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Abstract

ABSTRACT

Plasma core fuelling is a key issue for the development of sttatéyscenarios in large
magneticallyconfined fusion devicesThis is of particular importance for helicaltype
machines due to hollow density profiles prededt by neoclassical theory fayn-axis
microwaveheated plasmasAt present, cryogenic pellet injection is the most promising
technique for efficient fuellingHowever, further experimental and theoretical studies are
necessary to fully understarall the mechanisms involved in pellet ablation aid the
subsequenparticle deposition sincea completeunderstandingf experimental results from
nonaxisymmetric devices remaoutstanding.

In this work pellet ablation and fuelling efficiency experimentsing apipe-gun type
cryogenicpellet injector, are carried out in electron cyclotron reson@a€G&H) and neutral
beam injectior(NBI) heatechydrogenplasmas of the stellarator -TlJ Here, all injections are
made from the outer plasma side (inner plasida injections are not possible for technical
reasons)Ablation profiles are reconstructed from lighrhitted by the cloud that surrounds an
ablating solid hydrogen pellet amdllected by silicon photodiodes and a fxaime camera
system, under the sssmptions that such emissions are loosely related to the ablation rate and
that pellet radial acceleratioamthe plasmas negligible Light emissions are also used to study
the pellet penetration dependence on pellet and plasma parameteras qatletvelocity,
pelletmass, and plasma density pellet injections from the outer plasma side ofilTPellet
penetration in TJI, as in other magnetically confined plasma devices, increases with increasing
pellet mass and velocity as well as for high pladensity and low temperature. However, if
suprathermal electrons are present in the plasma coyecdhdimit pellet penetration due a
sudden excessf ablation. In addition, pellet dynamics inside the plasmae analysed
employing fastcamera imagegellet radial acceleration is found to be zero or negligible. In
addition, it is found that pellet injected into unbalance {NB&ted plasmas are deflected
toroidally and poloidally.

Furthermore, the drift direction and magnitude of the ionized fractidheotloud, or
plasmoid is investigated using this fasamera systeni?lasmoids drifting, at between 0.5 and
20 km/s, towards the outer and lower plasma edge are observed. However, when pellets
penetrate beyond the magnetic axis, plasmoids seem tdaivdirds the plasma centre. A
dependence between plasmoid drift gsldsmoid detachment positionelated to rational
surfaces,is observed Also, pellet particle depositioprofiles and fuelling efficiency are
determined usingre- and postinjection densty profiles provided by a Thomsdgcattering
(TS)systemMoreover, the influence of plasma heating methods on pellet ablation and material
deposition iconsideredEfficiency is found to depend significantly on pellet penetration depth.
This is especiayl noted for NBI plasmasincepellets penetrate beyond the plasma axis.

In order to attain a deeper understanding of pellet injection physidke TJll,
experimental results are compared with theoretical predictions. In first iestameutral gas
shelding-based code is adapted for-TXo compare experimental ablation rates geflets
injected into both ECRH and NBieated plasmas with simulateates Although penetration
depths are well predicted by thisode| ablation profiles only agree witxperimental results
for injections into ECRH plasmak addition, the Hydrogen Pellet Injection (HPI2) code, in
its stellarator version, is used to simulate pellet injectionsEB@BRH plasmas in Fl. With
this code using TS electron density and temagureprofiles as inputablation and material
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deposition predictions are compared with experimental measuren@otsl agreement
between experiment and simulations for pellet injections #1 [HCRH) is obtained except

when suprathermal electrons @resent in the plasma core. This agreement gives confidence
in codes for stellarators, allowing predictions to be made with some sureness for the large W7
X device.

The HPI2 code ithenused tgpredictablation and deposition profgdor pellets injecte
into relevantECRH plasma scenariag the stellarator W-X, in particularcorresponding to
the second part of its initial operational phase, OP. Furthermore,comparisons with
preliminaryexperimental results from OR2 are presentedredicted denty profiles cannot
reproduced experimental results, this being mainly attributed to the presence of suprathermal
electronsFinally, the HPI2 code ialsoused to simulate ablation and deposition profiles for
pellets of different sizes and velocities rted intofuture relevantW7-X plasma scenarios,
while estimating the plasmoid drift and the fuelling efficiency of injections made from two W7
X ports.These simulations allow identifying an advantageous port for efficient pellet injections
into W7-X.

The thesis presentetiere is divided into five chapters; of these, experimental and
simulated resultseportedin Chapters4 and 5 partially coincide with the maipublished
contributions derived frorthiswork [17 4].
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Introduction

1. INTRODUCTION

1.1. INTRODUCTION TO FUSIO N AS A POWER SOURCE

Human development has beewupled withenergy consumptiosincethe origin of the
specis. Indeed, larger energy consumption means fudiegelopment and better life quality
[5], hence the amount of energy expended per person has incogaséke yearsas seen in
Figurel.

HDI=0.1185+0.1412-log (TPED), R?=0.8077

Million people
* 500
® 1,000
® 1,500
® 2,000

HDI

USS per capita
> 20,000

15,000
10,000
5,000
512

n = R

Totai brimary Energy Demand (GJ/year per capita)

Figure 1. Human Development Index (HDI), Total Primary Energy Demand (TPED) per capita,
population and GDP per capita of selected countries, 12083. Points in the main figure represent

the pairs of TPEEHDI for 40 countries during the period 199%008. The vertical blue dotted line
represents the minimum energy required to achieve a HDI > 0.8. Countries above the horizontal line
are classified as desloped countries (i.eHDI > 0.8), otherwise they are considered as developing
countries. On the other hand, points in the detailed figure represent the pairs ofHPEY a selected

group of 15 countries for the period 192008. Source: elaborated ] from data of the International
Energy Agency, United Nations and World Irigdaitput Database.

In particular, after the industrial revolution, when coal started tburat as fuel in
factories,energy use has grown dramatically. However, improvement of life quality is not the
only consequence of energy consumption. Effectively, many independentdiaderelated
human activities to climate chanf@ 9] using both observation of the climate system and
paleoclimate archives, and theoretical studies and climate models. All these studies confirm
that climate change is a faasreflected in the laghtergovernmental Paneh Climate Change
(IPCC)report published ir2014[8]:

AWar ming of the climate system is unequi
observed changes are unprecedented over decades to millenniatnidephere and ocean
have warmed, the amounts of snow and ice have diminished, sea level has risen, and the
concentrations of greenhouse gases have incr

Data supponhg this conclusionarealarming.It has been found thabetween 1880 and
2012,the globally averaged combined lantaocean surface temperaturereasedy 0.85°C
(seeFigure 2). In addition, changes in many extreme weather and climate events have been
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observed since the 1950s. Moreover,sheets are losing mass, glaciers are shrinking and the
rate of sea level rise since the riig" century has been larger than the mean rate during the
previous two millennia. During this period, the atmospheric concentrations of carbon dioxide,
COy, methae, CH;, and nitrous oxide, NO, have increased to levels unprecedented in, at least,
the last 800.000 years; specifically, the-pra@ustrial levels have increased about 40 %, 150 %
and 20 %respectivelyAn additional consequence of the increment ot @he atmosphere

is ocean acidification, since oceans have absorbed about 30 % of the emitted anthropogenic
CO.. Even | the energy rate consumption decreases, sff@ctclimate, ocean level and
biodiversity are expected to be drashiot only that, thecost, both social aneconomig of the
political, or even military, conflicts related to fossil fuels reservoiranbearablyhigh. In
addition, fossil fuels are limitedestimations from 2009 predict that oil, coal and gas will be
only available for 35107 and 37 years, respectivgly], although uncertainties are lafd4].

1850 1900 1950 2000
Year

) L

Cumulative €O,
d) emissions

35| I Fassil fuels, cement and flaring 2000
0 Foresiry and ather land wse ]
= 1500
5= =
[=2 ) 1 o
o = 1000
3 15 [c}
10 - s00

E L
1850 1900 Year 1950 2000 1750 1750
1970 2011

=

Figure 2. Observed trend for a) annually amglobally averaged combined land and ocean surface
temperature over the period 1986 to 2005; b) annually and globally averaged sea level change relative
to the average over the period 1986 to 2005, c) atmospheric concentrations of the greenhouse gases
carbon dioxide (CQ, green), methane (GHorange) and nitrous oxide ¢, red) determined from ice

core data (dots) and from direct atmospheric measurements (lines); and d) global anthropogenic CO
emissions from forestry and other land use, as well as fromirig of fossil fuel, cement production

and flaring. Cumulative emissions of €f@dbm these sources and their uncertainties are shown as bars
and whiskers, respectively, on the rigi@ind side. Note: quantitative information of Cahd NO

emission timeegies from 1850 to 1970 is limit¢d]

Hence, real and sustainable alternatives to fossil fuels are mandatoityis necessary
to change the energy production system. Renewable energies haae firewiselves to be, at
least, a complement to the energy production. However, storage capability problems and
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production intermittence prevent from increasing the percentage of renewable energy in the
grid [12, 13] In addition to renewable energies, nuclear fission is a strong candidate to
substitute fossil fuels due its high energy density and low price comparing to renewable
energies. Howver, fission energy is the least accepted energy among society due to safety and
radioactive waste issues. Indeed, fission plants accidents, like Chernobyl or Fukushima, have a
high cost both in human lives and economical. In addition, nuclear veasés highly active

for very long periods and requires long term storage, with the consequent imgaatan

health and environment.

