all evolving fields (density ne , electron temperature Te and ion temperature Ti ) have the same structure: a constant value
(i.e., an offset diffusivity) to account for a minimum transport level that can
be ascribed to collisional transport; and an “anomalous” contribution that is
represented as proportional to the square of a turbulence saturation level ε.
For example, the electron diffusivity is
De = Dc + Da ε
and likewise for the thermal diffusivities χe and χi . Here Dc and Da are constants. These models have been described, for example, in [35]. The main
feature is that ε ∝ p0 /ni , which gives larger transport coefficients for increasing pressure gradients, p0 . This yields a large anomalous component near the
edge while being negligible in the plasma core where the pressure gradient is
small or null.

4.3.3

NBI plasma model

A more predictive transport model has been used for NBI plasmas, which implies more detailed descriptions of both, particle and energy density equations.
An important requisite to approach a predictive model is that it evolves
self-consistently. This requires updating the sources with a periodicity that is
smaller than a typical confinement time so the impact of the evolving profiles in
the sources is properly accounted for. Aside from the particle source coming
from the pellet ablation, two other sources have been considered: one from
recycling and another one from NBI deposition. This is achieved with frequent
calls to corresponding Montecarlo codes. An adaptation of the Eirene code for
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the geometry of TJ-II plasmas [36] is used for the electron source and neutrals
profiles. Interleaved in Eirene calls, the Montecarlo code Fafner [37] is used to
update NBI deposition profiles. The adaptation of these codes to the Astra
suite is described in [38].
The transport coefficients have the same structure as before: a collisional
and an anomalous part. The difference now is that the coefficients Dc and
Da are not constant but complicated functions of the thermodynamic profiles.
The collisional transport is calculated, together with the evolving radial electric field, using a semi-analytical model [39]. Neoclassical models of this kind
have been shown to provide an evolution of the electric field in fair agreement
with the experiments [38, 40, 41] and the transport coefficients can be adjusted
to those obtained from drift-kinetic calculations using an appropriate effective
ripple profile. With respect to the anomalous component, in this case a resistive ballooning description is used for the growth rate [42]. This combination
of neoclassical and anomalous models is capable of describing the evolution
from ECRH to NBI plasmas in TJ-II and has been used to describe the effect
of gas puffing pulses during the NBI phase [43], which is the reason why it has
been adopted to study the effect of the pellet source during the evolution of
NBI plasmas. Since the particle sources are calculated, the transport model
provides also the evolution of the particle confinement time. A possibly significant term that does not evolve self-consistently in this model is the radiation
power density. It has been taken from experimental discharge #24001, which
is well simulated by the model in the absence of the pellet source, but remains
unchanged when the pellets are simulated.

4.4
4.4.1

Results and discussion
Pellets launched into ECRH plasma

Simulations of pellets injected into ECRH plasmas using the model described
in section 4.3.2, show the expected behavior. Since the cut-off limit of density
for ECR waves to be reflected is taken into account during the calculations,
it has been observed that when the number of particles in the pellet (source)
causes the density to exceed the limit, the plasma quenches. Depending on
the number of particles introduced by the pellet, the plasma either recovers or
(if it quenches for longer than the confinement time) it is lost.
Testing the model by examining several different cases, verified the validity of this pellet ablation subroutine. To illustrate this, all four pellets were
introduced in sequence in the ECRH plasma model that simulates a plasma as
seen in figure 4.6. This equilibrated plasma is of central density and temperature 7.33·1018 m-3 and 836 eV respectively, values chosen so as to represent
a typical TJ-II ECRH plasma. This figure represents the ASTRA interface
that displays the evolution of various quantities. In the four left graphs, the
electron and ion density and temperature profiles are displayed along with
obtained experimental data (stars) as a reference.

4.4 Results and discussion
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Figure 4.6: Equilibrated ECRH plasma before launching a pellet. From the top
left: 1)electron density ne, 2)electron diffusion coefficient De, 3)ion density ni
(1019 m-3 ), and from the bottom left: 4)electron Te and 5)ion temperature Ti
(keV) and thermal diffusion coefficients 6)Xe, 7)Xi with respect to the effective
plasma radius. The rest of the plotted variables are irrelevant to this work.
The stars are experimental data from TJ-II discharge #10216. The scaling
coefficient is given on the left of each variable and on the top right corner of
each graph, if any.
Firstly a pellet of type 1 is launched, followed by pellets of type 2, 3 and 4
with parameters shown in table 4.1. It can be seen from the values that higher
ablation is expected for large pellets that pass through the plasma centre,
such as the 4th pellet, than smaller ones that their path in the plasma does
not cross the plasma core. When the subroutine is called it provides with
the pellet source within a time-step of the code. Then the integrated source
is incorporated in the evolution of the plasma. The instant when the fourth
pellet was launched is seen in figure 4.7. Here, the time-step at which the

Pellet radius (mm)

Ho Particles

V (m/s)

Ablation fraction

1st

0.40

3.6·1018

800

0.9933

2nd

0.66

1.6·1019

1000

0.8123

3rd

0.76

2.4·1019

1100

0.6171

4th

1.00

5.6·1019

1200

0.744

Pellet Sequence

Table 4.1: Characteristics of the four pellets launched in sequence into the
modeled TJ-II ECRH plasma.
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Figure 4.7: The time-step t=0.3665 s, when the fourth pellet is introduced in
the ECRH plasma model. From the top left: 1)electron density ne, 2)electron diffusion coefficient De, 3)ion density ni (1019 m-3 ), from the bottom left:
4)electron Te and 5)ion temperature Ti (keV), thermal diffusion coefficients
6)Xe, 7)Xi, 8)integrated pellet source Ipel (1019 particles/s), 9)pellet source
Spel (1019 particles) with respect to the effective plasma radius. The stars are
experimental data from TJ-II discharge #10216. The scaling is given on the
left of each variable and on the top right corner of each graph, if any.
source was introduced is presented. The bottom right graph shows the pellet
source that is then added to the integrated pellet source (on top of the previous
three pellets) as seen in the second from the right bottom graph. Since the
fourth pellet is the largest one, the increase of electron density and drop of
electron temperature are tremendous.
In figure 4.8 the effect of the four pellets on the plasma is shown. Before a
new pellet is introduced, the plasma equilibrates to the initial state of figure
4.6. The absorption power of ECRH drops to zero after each pellet is introduced, but the plasma quenches for different time intervals due to the different
amount of particles of each pellet source. “Spel” accounts for the pellet sources
that were included in the calculations, each time adding up to the previous
source an increment of the corresponding number of particles. In the presence
of a new pellet source, the line density and the particle confinement time undergo a sudden increase that corresponds to the pellet particles. Note that the
behavior of these profiles during the plasma collapse (i.e. while ECRH drops
to zero) are not reliable. However, the results indicate that the subroutine is
properly implemented in ASTRA.
For TJ-II, the case of interest is a miniature pellet injection in typical
ECRH plasmas that would not increase the density over the threshold value

4.4 Results and discussion

TJ-II # 10216

R=1.5

ECRH
.3

41

_
a=.194 B=.955 I=1e-4 q=>e11 n=.529 Time=.4890 dt=.0100
3

taup
50

nlin
10

Spel
8

.000

=== ASTRA 6.2 ===

.100

.200

.300

.400
time, s

.500

3-07-14 13:12 === Model: tj2d6c < Data: TJ2_10216_particle ==

Figure 4.8: Time evolution of the ECRH absorbed power (MW), particle confinement time “taup” (ms), line averaged density “nlin” (1019 m-3 ) and the pellet source “Spel” (1019 particles) for all four pellets that are launched at times
t1 =0.105 s, t2 =0.162 s, t3 =0.247 s and t4 =0.366 s. The scaling coefficients are
given below each variable.
(i.e. 1.7·1019 m-3 ) and deposits the particles as closer to the centre as possible,
in order to fill the typical hollow density profile (see figure 2.3(bottom-left)).
For this, a pellet of type 1 was the first to be included in the model (see table
4.1). The pellet is considered to be spherical and the fraction of the ablated
pellet in a plasma with this parameters, is 0.9933. The results show that when
this pellet is injected, the plasma quenches for 2.1 ms which is less than the
energy and particle confinement times (τE =2.83 ms and τp =4.82 ms) therefore
the plasma recovers. Central fueling is observed with the hollow density profile
flattened, or even peaked in the centre of the plasma, while the temperature
profile is also flattened to lower values.
In order to avoid reaching cut-off densities during experiments, since the
miniature pellets have a flight path that passes through the plasma centre,
maybe off-axis ECR heating of the plasma should be investigated.