Fission is not the only nuclear process that allows energy production. Nuclear fusion, the
energy source of stars, is anrinsically safe process of energy production with higargn
density. Moreover, it is a relativetfean energy source with no greenhegas emission and
reduced radioactive waste. However, some technological and physical problems are still
unresolved. l@nce, fusion energy is a key research topic in the path to a clean and sustainable
energy that does not damagfee Environmentor health and that, at the same time, is
economically feasible.

1.1.1 Fusion Energy

Fusion is the nuclear reaction that takes placahm core of stars. Weknown
mechanisms underlie the fact that net energy is released in fusion reatherfirst one is
related to the fact that the binding energy varies witmtassnumber of the nucléseeFigure
3). Hence, when two light nuclei fuse together, the mass of the newigWMlgeasured i lower
than the sum of the two individual masddsxpected the difference is the mass defedvigand
corresponds, taking into account the second mentioned physical mechanism, to the binding
energy,Eninding (in J), since, from Einstein energy equation, it is known that mass and energy
are equivalent. Mathematically, it is expressed as:

0 ofy & & o & & 0 O
(1-1)
YO oRd O ofd & & 0 & & m
(1-2)
0 YO ofdy @
(1-3)

In these relation% is the atomic number amdlthe mass number. In additiany, andm,
are the proton and neutron masses (in kg), respectively; enthe peed of light (in m/s).
Then, two light nuclei fused to foramheavier nucleulease an amount of energy, in form of
kinetic energy of the product nucléhat s equivalent to the binding energydthat can be
used to produce electric energy.
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Figure 3. Relation between the binding energy per nucleon and the element mass number. It can be
observed that binding energy increases with mass number for elements lighter than iron, while it
decreases for heavier elements.

Two nuclei,in order to fuse together, need to overcome the repulsive CoulombForce
betweenlteir positive chargessince this is the dominant interaction for distandgsyger than
10 m:

n

O T“T 'Q

(1-4)

Here,q is charge (in C) andl} is the vacuum dielectric constant (in F/rfihis implies
that nuclei need to get closer than#n so nuclear forces become domindfdr this,the
energy of reacting nuclei needs to be high enough to exbegdoulomb barrier; that means
very high temperatures, ime order of 1®K. In addition,to employ fusion as a means to
produce electricity, two further requirements should be fulfilled. The segpe is that the
density of these nuclei has to be suéint, so the reaction raiehigh enough that the net power
is positive The final condition is that nuclei are confined for an adequate time. These
requirements are synthesised in the Triple Product critgtn

¢ 8 p®d pmEABI
(1-5
In this expressiome is the density of reacting nucléh m3), T is their temperaturén

keV) and is the confinement tim@n s), which is @fined as the averaged time taken for the
energy to escape the plasma:

0 € OINCE 6E™ 0 € NI QW

I OEe Qia@wd Qi Qw

Qo

0
(1-6)

Here Wis the global energy plasma cont@ntJ)andP is the total heating powéin W).
There are several possible fusion reactions that can be used, asFsgarehand in reference
[14]. The chosen one is the deuteritnitium (D-T) reaction in which helium,He!, and a
neutron,n, are produced

O "YO'OQ o®- A6 ¢ p®- A6
(1-7)
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Figure 4. Fusion crosssections of various possible fusion reactions as a function of the kinetic energy
of the reagents. It should beted that the curve for ID represents a sum over the cragstions of
the different reaction branchg5].

It is the most suitable because it has the highest-sexg®n at the lowest terapture;
hence, it is the easiest to achieve. In addition, deuterium is a very abundant element; it is found
in sea water as heavy water in 30 §pmoportion. On the other hand, tritium is not naturally
found on Earth since its hdlfe is only 12.32 yews. However, it can be produced from lithium,

Li, which is a very abundaeiementthat is found all over the planet. The reaction of tritium
production from lithium has two possible branches:
¢ 0Q0 Y OQ
¢ 0QO0 Y O ¢
(1-8)

Thus the general idea is that a lithium blanket covers the inner wall of the reactor with
the purpose of generating tritium by colliding neusothis will mean that the unwanted
product of the fusion reactor will be used to generate the fuel. In addhimlanket has a
second important purpose, that is preventing the neutrons escaping from the vacuum chamber
and protecting radiation sensiivouter componentssuch as the superconducting coils.
Furthermore, it is also expected that, since the collisions between the blanket and fusion
neutrons will heat the blanket, this may be a way to extract the produced sogrggn it be
transformednto electric energyseeFigureb).

Mantle
Magnets

Figure 5 Artistic impression of a fusion power plant (Courtesy: EF[i4)
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Atoms, deuterium and tritiunm this case, at temperatures that fulfil the requirements of
the Triple Product criterion are ionizeck., they are in plasma state. Plasma, the fourth state of
matter and the most abundant in the Universe, has some characteristics that differentiate it from
the gas state, such as collective behaviour and electrical conductivity. Strong gravitational
forces in the innermost part of stars enable nuclei to overcome the repulsive electrostatic forces.
Since such strong gravitational forces are absent on Earth, an alternatiseoneedound.
Moreover, a way to confineraaterial at millions of Kelvimeed to be uncovered. At present,
there are two main research lines, ineftid] and magneticonfined fusion. In the case of this
thesis, magneticonfinedfusion, which take advantage of the particular properties of plasma
to confine it, is the concept under consideration. In effect, the fact that charge particles describe
a helical trajectory along magnetic field lines can be tgdrhp plasma electrormnd ions if
anappropriate magnetic field geometry is chosen. This magnetic field geometry is the result of
a toroidal field and a poloidal field added to compensateERB drift that displaces plasma
particles in the majeradius direction of the torus. Hence, the resultant helical field, which must
have nested magnetic surfaces, is able to confine the plasma and isolate it from the wall of the
vessel.

Since fusion has proved to be feasible in magnetic confinement devicegheugh
there are some pending issues, it is expected that futuoa faswer plants will be basedho
the magnetic confinement approach.

1.1.2 Magnetic-confinement devices

Magnetic confinement devices can be divided into two different lines of research. The
main difference is how the poloidal component of the magnetic field is created. The simplest
way to create a poloidal magnetic field in a torus is to induce a toroidal current in the plasma
that generates a poloidal magnetic fidhl contrastthe second appach, technically more
complex, uses external coils with the appropriate shape to create the helical magnetic field,
hence no induakcurrent is necessary to confine the plasma. Devices that confine plasma by
t he former met hod][l4 17fwhitedhbse whibse fide th&téatana dalled
Ast el |[d4rl17,t18] Ealdotype has advantages and disadvantages, which are related to
the poloidal fieldgeneratior(seeFigure6).

The tokamak,whosenamec omes from the Russian acr on)
fitoroidal chamber with magnetic coilsvas invented by thedSiet Physicistd. Tamm and A.
Sakharov in 1952, bed on an idea from O. Lavrenti§i4, 17] The main characteristic that
differentiates tokamaks from stellarators is that, due to the hayaoloidal component is
created, the resultant magnetic field is axisymmetric. In addition, the toroidal current heats the
pl asma due to Joul ebs eff ect ,reachedandgdditiona | at i v
heating methods should be used thi@ge temperatures that fulfil the Triple Product criterion.
However, the induced poloidal component is also the weak spot of the tokamak, since the fact
that confinement is nelneari plasmas and confinement field are coupiedan lead to
disruptionswhich are a sudden loss of plasmas control that is very dangerous and harmful to
the vessel walls. Moreover, steashate operation is not possible since a varying induced
currentcannot be sustained indefinitely
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(iron transformer core)
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(primary transformer circuit)
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Resultant helical magnetic field

(exaggerated) Modular coil

Figure 6. Sthematic view of a) a tokamak, with the different type of coils and the magnetic circuit
necessary to induced a current in the plasma, © EUROFUS$IONand b) aclassical | = 2 stellarator
(WT-A) with toroidal coils and four helical windinga.flux surface is also show20]

On the other hand, the stell ar atelladr ,anvhi ch
figeneratoo t hat refer to the fact that fusion is
by L. Spitzer in the United Sta¢21, 22] As in the tokamak case, its strong spot is also its
weakness. Indeed, the fact that external currents are responsible for plasma confinement
removes the limitation to pulse operation and, at the same time, problems related te@dsrupti
are avoided. However, the advantages of an axisymmetric configuration are lost, since the
stellarator magnetic field is completdlyeedimensional, and hence, depends on the toroidal
coordinate. Moreover, stellarators are technologically more cortipdexokamaks and, hence,
are behind in the path to a fusion energy power plant. Stellarators do not have induced currents;
therefore, plasmas are heated only by external means.