4.4.2

Pellet launched into NBI plasma

Since the subroutine is now verified to produce the correct pellet source when
called, it is included into the NBI plasma model described in the previous section. The simulated NBI plasma at equilibrium before the pellet is introduced
(t=1.123 s) is presented in figure 4.9. At this stage, the NBI heated plasma has
the typical parabolic density and flat temperature profiles with central values
ne (0)=3.26·1019 m-3 and Te (0)=311 eV.
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The characteristics of the injected pellet are rp =0.7 mm with 1.9·1019 particles and velocity vp =1200 m/s. The path that the pellet followed was that
of a type 4 pellet and the ablation fraction of the pellet is 0.6602. As seen in
figure 4.10, the central density rises to ne (0)=4.52·1019 m-3 while the electron
temperature in the centre drops to the ion temperature level, Te (0)=119 eV.
Aiming to account for a more realistic simulation of a pellet introduced
in an NBI plasma, the size of the pellet was chosen to be 0.7 mm of diameter
instead of ∼1 mm of the usual type 4 pellet. That is, firstly, because this model
assumes spherical pellets which is not the case in reality (i.e. cylindrical) and,
secondly, because during the experiments the pellet is likely to lose a number
of particles on the flight before it reaches the plasma edge, due to ablation of
the pellet which can ricochet off the inner surface of the guiding tube. Since
during calculations the particle source due to the pellet is considered to be
retained, a reduced amount of particles appears to be more realistic.
The pellet is introduced at time t=1.124 s and the time when the pellet
source is incorporated in the calculation, t=1.125 s, is seen in figure 4.10. Note
that during these calculations, the time-step of ASTRA iterations was of the
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Figure 4.9: Simulated NBI plasma at equilibrium before a pellet is launched.
Top plots (from top left to bottom right): 1)electron density ne, 2)ion density ni
(in 1019 m-3 ), 3)electron temperature Te, 4)ion temperature Ti (in keV), 5)carbon IV CIV, 6)carbon V CV (in particles), 7)radial electric field Er, 8)plasma
potential Phi, 9)integrated pellet source Ipel (in particles/s), 10)pellet source
Spel (in particles), thermal diffusion coefficients 11)Xe, 12)Xi, 13)edge density
fluctuations fluc, net power on 14)electrons Pe and 15)ions Pi with respect
to the effective plasma radius. The stars are experimental data from TJ-II
discharge #10216. The scaling is given on the left of each variable and on the
top right corner of each graph, if any.

4.4 Results and discussion
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Figure 4.10: Time step during the calculation when the integrated source from
the pellet is introduced to the NBI plasma.
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Figure 4.11: Time evolution of the pellet source Spel (1019 particles), central
ion temperature Ti0 (keV), volume averaged density nvol (1019 m-3 ), central
electron temperature Te0, particle confinement time taup (ms), central electron
density ne0, and line averaged density nlin. The scaling coefficient is given
below each variable and the final value of each variable is given in the bottom
of the figure. The pellet was launched at t=1.124 s with rp =0.7 mm, 1.9·1019
particles and vp =1200 m/s.
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order of 10−8 s. The inclusion of a pellet source during these calculations appears, firstly to have increased the density that would enhance power absorption for the neutral beam, and secondly to have increased global confinement,
as seen in the same figure. That could be claimed taking into account the
decrease of the diffusion coefficients and the repositioning of the radial electric
field gradient farther from the plasma centre, that might have shifted the shear
regions inside the plasma.
Time evolution, after the pellet injection, of the volume averaged density
of the plasma (see figure 4.11) indicates an increment of ∼1.11·1019 m-3 which
roughly corresponds to the ablation fraction of the pellet. However, the increment in the density profiles appears to be relatively high, about 13.11·1019 m-3
at the particle deposition position. Possibly, the increased particle confinement
together with the absence of fast electrons during the calculations, lead to the
locally excess density close to the centre.

Chapter 5
Pellet injection experiments in
TJ-II plasmas
5.1

Plasma parameters

Pellets were injected into TJ-II plasmas as part of the testing and commissioning of the pellet injector. Due to the absence of ECR heating a new mode of
TJ-II operation was used. In this mode of operation, the NBI heating beam is
injected into the TJ-II vacuum chamber during the final 30 ms of the ramp up
of the currents in the magnetic coils (i.e. before the flat-top of the magnetic
configuration is achieved). The neutral beam injector lasts for about 100 ms.
In this way, electrons inside the vessel that are used for plasma pre-ionisation,
are accelerated during the ramp-up phase and create a population of fast electrons inside the resulting plasma. As a result, this current through the plasma
could affect the magnetic configuration or even force changes in the magnetic
topology that would not occur if the current was absent. The magnetic configuration was the standard one (100 44 64, see figure 4.2) and the plasma had a
central density and temperature of about 3.5·1019 m-3 and 300 eV respectively
(figure 2.3(left)). The pellets injected into TJ-II to this time, are type 4 pellets
owing to technical issues that will be resolved in the near future.

5.2
5.2.1

First injections of pellets in TJ-II
Injections half way through the discharge

Shot #37173
When a pellet is accelerated, it passes through the PI diagnostic systems before it reaches the plasma, as described in detail in previous chapters. From
these, the mass and the velocity of the pellet in addition to the pressure of the
propulsion gas in the barrel are obtained. Entering the plasma, the hydrogen
pellet ablates and the Hα light that is emitted during its flight path into the
45
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Figure 5.1: Rotational transform profile for the standard configuration. Also
two rational surfaces are shown (dashed lines).
plasma is recorded using photodiodes. These signals are plotted to scale in
figure 5.2, with the pellet injected at t≈1.050 s; during this specific shot only
the photodiode placed at the side viewport of TJ-II was employed.
The time at which the pellet should reach the edge, the centre and the inner
edge of the plasma are calculated using the known distance, from the light gate
station to the edge of the plasma (∼2.698 m) and the speed of the pellet. These
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Figure 5.2: Signals during pellet injection in shot #37173, for a pellet with
mass ∼0.052 mg, 3.1·1019 particles and speed ∼1178.5 m/s. The stars on the
blue and green plots represent the pellet passing through the light gate and
the microwave cavity respectively. The vertical lines represent the times at
which a pellet is estimated to cross the plasma outer edge (LFS), centre and
inner edge (HFS).
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expected times are plotted in figure 5.2 together with the obtained signals. The
pellet starts to ablate the instance it enters the plasma and crosses the plasma
centre towards the inner edge before it is fully ablated.
It is evident that the Hα signal behaves as expected, generally speaking,
according to pellet injection at different devices [32]. The sharp increase (decrease) at the starting point (ending point) of the ablation, indicates a “clean”
pellet injection without any propulsion gas or small fragments of the pellet
entering the plasma and also full ablation of the pellet between the centre and
the HFS edge.
Striations occur in the emitted light during pellet ablation. More detailed
analysis to investigate the behavior of the Hα signal suggests that the pellet
traverses rational magnetic surfaces at the hollowed parts of the signal (see
figure 5.3). Calculation of the time when the pellet encounters rational surfaces
during its flight path, is based on the position of the rationals for the standard
configuration given by figure 5.1 and the measured velocity of the pellet.
Some of the dips in the striating signal are bigger that others and these
drops of the light intensity seem to appear approximately when the pellet
crosses rational magnetic surfaces. During this part of its path, the pellet
experiences lower rate of incident electrons because the time required for the
1
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Figure 5.3: Hα intensity obtained from the photodiode at the side viewport
during shot #37173. Position of the plasma centre,outer and inner edge are
indicated (solid lines) with the error of this calculation (dotted red lines).
Positioning of the islands that the pellet meets along its path inside the plasma
is given by the dashed lines. The expected and experimental penetration length
of the pellet is marked with the dotted-dashed lines.
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pellet to cross the rationals is much shorter than the electron-electron collision
time. This phenomenon is the so called self-limiting ablation [44].
Taking into consideration the uncertainty of the position of the plasma
edge (therefore the plasma centre as well) inside the vacuum vessel, it could
be argued that when the pellet passes through the plasma centre, causes a
similar dip in the light intensity. Although, according to the same argument,
within the error of the position of the plasma edge, the low order rationals
might correspond to the enhanced ablation parts of the signal instead of dips.
Furthermore, the ablation profile of the pellet indicates that the pellet after
passing through the plasma centre, penetrates further than the predicted value
λ/a = −0.52. This penetration length of the pellet inside the plasma is calculated using the scaling law derived using the IPADBASE database [8]. Higher
pellet penetration than the expected has been already observed, for instance
at W7-AS [45]. Perhaps due to the deposition of cold dense material during
pellet ablation in the path towards the plasma centre, the pellet faces a lower
temperature, higher density plasma after passing the centre that enhances the
penetration depth of the pellet.
The fact that the pellet emits more light before it is fully absorbed by
the plasma is not entirely understood. This increase might occur due to
the deposited particles that move along the magnetic field lines and increase
the plasma density. Therefore the pellet faces a dense plasma after it passes
through the core. It is worth noting here though, that the dependence of the
pellet penetration length on the density is relatively low compared to temperature, according to [8], and the plasma density increases and the temperature
drops after pellet injection.
A comparison between Hα signals from two very similar shots (37173 and
37174) aims to investigate the cause of striations in the signal. The purpose is
to question if these fluctuations are physical or background noise in the signal.