To conclude the introduction about magnetic confinement devices, it hasbagared
that tokamaks take advantage of the indungrent to heat the plasma, even though external
heating methods can be used, while stellarators plasmas aee bgatxternal mansonly.
Theseheating methodsmust satisfy some conditions, like higéfficiency of generation,
transmission, and coupling to the plasma; large fraction of energy absorbed in plasma; or
reliability, easy maintenance and low coBhus in addition tothe tokamakintrinsic Ohmic
heating, which does not allow heating to higimperatures sinagebecomes less effective with
increasing temperatuf&4, 17] there are two types of external heating methods. Téteoiire
uses microwaves at the cyclotron resonance frequency of either edemtions, or a hybrid
frequency, to heat the plasma, while the second one consists on injecting beams of accelerated
neutral particles that heat the plasma by collisions betlweam and plasma particles.

Finally, although tokamaks are in front the patlwayto controlled magnetic fusiatue
to their simplicity the previously mentioned problems related to stedale operation may
mean that stellarators are preferable foowgr plant.

1.1.3 Issues o the path to steadystate operation

Aswas mentioned in sectidnl.2 first fusion devices were designed in the 1950s. Since
then, progress in key areas has been impressive, not onismabischarge duration, but also
in fusion gain. For instance, plasma duration has increased from milliseconds in first tokamaks
to several minutes in Tore Suge8] or JET[24], or evan hours in the case of LH[25] (see
Figure7). On the fusion gain side, JET achieved Q ~ 1 with a fusion power of 16.1 MW in D
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T plasmas in 199]26]; and, in J¥60U an equivalent Q ~1.25 was achieved for D plasmas in
1998[27]. Nowadays, plasma physics knowledge and technology are mature enough to design
and starthe construction of ITER, which is expected to demonstrated the feasibility of fusion
as an energy source, achieving Q ~ 10 (Q ~5 for stetatg plasmag$28]. The rext step before

a commercial plant can be built, after ITER demonstrates it viability and with all the new
knowledge and experience that ITER will bring, willBEMO, which is expected to achieved

Q ~25. However, the steadyate operation of magnetically fusion plasmas is still an enormous
challenge, since highly complex physics must be combined with the steddytechnological
constraints, like plasma heaiircurrent drive methods for tokamaks, fuelling, pumping, plasma
diagnostics, superconducting magnet technology or cooled plasma facing components among
others. In order to achieve steagbate burning fusion plasmas, it is necessary to establish, and
maintain, simultaneously under stable conditions the magnetic configuration, the kinetic
configuration, the device safety and a solution for the fuel cycle. Achieving the desire kinetic
configuration includes attaining the pertinent density, temperatureotattbn profiles. Thus,
maintaining the appropriate plasma density profile to achieve the expected fusionij@aer,
highly peaked density profile, is of high relevance for the ststatg operation of a fusion
reactor. Hence, efficient fuelling caphtty is mandatory, in particular for helical devices. The
injection of cryogenic hydrogen pellets is currently the best candidate to refuel the plasma core
in large fusion devices, since the achieved fuel penetrations are deeper than those achieved with
other techniques. Thus, efficient and reliable pellet injection technology that allows density
profile control is one of the requirements to achieve ststate operation in fusion devices.
Further research and development, both in the physics and theltaghal sides, are therefore

necessary.
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Figure 7. Achieved plasma durations as a function of injected heating power for present and future
deviceq28].

1.2. KEY CONCEPTS OF PLASMA PHYSICS AND NUCLEAR FUSION

Plasmas a fully ionized gas characterized by collective behaviour, dominated by long
range electric and magnetic fields. Therefore, plasmas are exceptionally good conductors of
electricity, due to the little resistance to the flow of current. However, an iogiasds
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considered a plasma only if some relations are satisfied, related to@begptirameters that
characterize plasmd17]:

1 Characteristic scale length or Debye leng#),i.e., the distance that plasma is able to
shield out arelectric field:
p Qe Q¢
(1-9)
Wheree is the electron chargeypis the partile density,Te andT; are the electron and ion
temperatures, respectively, atilis the vacuum permittivity. Inside the sphere of radius
equal to the Debye length (the Debye sphere) global neutradity quasineutrality, is
approximately maintained: € . The relatioshipthat the ionized gas must satisfied to
be considered a plasma is that the typical geometric dimension of the slysiermuch
larger than the Debye length: L 0.
1 Characteristic inverse time scalg,, or critical tansition frequency of the electrons for the
shielding of electric fields:
€ Q- —
booa
(1-10)
Here,meis the electron massee is the electroebye length andreis the electron thermal
velocity. The characteristic thermal frequency of the ionizechgase., the inverse thermal
transit time for a particle to move across the system, must be much lower than the plasma
frequencyl | 1

T Characteristic c ob,thatsepresestht humleyof gharge partieléese r ,
located within the Debye sphere:

Kk — ¢ —_——
¥ o = o Q
(1-11
The last relatioship to be satisfied by the ionized gas is a large value of the plasma
parameteri.e., a large number of particles inside the Debye Sphere.

Magnetic confined plasmas have additional characteristics, since tiv@rg@magnetic
field dramatically changes the energy transport properties of the plagmmindeed, transprt
in the direction perpendicular to the magnetic field is around ten times higher than in the parallel
direction,i.e., transport is anisotropic. The first additional requirement for fusion plasmas is
related to the characteristic frequency at whichctherge particles spiral around a field line,
the gyrefrequency, defined as:

(1-12)
HereB is the strength of the magnetic field ands the ion mass. While the second isred
to the size of the orbit associated with the gyromotion, the Larmor radius,

AN
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(1-13
The additional requirement®orf a plasmato be magnetically confined are that the
gyrofrequency must be large compared to the corresponding inverse thermal transit time and
that the Larmor radius must be small compared to the typical macroscopic dimension of the
plasma. Both relationsnply that particles must make many gyrations before there is any
macroscopic motion of the plasriiar].

1.2.1.Description of plasma

Various levels of description are possible when describing a plasma. The most accurate
models are based on kinetic theory, which consists of determining the particle distribution
functions,fe(r,v,t) andfi(r,v,t), which depend othe position,r; the velocity v; and the timet
[29]. Less accurate descript®are given by macroscopic fld models, whose unknows are
functions of only space and time. A reasonably description of macroscopic equilibrium and
stability, transport, and heating and current drive is obtained with these types of models.

Fluid Models

A fluid model is based on dividg the medium of interest into a large number of small
elements, each of them containing a large number of particles and being described by certain
average macroscopic properties. However, for a fluid model to be valid, it must be possible to
define a rage of sizes for each element that satisfies that, at the same time, the elements are
not too small to not contain enough partiglasd not too large, so spatial resolution is not lost
[17, 30] In the case of plasmas, it is possible to use a fluid description in the direction
perpendicular to the magnetic field, since ibydes coherence to the particles in a fluid
element. However, the parallel motion must be treated kinetidal|y30]

The closed system describing a fusion plasma is formed by the conservation of mass,
momentum and energy, coupled to Maxwell 6s ec
species (electrons and igrsince alpha particles are neglected)wo-Fluid model[17, 30}
or a single oné MHD model[17, 30J to describe the system of electsoand ions moving
under the influence of magnetic and electric fields, depending on the desire accuracy of the
phenomena of interest.

1.2.2.Motion of a charge particle in the presence of magnetic and electric

fields
A plasma is made of a large number of charaicles, interacting with both electric and
magnetic fields. It is a complex problémdescribeheir behaviour, thus, the motion of a single
charge particle interacting with both kind of fields is revisethis subsectionThe motion of
a charged pécle under the influence of both magnetg{y,t), and electricE(r,t), fields is
obtained from the exact equations of mofjib#:

aﬁbn@w)d?
Ob

—, b
Qo

(1-14)
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Here,mandq are the mass and the charge of the patrticle, respectively, whéseatzsvelocity.