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Figure 5.4: Smoothed light emission for both discharges #37173 and #37174.
The signals in terms of distance are plotted in scale for comparison.
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Figure 5.5: Temperature (top) and density (bottom) profiles obtained by
Thomson scattering, before (discharge #37181 at t=1.053 ms) and after (discharge #37174 at t=1.056 ms) the pellet is injected into the plasma.
It has been found that no conclusive interpretation can be developed. The
signals appear to have similarities but no clear indication about the nature of
the striations. For that, the signals were smoothed to compare the macroscopic
behavior of the ablation, as seen in figure 5.4. The signals are scaled in terms
of velocity. In both cases, the dips in the intensity of light as well as the higher
penetration depth than the predicted value are present. Also, the increase
in light intensity before full ablation of the pellet is observed during both
injections.
An explanation about the striations in the Hα emission during pellet ab~ ×B
~ drift
lation, has been proposed by Parks [46] and suggests that the E
of the ablation cloud around the pellet drives a Rayleigh-Taylor instability
that results in the oscillations of the cloud. These oscillations are observed as
striations of the signal, according to the same reference.
The profiles of the electron plasma density and temperature with and without the effect of the pellet are seen in figure 5.5. Since Thomson scattering can
measure only once per discharge, a similar shot with no pellet injection was
chosen to represent the background plasma. About 1 ms after the injection of
the pellet, density increment appears to be larger in the plasma centre even
though particle deposition is apparent also previously to the plasma centre.
The density appears to increase mostly closer to the plasma core, thus forming
a better target for NBI heating that would increase power absorption. Plasma
cooling seems to be immediate and plasma density has increased by a factor
of 2 in a few ms. This could be due to cold plasma around the neutral gas
that surrounds the pellet and creates a cold layer forcing the incoming particles to pass through this boundary before they reach the neutral cloud. Thus,
depending on the energy of the incident particle flux, electrons can be stopped
before they collide with neutrals in the pellet cloud.
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Shot #37176
A similar pellet as before was injected at approximately the same time of the
discharge. Unlike the shot described above, the pellet seems to penetrate less
and the Hα emission of the ablated material (see figure 5.6) shows no sharp
increase and decrease of the intensity. Instead, the triangular shape of the
signal and the emitted light even before the pellet arrives to the plasma outer
edge and after the inner edge suggest that propulsion gas may have entered
the chamber before the pellet. The behavior of the signal points out diffused
deposition of hydrogen rather than the more localised deposition expected by
a solid pellet. This assumption is also supported by the observation that the
temperature drop during this specific pellet injection, was slower. Presumably
the high pressure gas passed the pellet inside the larger in diameter part of the
guiding tube. Another explanation for this peculiarity, could be the in-flight
fragmentation of the pellet. Possible contact with the inner surface of the
tube during the unpredictable trajectory of the pellet would cause the pellet
to break, not necessarily to equal pieces. Hence, maybe small fragments of
pellet evaporated due to friction, before the pellet enters the plasma, creating
a cloud of gas that moved along with the pellet. Nevertheless, the mechanism
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Figure 5.6: Signals during pellet injection in shot number 37176, for a pellet with mass ∼0.050 mg, 3·1019 particles and speed ∼1269.3 m/s. Times at
which the pellet encountered the plasma outer edge, centre and inner edge are
represented by lines.
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Figure 5.7: Perpendicular velocity of plasma density fluctuations, measured
by the Doppler reflectometer at two positions: ρ=0.75 and ρ=0.85.
that caused this behavior to occur is not certain.
However, this injected pellet at t≈1.050 s lead the plasma to alter from
low to high confinement regime. The observed L-H transition might have
occurred due to the creation of an internal transport barrier (ITB). Possibly,
plasma cooling at the edge together with the central particle deposition that
also leads to better absorption of the NBI, created a pressure gradient and
the conditions for better plasma confinement. The mechanism of ITB creation
being, in general, not fully understood, there can be no clear justification for
the L-H transition. However, it has been reported in several devices [47, 48]
that pellet injection can cause L-H transition, the so called pellet-enhancedperformance (PEP), which is considered as a possible operational mode for
advanced reactors.
In figure 5.7 which was given by T. Estrada, Ciemat, the perpendicular fluctuations of the density close to the plasma edge are seen, during the discharge
number 37176. When the pellet enters the plasma at t≈1.054 s the plasma
response after the pellet is fully ablated, is to switch to high-confinement operational regime. As it can be seen from the figure, the density gradient is
steepened maybe due to better confinement, leading to ELM instabilities that
relax the pressure gradient at the edge, by bursting particles and energy radially towards the walls of the device.
Moreover, as seen in figure 5.8, the higher confinement was observed by
the Hα signal obtained from the top of the stellarator, at t≈1.085 ms. The
energy content was also increase after the injection of the pellet, while the line
averaged density shows a sharp increase. Note here, that the values of density
given by the signal in figure 5.8 cannot be trusted, as the changes in density
are excessively fast for the interferometer to record.
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Figure 5.8: Signals during the discharge #37176. The time when the pellet
was injected is indicated with the black dotted line.
Keeping into consideration the small size of the pellet that entered the
plasma (possibly fragmented in flight) and its low penetration length, it could
be speculated that small pellets that deposit cold material mostly close to
the plasma edge could provoke an ELMy H-mode of operation. This observed
phenomenon could refer to the pellet-enhanced-performance as mentioned previously. For further study of this hypothesis, injection of small pellets of type
2 that has a path inside the plasma which does not pass through the plasma
centre, and type 1 miniature pellets with low velocities could be performed
when the system will be in full operation.