E andB refer to the electric and magnetielfls. The concept of magnetic confinement is based

on the behaviour of a charged particle in a uniform, time independent, magnetic field. However,
while confinement in the direction perpendicular to the magnetic field is good, there is no
confinement inhe direction parallel to the magnetic field. Indeed, the charged particlesrotate
with an angular frequency equal to the gyrofrequency in the perpendicular direction, whereas
along a field line, the particle has a constant uniform motion. 4oy o the perpendicular
motion, the trajectory is given by the following set of equations, where it is considered that
electrors and ions, due to their different charges, rotate in opposite directions (here on, the
upper sign will correspond to the electron):

WO ® 1 OBTO0 %
w0 ®wYi AT100 %o
(1-19)

Here,r_ is the Larmor radiusy ¢ is the gyrofrequency ardis theinitial phase of the charged
particle while xg andyg represent the guiding centre position of the particle:

wkow 1i Q& %

OKkw 100 %o

(1-16)
Wherexo andyo representhe initial position of the particl&@he concept ofuiding centre is
usedtobuildthesoal | ed AGui ding Center Theoryo, whioc

and position of the guiding centre of the particle. By this, an accurate picture of the average
particle location is obtained, differing frommet exact orbit by only a small deviation of the order
of the gyroradiu$l7].

The combined effect of the @dlel and perpendicular motions results in a helical
trajectory; hence, charged particles spiral unconstrained along field lines, with a small
perpendicular movement equal to the gyrorafllir. This has important consequences for a
magnetic fusion reactor, since it determines the particular magnetic field geometry capable of
confining plasmas. However, thisn®t the only consideration in the confinement of plasma
particles. Indeed, the presence of electric fields, the inhomogeneity of the magnetic field or the
curvature of the magnetic field lines should be taken into account, since they modify the helical
trajectory of the charged particles under the influence of a magnetic field.

First, the effect of electric fields is considered. The combined effect of electric and
magnetic fields results in a new drift, perpendicular to both fields. ThialtedExB-drift, Vp,
is independent of the mass or the charge of the particle, thus, electrons and ions drift with the
same velocity, given byl 7]:

Q0 @
0

@
(1-17)

In addition, any inhomogeneity of the fields will modify the gyromotion. On one hand,
inhomogeneous electric fields cause small shifts on the-fggquency. On the other hand,
magnetic field inhomogeneities result in an additional drift perpendicular to both the magnetic
field, B, and its gradien®B, and of equal magnitude but opposite direction for electrons and
ions (causing a net flow of a@nt). TheDB-drift is given by[17]:

11
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b UU_@Q@
d )

(1-18)
In this expressiony~ is the component of the velocity perpendicular to the magnetic field and
¥ is the gyrofrequency.

Moreover, the curvature of magnetic field lines produces a new guiding centre drift,
driven by thecentrifugal force felt by a charged particle due to its free parallel motion along a
curved field line. This new drift is perpendicular to both the magnetic field and the curvature
vector, small compared to the thermal velocity and comparable in magfatuglectrons and
ions of similar temperature. It supposes an important contribution to the flow of current. It is
given, in terms of the curvature vectBg,[17]:

E}_"i? &
1 Y @

145] u

(1-19
Here,v) is the component of the velocity parallel to the magnetic field, and the curvature vector

is obtained from® n@ 2, whereb is the normalized magnetic field vect@dk —

Finally, the case of timegarying fields should also be considered. An additional drift
velocity, in the direction of the electric fields, arises in the presence ofitemendat electric
fields. Since it has opposite directions for electrons and ions, it produces a charge polarization
in the electric field direction. The expression of this drift velocity, the polarization drift, is of
the form[17]:
p QO

W u TR
7 0 Qo

(1-20)

1.2.3.The rotational transform and other keyconcepts

The MHD model is applied to calculate the combination of externally applied and
internally induced magnetic fields that provide an equilibrium force balance that holds the
plasma together and isolated it from the first wall vacuum chamber. MHbeiquin a
toroidal geometry is separated into two pieces: radial pressure balance and toroidal force
balance. On one hand, since plasmas tend to expand uniformly along the minorrradius,
magnetic fieldsand currentsnust exist to balance this radiadpansion force. There are two

basic magnetic configurations tbdtdgnchbcandpt bdu
AZ-pincho . On the other hand, the plasma i s push

of the major radiusy, due to the unadable forces generated by both the toroidal and poloidal
magnetic fieldsTo determine the appropriate magnetic configuratiba,NIHD equilibrium

model basg on two basic assumptions. The first is that, in equilibrium, all quantities are
independent aime, whereas the second is that plasma is static. The set of equations that define
the MHD equilibrium model, which describes all magnetic configurations of fusion interest, is
[30]:

® & nn
n ® ‘@
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n ® m
(1-22)
Here,J is the currentp is the pressure ared is the vacuum permeability.

One of the general properties of MHD equilibria concerns the concept of flux surfaces:
magnetic field lines must lien constant presire flux surfaces; there is no componenBof
perpendicular to the surface. In a confined plasma, pressure and flux contours coincide, forming
a set of clsed, nested, toroidal surfacésaddition, current lines also l@ constant pressure
surfacesj.e, there is no component dfperpendicular to the pressure contodrserefore
current flows between flux surfaces and not across them. Finally, magnetic pressure and tension
are the two ways in which the magnetic field can act to hold the plasmaiibmgm force
balance. Radial pressure balance configurations of fusion interest is obtained by a
combination oft- andZ-pinchfields, known ascrew pinchand whose expression is given by
[30]:

Q 8 ,
'Q‘l r] cl ci ‘ N T[
(1-22)
Here,Bs andB; arethe componentsf the magnetic fielés defined irFigure8.

Figure 8. Gener al screw pinch odeagthreguivalgnt td actarus af majoy | i nd e
radius R [30]. Spatial coordinates are shown in blue, magnetic field components and resultant magnetic
field lines are shown in green, and ceimt components are found in red.

As said at the beginning ttiis chaptera fusion plasma must lmentained with a torus
shapeo avoid end losses. However, the bending of a straight cylinder into a torus results in the
generation of three toroidal forgedirected outwardly along the direction of the major radius.
Therefore, some additional forces must be applied to counterbalance such outward forces. The
first of these forces is th@hoop forc®, which is generated by bendin@ainchinto a torus
[30]. Due to this bending, the magnitude of the magnetic field is greater on the inside of the
torus than on the outsidieg., lines are packed more closely together on the inside. Due to this
relatiorship,and since the tension force degemn the square of the magnetic field, the tension
force is greater on the inside that on the outside. Therefore, a net outward force along the major
radius,R, arises. The second force is generated in battaad ad-pinch, since plasma pressure
i s invol ve diretubbetfiorcé s beamaedeifnof its analogy to
internal air pressure stretches the outside surface area of an inflated rubber tire tube nyore tightl
that the inner surface are@he magnitude of the expansion force, on a constant pressure
surface, is dominated by the size of the surface area. Therefore, there is a net tube force pointing

13
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outwardly alongR [30]. Finally, thefil/R force, generated in thé-pinchconfigurations, arises
because of the R/dependence of the toroidal field. The toroidal force depends quadratically
on B and, since the fields are larger in the inner part of the plasma due t&ttlepEhdence
in the diamagnetic situation (th@mosite is true for the paramagnetic situation), there is a net
outward toroidal force alonB. Due to the presence of these outward toroidal forces &png
an inwardly pointing force is required to establish toroidal force bal@@je An additional
property ofscrew pinchconfigurations should be mentioned, the rotational transfertnjs
produced by the combination of toroidal and poloidal magnetic fields, and it has the ability of
preventing the buildip of charge on the top abdttom of the plasma that occurs in a pdie
pinch configuration. This property is associated with the fact that, in a confined equilibrium,
the combination of toroidal and poloidal magnetic fields causes the magnetic lines to wrap
around the plasma; it defined as the average valued of the angle between two toroidal transits,
g, over an infinite number of toroidal trangi89]:

B VAo

(1-23)

Toroidal force balance is provided byethmotational transform, since it averages out
vertical DB and curvature drifts a& particle moves freely along the field line. Therefore, no
charge accumulation occurs, and, hence, the radially outgsBddrift cannot develop. The
rotational transform &ws defining a new quantity, the safety factyr), connected to MHD
stability, anddefined ag[30]:

- ¢
ni k =
(1-29)

In an axisymmetric torus, the rotational transform #edsafety factor for a flux surface

labelled byroare given by the following expressions:

— P io
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(1-25
However for thestellaratorcase in which the required rotational transform for toroidal

force balance is applied externally by means of a helical magnetic field, is different, since the
toroidal configuration of stellarators is not axisymnwgire., some quantities do vary with the
toroidal angle . In conclusion, the combination of a pure toroidal field plus a superimposed
helical field produces an external rotational transform capable of providing toroidal force
balance without the need for a net induced toroidal current.

Some additional quani#s must be considered, regarding stability of magnetically
confined plasmas. The first of these quantities is the shear, related to the radial gradient of the

rotational transfornand able to provide stabilif$0]. The magnetic sheas, is defined as:
. 1QnR i'Q—
' Aol To

(1-26)
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The second quantity is the magnetic well, related to the average magnetic field line
curvature. Its vacuum value is given by an averagkeeomagnetic pressure over a flux surface
[30]:

®w Q

9 O
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® S
(1-27)
In this expressiony(Y) is the volume of the nested flux surface labelled by

1.2.4.Three-dimensional configurations

Threedimensional configurations have thetential of providing toroidal confinement
without a net toroidal current. Moreover, these configurations possess nondegenerate flux
surfaces eveim the absence of plasma pressure and current.-@hresional configurations
are described as axisymmetiacus with superimposed helical fields. In stellarators, toroidicity
plays a major role in determining the overall behaviour of the plasma; in particular, it is crucial
in the creation of a favourable magnetic well and in the establishment of equilibtionts
associated with toroidal force balarjé€, 30, 31]

Stellarator configurations are low to moderafdarge aspect ratio dees in which the
magnetic field consists of a large vacuum toroidal field, a moderate vacuum helical field and a
small induced poloidal dipole field, with no net toroidal current, although such a current is
allowed to flow. From the point of view of stéity, stellarators, being fully thredimensional
configurations, are complicated systems. Since they are ctireentstability in stellarators is
dominated by pressugriven instabilities Of them, interchanges, stabilized by a combination
of shear andnagnetic well, are the most unstable perturbativ#s30, 31]

1.3. DESCRIPTION OF THE GOALS OF THE THESIS

Theoretical and experimentalusdies have been devoted to the study of pellet injection
into magnetically confined plasmas for more than four decades. During this time, both the
understanding of the several physical mechanisms involved in the ablation of the pellet and the
deposition bthe material, and the technology of pellet injection have improved notably. As a
matter of fact, first pellets, whose size was Q.@21 mm, were accelerated only up toi80
100 m/s[32, 33} hence, they penetrat®nly afew centimetres ito the plasma. However, at
present, pellets are injected much higher velocities (>00 m/9 and their size has also
increased. The enhance pellet injectigatem installed in ASDEXUpgrade[34, 35]is one
example of this progress, since it is able to inject pellets at 240 m/s and up to 1000 m/s, while
the available sizes are 1.5 mm, 1.75 mm and 2 mm. Another c#se iaiprovement of the
pellet injection technology is the JET pellet inje¢®&8], capable ofnjecting 4 mm pelletswvith
high frequency (up to 14 Hz) at 300 m/s.

On the other hand, along with the deeper comprehension of the experimental results,
theoretical developmesthave allowed improving the estimation of the pellet fuelling
requirements for reactdype devicesFor instance, i§33], 3 mm pellets at 9000 m/s were
predicted to be necessaryfteel a reactor of 2 m mor radius, central electron temperature
Te(0) = 20keV and central electron density®) = 3.%10?° m3. Nowadays, it is planned to
inject 5 mm pellets at 300 m/s into ITER plasni@g]; moreover, it is predicted that pellet
velocities around 1000 m/s are enough to fuel DEMO plagB&s This relaxation in the
requisites is partly due ttisplacement of the depited material in the direction of the magaeti
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field gradient, which favourmjection from theHigh Field Side (HFS) of the devicg89, 40}
However,HFS injection has a drawback: while pellet source extruder tectmnaueke pellet
accelerators are considered to be mature enough technoptagiable of fulfillingreach fusion
reactor fuelling requirementthe bended pellet guiding systems necessary for HFS injection
are a challengB7, 38] This challenge comes frothe fact that high speed pellets may not be
able tosurvive friction d internal guide tube wall$ the shape is not carefully design, thus the
geometry of the injection line lingtpellet velocity andnjection location In addition to the
technologichconstraints, the magnetic configuration is expected to play a role in the maximum
achievablé€uelling efficiency[41]. Not only that, dominant mechanisms are not the same for
injections into noraxisymmetric deviceft2, 43] Even though an enormous efftids been
madeto comprehend all the involved mechanisms, some experimental results are not fully
understood. Hence, further studies are mandatory to optimize both the location of the injector
and the pellet parameters.

In this thesis, the physics relatéal the injection of cryogenic hydrogen pellets in
stellarators is studied. In particular, the dependence of ablation, deposition and fuelling
efficiency on relevant plasma parameters and characteristics is investigaveal stellarators,

TJIl and WX. The goals of this work are:

(1) Egablish the relationship between pellet penetration, ablation rate, particle deposition or
fuelling efficiency, and pellet characteristics, magnetic field (plasma configuration),
plasma heating type, and plasma temperatuwtedansityfor T3l and W7X.

(2) Develop a code that simulates the ablation of a pellet injected Jrtagplasma.

(3) Comparedxperimentatiata with theoretical results from a wsthblished code for these
devicesand with datdrom aninternational pelletiatabase.

In order to fulfil these goals, @ellet injector, recently installed in the-Tikstellarator, is
usedas the main todio carry out experimental studies of ablation and fuelling efficiency for
different pellet and plasma parametelrs. paralel, a pellet simulation ade, which was
developed and benchmarked for tokamaks, is adapted to-tharidW7X environments. The
experimental results from d0are then used to benchmark this code so that predictions can be
made for W#X. Such work is oganized as follows in this thesim Chapter2, theoretical
models and pellet experiments are summarized, along with the unresolved isslliegs TJ
pellet injector and their diagnostics are described in Chapberaddition, an overview of W7
X is also given in Chapted, where its pellet injection plans are outlisperimens carried
out in T3Il are described@nd results are revieim Chapter4. In Chapter5, the ablation and
deposition code Hydrogen Pellet Injection (HPI2) is described; simulations ftrahd
Wendelstein 7X stellarators are shown, together with a summary of the adaption of the code
to both devices. Finall\Chapter6 is devoted to thebtainedconclusion and future work.
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2. REVIEW OF PELLET INJE CTION EXPERIMENTS AND
MODELLING

2.1. FUELLING NEEDS AND TH E PARTICULAR CASE OF

STELLARATORS

The ultimate goal of magnetconfined plasmas research is energy production. When
analysing the power produced by a future fusion reactor, the plasma density and temperature
radial profiles must be considered, since their shapes have an important effect on plasma
behaviour. In paitular, peaked density profiles at fixed beftalead to an average increment
of the fusion power density, whebas defined as the ratio between the plasma pregsuaad

the magnetic pressurg, —. Moreover, it is found thathe maximum power density

occurs at reduced average plasma temperatures for more peaked profiles. In addition, peaked
density profiles often lead to improved confinement regimes, which imply valuable benefits for
reactor performance. Peaked density prsfilave additional advantages for tokamaks, such as

an increment of the total bootstrap current,
or sawtooth suppression. Achieving such peaked density profiles requires that fuel reaches the
plasma corg¢42, 44] Core fuelling is expected to have additional benefits for a fusion reactor,

since it might reduce pumping requirements or the tritium inventory in the gas processing
system.

Core fuelling is also of primary importance for helical devis®sce the neoclassical
outwardpinch, related to the temperature gradient With ,<4ead8 to a particle outward
pinch[45]. This implies that strongly hollow density profiles, which may even lead to hollow
pressure profiles, are expected for central hegsl In the particular case of configurations
with magnetic wellV 6 6, th@inversion of the pressure profile originates a destabilizing term,
p 6 V 0,4n the stability criterion for resistive interchange mojdés:

R 000 600 T

(2-1)
Here §-dandgdare the fluxavera@ surface diamagnetic (the diamagnetic current, due to the
flows in the various plasma charge species, is define® @hs"—n. HereP is the plasma

pressure) and PfirseBchluter (produced by the shaitcuiting of toroidal drift polarizatio

charges along magnetic field lingk5]) current densities, respectivelyhig implies that, ifp 6

> 0 in the region where power is depositedpsy resistive interchange modes will appear.
Because of that, temperature and density profiles will flatten, degrading the central energy
confinement. Hence, in order to avaidhollow density profile and its disastrous consequences,
central particle fudihg is mandatory for electron and/or ion cyclotron resonance (ECRH,
ICRH) heated plasmas in helical devices. Moreover, the particle source strength must be nearly
proportional to the heating powgt5]. Indeed, assuming a purely neoclassical particle flux

density,”Y i , and taking into account additional losses in the energy balance,

3 Z

0° i 0 0 ——— (Pnis the heating power density profil, are radiative losses
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(both in W), andan is an addional energy flux density due to anomalous heat diffusivity) one
obtains an expression for the particle source profile as follows:

0° Y R
% v
(2-2)
Here,r is the plasmaadial coordinate (in m)[ is the plasma temperature (it is assumedThat
[TedTi;ineV),Xi s the total neocl assical energy flu
flux density. For the assumed conditioX$, snedlecting th&d derm, and ifthe additional
energy lossesi.e,r adi ati on | osses and fAanomal oPIs0 hea

- are also negligible (reasonable for peaked central heating), the resultant needed patrticle flux,
Sy(r) (in s%), is similar to the power depitesd profile,Pn(r). Therefore, a central particle source

Is necessary for ECRH and ICRH central heating. These estimations are independent of the
specific magnetic configuration as long as the electron and ion transport coefficients are
comparable in magpude, which is the case of the plasma core due to the high temperatures
[45].