5.2.2

Injections at the beginning of the discharge

Shot #37355
During the experiments discussed in this subsection, the pellets, as well as
the plasma are similar. The only modification concerns the time at which the
pellet was injected into the plasma. During this shot, a pellet with 3.8·1019
particles and speed of 1231.4 m/s was injected at time t=1.030 s.
The Hα emission of the neutral cloud around the injected pellet has a
different behavior than the previous shots, see figure 5.9. Initially, the signal
appears to be regular: sudden increase of the emitted light when the pellet
enters the plasma with an approximately constant intensity. Thereafter, an
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enormous sharp rise of the signal demonstrates the total ablation of the pellet
within ∼25 µs. This occurred at the path of the pellet before the plasma
centre and probably indicates the presence of a filament of fast electrons. In
fact, a sudden sharp increase was recorded by the hard x-ray detector at pellet
injection as seen in figure 5.8. This may be due to fast electrons being deflected
and lost on the walls of the vessel, thus producing hard x-rays. In similar shots
the outcome was approximately the same.
Considering the current profile during mode of operation (see figure 5.8),
it is found that the pellet is injected at a time when the plasma current is
not negligible, i.e. -2.1 kA at t=1.0338 s when the pellet entered the plasma.
This strong current flowing inside the plasma induces a magnetic field that
forces the rational magnetic surfaces to move and thus, impose changes in the
magnetic configuration. Moreover, at the injection time of the pellet, a slight
alteration in the slope of the plasma current profile was repeatedly observed,
leading to the assumption that the enhanced ablation of the pellet reduces the
flux of the fast electrons.
Comparing the plasma current at the time when the pellet was injected
during shots #37173 and #37355, we see that the pellets were injected into
differently altered magnetic configurations. The large current present to pellet
injection in discharge #37355 cause the fast ablation of the pellet in the outer
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Figure 5.9: Light intensity recorded by the photodiode placed in the top viewport, during the discharge #37355. Times at which the pellet should encounter
the plasma outer edge, centre and inner edge together with the rational surfaces and the expected penetration length λ/a are indicated.
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region of the plasma as described above, while in discharge #37173 injection
at a time when the value of the current was lower, i.e. ∼-0.8 kA, the not so
drastic current could explain the mismatch between the expected and observed
positions of the islands (see figure 5.3).
Taking into account that this mode of operation is not the typical one
for TJ-II, perhaps during this mode that contains fast electrons that enhance
ablation, peaks in the Hα signal should be identified instead of valleys as
a sign of the rational magnetic surfaces. In any case, the plasma current
that is induced by the acceleration of fast electrons during the ramp-up of
the magnetic field, should be accounted for. Investigation of the (standard)
magnetic configuration using pellet injection at different times of the discharge,
and thus at different values of plasma current, could provide with information
about the shift of the rationals at this operational mode.

Chapter 6
Conclusions
Pellet injection into TJ-II plasmas was approached both theoretically and experimentally in order, firstly, to predict the ablation of the pellet and the
plasma response to the deposited material that would allow proposal of experiments and, secondly, to study the processes behind the observed effects of the
pellets in the plasma.
It has been found during simulations that miniature pellets accelerated to
the centre of an ECRH plasma could be used for central fueling and peaking
the hollow density profile, since the cut-off density limit is not reached. Large
pellets would cool the plasma whilst the excess deposited fuel would cause the
ECR wave to be reflected.
A detailed NBI plasma model that has been used for calculations, included
an extra pellet source and predicted a localised particle deposition close to
the plasma centre. Even though the size of the pellet was smaller than the
expected nominal size so as to account for in-flight particle losses in real time
experiments before the pellet enters the plasma, the calculations indicate a not
fully ablated pellet when reaching the plasma centre that deposits fuel close
to the plasma centre. The density was found to be tripled while the central
electron temperature decreased to the ion temperature value. Also, improved
confinement was found with decreased transport coefficients.
Injection of pellets into TJ-II plasmas created and sustained with one of the
NBI heating systems, showed a typical ablation profile when injection takes
place when the plasma current is relatively low indicating the reduced light
intensity when passing through rational magnetic surfaces. Fast plasma cooling
as well as the desired increment in the density profile that creates a better
target for power absorption, were observed. However, higher pellet penetration
length was found together with an enhanced ablation after surpassing the
plasma centre. This could be due to encountering previously deposited cold
material that is present in the plasma and would enhance penetration. In a
case when the pellet was fragmented before entering the plasma, a significant
quantity of gas that was traveling alongside with the pellet was introduced to
the plasma edge and an L-H transition was caused in the plasma that requires
further investigation.
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Accelerating pellets to a plasma with a large plasma current due to acceleration of electrons during the ramp-up phase of the magnetic field, resulted in
sudden full ablation of the pellet inside the outer region of the plasma. This is
thought to have occurred due to filaments of fast electrons. The location where
this occurs may be due to displacement of these filaments by the current. To
investigate this configuration further, pellets should be injected at all stages
of the discharge in order to identify the apparent filaments of fast electrons.
The pellets are injected into TJ-II from the LFS of the device, a fact that
perhaps affects the particle deposition profile inside the plasma. This is due
to a local electric field in the ablation cloud around the pellet which could
accelerate the ablation cloud with respect to the solid pellet. For this, vertical
pellet injection in order to investigate enhanced deposition may take place in
the future.
Pellet injection into TJ-II plasmas has been predicted and observed to be
a useful central fueling tool as well as a diagnostic tool, making it a promising
technique for advanced reactors. Having observed that pellets could increase
confinement, makes the technique appealing for studies of high confinement
modes of operation. Pellets will be necessary to deliver particles in the core of
W-7X plasmas during steady-state operation, and scenarios of vertical injection
for enhanced particle deposition are considered for ITER discharges, while
pellet-enhanced-performance and ELM mitigation by small-pellet repetitive
injection at the edge of the plasma might be incorporated in ITER operations.
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[35] J. M. F. D. López-Bruna, F. Castejón, Informes Técnicos Ciemat 1035,
2004.

59
[36] J. Guasp and A. Salas, Manual for the use of Eirene at Ciemat, 2006.
[37] A. Teubel and F. P. Penningsfeld, Plasma Physics and Controlled Fusion
36, 143 (1994).
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