The injection of cryogenic hydrogen pellets is currently the best candidate to refuel the
plasma core in large fusion devices, since the achieved fuel penetration is deeper than those
attained with other technigs. Indeed, fuelling particles are deposited inside the edge transport
barrier[45] when pellet injection is use whereas, for gas injection, they deposited at the
plasma edge. Moreover, the fact that the gas is deposited and ionized at the plasma edge leads
to high particle losses. Hee, fuelling efficiency, defined as the ratio between the total number
of deposited particles in the confined plasma and the number of injected particles, is much
higher for pellet injection than for gas injectiptv]. In addition, the injection of a pellet does
not have an associated energy source, as is the case of Neutral Beam Injection (NBI), which
may be detrimental to density control, particularlgtellarators, due to the energy and particle
transport coupling that may lead to hollow density profiles, increasing hence the need for central
fuelling and, therefore, worsening the situatién].

2.2.REVIEW OF PELLET INJE CTION EXPERIMENTS AN D RELEVANT

DEVELOPMENTS

Pellet injection was firstly proposed as a feasible method for plasma refugjlihg
Spitzer in the early 195(048]. First pellet injections were made into magneljcabnfined
plasmas in the 198(]32, 33] Since then, numerous experimental studies have been carried
out. Initially, these studies were focussed on the measurement of the ablation rate and the
penetration depth of the pellet, usually by recaydime Balmer K light emitted by the pellet
cloud, a method that was propose{BiB]. These have been carried out in a number of tokamaks
[42,44] and, in addition, in a limited number of helical devipt3]. Penetration studies led to
the formation of an intemachine database for pellet penetration as a function of pellet velocity
and mass as well as of plasma parameters, such as electron density aratuesnpeagnetic
configuration and heating meth@sl0]. It was observed that higgnergy electbns and ions
from additional heating power, lead to oxailaton of the pelletfor instance, at the plasma
edge,and, thus, taeduced penetratiofbli 55]. It was also found that, for similar plasma
parameters, pellets penetrate deeper for higher magnetic[Bélds$n addition, experimental
results show that ablation mechanisms for stellarator plasmasgarealent to those for
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tokamakd49]. The characteristics of the shielding cloudtsas density, temperature or size,
have also been studied by different procedures, mainly involving spectroscopy methods, in
different deviced42, 44] includingthe helical devicesieliotronE [57] and LHD [54, 58]
Studies with fast framing cameras or Charge Coupled Device (CCD) cameras revealed a
filamentary stucture of the cloud, so that it consists on bright and cigdeshaped zones that
extendalong magnetic field linep10, 59 63]. Electron temperatures of4leV andneutral
densities of 1& i 10?° m= in the neutral cloud anelectron densitiesf 107>-10?* m? in the
cigarshaped emitting region were fouptD, 60, 64 68]. Later measureménshowed that at

the beginning of the homogenization phase, the electron temperature increases 2 /20

and the electron density decreases & &@® [40]. In addition, expansn velocities of 107

10° m/s were reportefb0].

At the same time, fuelling experiments were performed in several ma¢hhés] The
dependence of the fuelling efficiency on different plasma parameters, including density,
temperature and heating method, and with pellet velocity and mass was studied. First attempts
resulted in a large scatter and undenegsted efficiency since mass lost during pellet
acceleration and erosion along the injection tubes were not taken into account. Additional
fuelling studies, carried out in several tokampld, showed increased efficiency to be related
to deeper penetratid69] and, on the other hand, decreased efficiency with auxiliary heating
[42, 44] More recently, in ASDEXU, it was found that fuelling efficiency depends on the
pellet injection location, being highéor injections made from the High Fieldd® (HFS) of
the machind39]. After that, comparisons of Low Fieldd® (LFS) and HFS injections have
been carried out in other devicesnfirming these differences tokamakssuch as JET70]
or DIII-D [71, 72} in contrast, results fromHD were not conclusivid3, 73] In addition, the
dependence of efficiency on confinement regiwas studied in ASDE>U and DIIFD. It was
found that the efficiency for the ELiffee Hmode shows the same dependence on penetration
and injection location, but that efficiency is lower for ELMynkbde for the sae penetration
depth[74i 76]. In parallel, improved energy confinement due to pellet injection was identified
in several tokamakgl4], and later, the extension of the operation regimen was achieved using
pellet injection in LHO53, 77, 78J]and in HeliotrorE [79]. Also, in the midl980s, a deflection
in the toroidal direction of the pellet jeatory was observed for the first tinig2, 44, 59]
Sometimes, poloidal deflections were also obsef¥&d. In addition, an associated radial
acceleration of the pellet was observed for pellets undergoing large toroidal deflg&&®ipns
These deflections are related to an unbalanced ablation on both sides of the pellet due to heating
asymmetriessometimes called theocket Effec{42].

Differences between predicted electron density profiles after ablation and measured
profiles, which revaled significant outward displacements of the material in the major radius
direction, led to detailed studies of the homogenization of the ablatant in the background
plasma. For instance, the parallel expansion of the plasmoid was studied in TFTR 0§ing an
ray camera and a FIR interferomef@®@], and later further studies were made in Tore Supra
[81] and LHD[53]. Velocities of the order of 2n/swere found to occur at the beginning of
the homogenization phase, which lasted up to 1 ms, while velocities of arofind/<0
afterwards were reportd82]. In other works, the radial displacement of the material and the
velocity of this displacement were measured, using arrays of optical fibres, If83JP
ASDEX-U [40, 84] JT60GU [85] and JET[86]. Indeed, drift velocities of the ordef 1C° - 10¢
m/s were found, along with a net outward displacement of the material for injections from the
LFS, whereas inward displacements towards the core were observed for HFS injections, in all
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tokamaks. In some cases, an acceleration of the pédliety the major radius direction was
found to be related to material displacemig, 87] Material drift has also been studied in
LHD. However, due to the complexity of the magnetic field and to some averaging éffects
the magnetic field and its gradient vary extremely along the plasmoid letigthnterpretation

of the meaurements is more difficult and the difference between LFS and HFS injection is not
as clear as for tokamal&2, 53] In addition, modifications of the plasma potential after pellet
injection have been studied in some tokamaks, both in the edge with Langmuir probes, where
it was observed that its value becomes more negative with pedletiamj[88], and deeper in

the plasma with HIBH89]. In the latter case, it was found that #ign of the potential
perturbation depends on whether the pellet is injected above or under the magnetic axis.

The developments outlineasboveshow thatpellet ablation isvell understoodand that
involved mechanisms are equivalent for tokamaks and rstielta. However, plasmoid
evolution and particle deposition are not fully comprehended in helical devices. These two
mechanisms are of most importance here since they are studied both experimentally and
theoretically. For instance, plasmoid drift is analy$or different plasma conditions using fast
camera images, and particle deposition profiles, obtained from Thomson Scattering electron
density and temperature measurements, are compared to theoretical predictions.

It can be seen that, due to its impade for future reactors, most devices have, or had, a
pellet injector and studies of pellet ablation and homogenization have been carried out with
them. Howevergven thouglcore fuelling is essential for stellarators due to the previously
mentioned core grticle depletion, the situation for this type of devieess different. In the
past, fev pellet experiments were carried out in stellarators. In contrast, the importance of pellet
injection for helical devices is now highlighted by the fact that the $aoyerentstellarators
(HeliotrontJ, T3II, LHD and, more recentlyV7-X) areequipped with a pellet injectddespite
this, further studies of pellet ablation, and, in particular, of the homogenization of the material,
are of vital importance for a congté understanding of the different mechanisms involved, to
validate the current models and to optimize both the location(s) of the injector(s) and the plasma
and pellet parameters.

2.3.REVIEW OF ABLATION MO DELS

When a cryogenic hydrogen pellet is injected iatanagnetically confined plasma,
plasma particles (thermal and ntivermal electrons and ions) transfer their energy flux to the
pellet, ablating it. The rate at which the incident particles ablate the pellet is given by the balance
between the energy fluf the incoming particles and the energy required to ablate, dissociate,
ionized and accelerate the pellet particles. Hence, the ablated particles expand around the pellet,
protecting it from further interactions with the ambient plasma. Therefore, ltbelipetime is
increased, thus allowing it to penetrate deeper into the plasma. Moreover, the ablation depends
on the efficiency of these shielding mechanisms; it is areglilated processeg., the shielding
cloud selfadapts in such a way that theah flux reaching the pellet surface is just enough to
maintain an adequate shielding of the cloud. There are three different phenomena that protect
the pellet, the dynamics of the cloud being the most impottatged, he heat flux is strongly
reduced de to collisions with the cloud particles, shielding the pellet almost completely. The
second mechanism, known as electrostatic shielding, is related to the fact that the cloud is
negatively charged with respect to the background plasma; thus, thessgarated negative
potential that accelerates plasma ions and decelerates electrons. Since ions dissipate their
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energy in the shielding cloud, the heat flux at the pellet surface is significantly reduced by this
negative sheath at the plasweiaud interf@e. Finally, the ionized fractionf dhe cloud or
plasmoid partially expels the magnetic field. Thus, the incident heat flux is also reduced by
magnetic shieldingThese mechanisms are considered in the different pellet ablation models
developed to datén the following subsection these models and the way such mechanisms are
handled are further explained.

2.3.1.Neutral Gas Shielding Models

The first models that attempted to reproduce the ablation of the pellet assumed-a steady
state, spherically symmetric expgaon and shockree transition flow. The gas dynamics was
the only shielding mechanism considenedhese modeland the plasma electron distribution
was rephced by a monenergetic beaniThese early models that only considered the neutral
part of the kielding cloud are known as Neutral Gas Shielding (NGS) mddé|s9Q 93].
Since only the neutral cloud was included, its behaviour was modelled by a set of
hydrodynamics conservation equations, an equation of state and an expression for the heat
deposition in the cloud. Under the prevsbumentioned assumptions, the conservation of mass,
momentum and energy were written[@%, 92}
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Here, r is the mass density (in kgfn v the velocity of the neutrals (in/s), p is the fluid
pressure (in Pak is the specific enthalpy (in J/kg), amds the rate of volumetric heat
generation (in W/r¥). In the expression for the heat deposition in the cloud, the plasma electron
flux was firstly approximated by a mowrergetic beam. Two different approaches were
adopted to approximate the electron heat flisx,In the first, from Parks and Turnbull, the
effect of elastic collisions was included, and the system was solved as an eigenvalue problem,
with_, €& ,3:¥.astheeigenvaly®0]. s i s defined as aectiorf f ect |
that accounts for both the elastic and the inelastic collisions3iriTime * refers to the values
at the sonic radius. In both models, the boundary conditions at the pellet surface were negligible
heat flux and temperaturka the second, from Milora and Foster, only inelastic collisions with
the cloud particles were takema account; hence, the electron flux was approximated by
¢ U (neis the electron density in &), and the expressions for the energy reduction and the
rate of heat generations were written as:
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Here,Le is the stopping crossection of electrons in a neutral gas due to inelastic collisions (in
eV-m?) andnapl in the density of neutral particles (in3n94]. In addition, some models were
developed with slaf®5] or cylindrical[96] geometries
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Later, the effects aitomicprocessesn theablated material oablatant were included.
The dissociation, excitation, ionization and radiative losses agded in referens¢93, 96]
Some models assumed LTE conditid@%i 99]; these models skned that the energy sink
corresponding to the ionization of the ablated material is responsible for a shock front in the
flow [98, 99] Additional modifications to the NGS model were done by different groups. For
instance, th effect of a realistic energy distribution was taken into account in refe{@gés
103], where the incident electron heat flux was assumed to be Maamwéii some of them, an
accurate description of the cloud heating, estimated from direct calculations, of the evolution
of the electron distribution function was givE@7, 98, 104]Inpar t i cul ar , i n Kut
the variation of the impact parameter,the angle of incidence of the particles,and the
particles energy distribution factioffE , hwerteconsidered101]. However, this model was
limited due to the assumption of spherical symmetry expansion and sonic velocity in the whole
cloud.

In addition, the effect of suprathermal particles was added in several models. The
influence of fast ions from NBlwerlei r st |l y added to Mil orads mo
representing the weighted averaged of electron and fast ions heat sources were [(h@f)ded
A different approach was used by Nakamura, who reformulated the eigenvalue problem to
include theeffect of suprathermal ions. In this model, two different menergetic beams were
considered, the thermal electrbeam and the suprathermal ions; hence, two eigenvalues were
necessary. A cloud whose parameters were not monotonic functions of thecoadiahate
was obtained with this methdd06]. A similar model was developed by Ho and Perkins to
account for the effect of fusion alpha particlé®7]. Finally, the effect of suprathermal
electrons was included by Pégourié and Peysson, who showed that, because oénoe pfes
fast electrons, the pellet is heated in volume, while the cloud hydrodynamics are not
significantly modified108].

The effect of the confining magnetic field was partially addressed in some models, which
accounted for the resultant anisotropic heat flux. MacAulay considered in hi$ tnede&oc
dimensional modification of the cloud shape, as well as the modified heat flux distribution at
the pellet surface. However, the pellet was assumed to remain spherical, and only an average
radius regression rate was u$8d]. Parkset al also considered the modification of the heat
flux and, therefore, of the ablation, due to the presence of a magnetic field, but without imposing
anyad-hocboundary condition at the pelleloud interface. In this model, the pellet, due to the
stress produced by a nomiform pressure distribution,as found to be fluidized and flattened,
leading to an increase of the pellet surface and, hence, of the ablatifg98r&®] Moreover,

a timedependent NGS model was presented9n]; atomic physics effects, Maxwellian
electron distribution and twdimensionagas dynamics were included. Lastly, in references
[98, 99, 104] the regression of the pellet radius was considered in order to calculate the cloud
expansion, but with the limitation of constant incident heat flux.

The NGS modal havebeen compared with a number of experimental results. Good
agreemat between the modelled ablation rate and pellet penetration depth, as well as the
measured Bemission, habeen found50, 109] A simple code based in the NGS model, with
the effect of NBI fast ion$106], has been adaptddr the TJ-Il and compared with the
experimental results, assktribed inChapter5. This model considers the dynamics of the
neutral cloud, with thermal electrons and suprathermal ions as heat sources, to calculate
ablation. In addition, it assumes radial symmetry and a spherical. pddef plasma particle
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elastic and inelastic collisions in the cloud are included. Moreover, assuming LTE conditions,
the hydrodynamics system is treated as an eigenvalue problem. Other additional effects, such
the effect of the magnetic field or a reatistlectron flux shape, are not considered since this
code purpose is being a simple tool that provides ablation without large computational time.
Indeed, including additional effects increases the computational time, bwil] Bs seen in
section2.3.3 results are not significantly improved.

2.3.2.Neutral Gas and Plasma Shielding Models

NGS models are able to reproduce considerably well experimental pellet penetration
depths. However, they describe in a very simplified way altgsses associatedth pellet
ablation, since they did not take into account the shielding effect of the ionized fraction of the
cloud. Therefore, this type of modeleed to be completed by adding the shielding effect of
the ionized ablated material. Baestimations of the effect of the ionized fraction of the cloud
i parallel expansion of the cloud once it becomes ionizeth be found if110i 112], whee
the transverse size of the cloud was quantitatively estimated. Several models, known as Neutral
Gas and Plasma Shielding (NGPS), have been proposed to describe the additional shielding
provided by the ionized fraction of the cloud. The first exampleth@sodel proposed by M.
Kaufmannet al [111] in which the temporal evolution of the ablatant flow along the magnetic
field lines was described with a singlelocity, twotemperature, partialonized and
compressible, ideal gas approximation. In addition, the particle saifngg)/dt, was assumed
to be given by the NGS model of Parks and Turr{®dl]. Hereabl denotes the ablated material.
Under the previously mentioned assumptions, and considering electrons, ions and neutrals,
denoted a®, i anda respetively, the following relationsips between the different kinds of
particles are used:
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Here, as in the last subsectiondenotes the velocityn is the atomic densityT is the
temperature, is the mass density, apds the pressure, of the corresponding kiofiparticle.
Moreover, constant flux tube cressctions and slab symmetry weassumed. Hence, the
conservation equations were written in the following way:

— EL &
0O T
£
T—‘T—su"Y|ss £
o T w
T—”DT—”U T— g a v ¢
o Y T ol N
L O A PO
T 0g q T w ¢ G

23



A study of the physics of pellet injection in magnetically confined plasma in stellarators

T i g a o ae Ziv %
ro 1o G S

\

To T
o Vil

T TQT T
UT—(ﬂ T_(ﬂ Q Q 1Y

NJ|cC

(2-6)
In these expressionsis the spatial coordinatdong the flux tube (in m), as defined in reference
[111];7 is the ionization energy per particlegr are the conductive heat fluxes éndis the

classical energy transfer from spedide specieg. Also, Y is the source strengthbs is the
threebody recombination rate, andsis the Saha equilibrium electron density (SI units are
used here)l11].

Several years later, W. A. Houlbezgal [113] proposed an extension of the NGS model
[92]t hat i ncluded the plasma shielding and whe
In this collisionless model, the incident plasma etetand fastion energy distributions are
modelled by multiple energy groups. The getfiting ablation was taken into account, as well
as the additional shielding provided by the quifeof the ionized pellet particles in the confining
flux tube. Howeverthe cloud radius, which plays a major role in determining the ablation rate,
is empirically chosen to fit experimental pellet penetrations deptfj&08j, two options for
the cloud radiusRcioud (in M), were given:
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Instead of using an empirical value, Lengyeinpaited the value of the cloud radius at
every energy flux surfacd 14], basing on a singleell Lagrangian model that described the
ionization and the expansion of a plasmoid in a magnetic figl8]. Afterwards, a time
dependent quasi twdimensional MHD ablation model wasgposed by Lengyel and Spathis
[116, 117] In this model, the ablation rate, the expansion of the cloud and the distortion of the
magnetic field were calculated in a setinsistent way. For that, two hydrodynamics codes,
oneonedimensional and another idimensional, were coupled. The former cadtet the
ablation rate for a given cloud radius; the electrostatic shielding was included in the stopping
length calculations of the cloud heating and, thus, of the ablation rate. In addition, the
conductive redistribution of the deposited energy and thgnetic shielding were considered.

On the other hand, in the latter code, the cfiedd expansion dynamics of the ablatant, the

values of the confinement radius and thanagnetic shielding factor were calculated for a

given ablation rate. Thus, the local ablation rate was calculated by averaging its time dependent
value over the residence time of the pellet in its shielding cloud. Moreover, the radius of the
cloud was obtained as a function of the local background plasma parameters and the magnetic
field strength.

In addition, Pégouriet al developed a mod¢b6, 118l based on Houl ber g
mockl [113], in which the cloud radius, along with cloud temperature and density, is calculated
with a single cell Lagrangian scheme eqlenato[114,115] Thereafter, several models were
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proposed to remove different limitations of these initial NGPS versions, such as the assumption
of homogenous heat flux or steashate. Firstly, a more accurate description of the electron
distribution tunction was included if119], where a Maxwellian distribution function was used

and the cloud heating was obtained from stopping length calculations. An equivalent
descrption was later included if120]. Both models took into account the full spatial
distribution of the ionization and, hence, of the condutgti in the cloud. In addition, the
potential distribution in the whole cloud was calculated in ac®iEistent way. In the former
model, one fluid with weighted properties was considered, whereas in the latter,srendral

ions were treated separatelth a collisional coupling between them. Moreover[lf9], it

was assumed that the pellet sheds periodically its shielding cloud and the instantaneous ablation
rate wa calculated as a function of the cloud development, removing, hence, thesttgady
approximation. On the other hand,[i20], the dynarts of the crosdield deceleration wa
obtained by MHD calculations.

Afterwards, the effect of the background magnetic field in the plasma heat flux
di stribution was i flell] Thereigftheiappromatioe & a €pkericalo d e |
pellet was removed, although the cloud was assumed to be sphaditalexpand at the sonic
velocity. Under these assumptions, the pellet became-Erdped, due to the larger surface
regression rate for areas perpendicular to the magnetic field. An additional improvement of the
model consisted in including the effect of highergy particlesMoreover, the possibility of
volume heating due to suprathermal electrons was also included. Furthermore, the electrostatic
shielding, albeit in the singlgheath approximation, was also taken into account. Nevertheless,
this approximation was removed [ih22], where the doubieheath was described in detailed
and the return flux of electrons towards the plasma was considered. Afterwards, the drift of the
plasmoiddown the magnetic field gradient was included in the calculations of the residence
time of the pellet inside the ablation cloud and, thus, in the estimations of the parallel size of
the cloud. The Maxwellian distribution of the plasma electrons was atdoded in the
stopping length calculations for the cloud heating. In addition, the single sheath approximation
was used to estimate the electrostatic shielding. At a later date, both the geometrical effects
related to the fast ions orbits, and the pabsilof heating in volume were included in a steady
state model with a detailed description of the doddnyer plasma sheafb5]. In this model, it
was assumed that tlablatant is frozen in the magnetic field when the ionized fraction is high
enough. Under this assumption, the residence time of the pellet was calculated, along with the

parallel dimension of the cloud, which is estimatedas i — . Finally, in[123], the change

of the flow geometry due to thexB force was included in a twituid, MHD electrostatic
model. However, it was assumed that cloud — is weak enough for the magnetic field to

be uniform and constant outside and insideabkatant channel,e., the plasmoid does not
disturb the background magnetic field.

Comparisons between models described here ar&gtion 2.3.1, and experimental
results are reviewed in the following subsection. In aolditthe most important effects are
highlighted. Finally, it should be noted that the ablation moded in the Hydrogen Pellet
Injection (HPI2) code, which is the wadktablished code used in this work to simulate pellet
injections into the TJI and W7X, is based in the enhanced NGPS madieleloped by
Pégouriéet al.in [55]. This is a further improve of models in referenfsd 118]
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2.3.3.Comparison with experimental results

Results obtained with these NGPS models have been compared with experimental results
from different devices. Fla4, 115]was usedroceprodudee n g y e
several péét injections in TFR, PLT, 1.0, ASDEX and JET114]; in addition, the radel was
validated for ASDEX[124, 125] showing that the predictions were within the range of
measured val ues|[56 P&wgas compagd with rooedSeidra experimental
results; the model was able to reproduce particle deposition profiles and pellet penetration
depths. Lengyel's and Spathis's mdddl6, 117]was also found to agree with penetrations
depths measured in ASDEX [117]. Later, the effect of fast particles included[%®] was
tested and a reasonable agreement was found between the predictions and the measurements in
ICRH and Lower Hybrid Current Drive (LHCD) experiments. Despite the fact thBING
models are more sophisticated and realistic, since they describe in detail all the shielding
mechanisms and include accurate distributions for plasma and fast particles, the agreement
betwee NGPS model predictions aeaperimental measurements are sighificantly better
when compared with NGS predictions. Moreover, NGS models are able to reproduce
successfully the experiments, even though the cloud dynamics is the only shielding mechanisms
taken into account. The reason is that the different additisimelding mechanisms are
balanced55, 109, 126]seeTablel).

Additional Effect Modification of the ablation rate
Maxwellian distribution of electron x4
Non-uniform heat flux distribution x0.5
Electrostatic shielding x0.5
Atomic physics x0.750.7

Tablel. Additionalshielding mechanisms contributing to the pellet ablation rate

However, the NGS nuel is not able to calculapmrameters of the ionized fraction of the
cloud, such as dimensions, ionization degree, temperature and density. Moreover, neither NGS
nor NGPS mdels can explain the difference between the measured ablation and deposition
profiles. For that, a model for the time evolution of the ionized fraction of the cloud that takes
into account the completexB drift is necessary,e., a homogenization modef the plasmoid.
Proposed homogenization models are described in the next subsection. In addition, the effects
suggested to explain the differences found between expected and measured density profiles are
reviewed.

2.4.REVIEW OF HOMOGENIZAT ION MODELS

Once thepellet material has been ablated and ionized, several phenomena take place until,
finally, plasma temperature and dengiagial profiles recoverDuring the homogenization
phase, the ionized material expands in the direction parallel to magnetic gsldifil plasma
and plasmoid pressureare equilibratel. During this expansion, the plasma potdntia
distribution is modified, as ke poloidal rotation profile. At the same time, this material drifts
down the magnetic field gradient. A number of homazgion models habeen proposed to
explain these phenomena. The origin of the latter phenomenon, the drift of the ionized material,
is explained irf127,128] for tokamaks. The vertical motion of plasmoid electrons and ions in
the nonuniform magnetic field generates ancompensated currefg (seeFigure9):
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In this expressionpo , are the plasmoid and plasma pressures (in B#&),the background
magnetic field (in T) an&is the tokamak major radius (in m). While in og@rcuit conditions,

an opposing polarization current cancelsBiBzcurrent:
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Here,no is the plasmoid density (in"#), m is the plasmoid ion mass (kg) andE is the charge
induced electric field (in V/m). Thus, the condition of current closure determind&ttieand,

hence, the cloud velocity, is (in m/s)obtained from
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Figure 9. Polarization of the cloud created by the vertical drift of plasmoid electrons and ions in an
inhomogeneous magnetic figlR7].

These sameauthorsproposed in[129] a 1-D model to describe the cloud parallel
expansionin which cloud heating was given by ntmtal conductivity130]. Plasmoid parallel
expansion was described by transport equations:
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Here,u is the parallel expansion velocity (in m/g)is the toroidal coordinate (in mJje the
plasmoid electron temperature (in eV) apgis the parallel component of the plasma electron
heat flux (in eVdm). It was assumed th@ito> Tio [129] and that the boundary conditions are



A study of the physics of pellet injection in magnetically confined plasma in stellarators

28

the density and the temperature in the unperturbed plasma. Different regimes were studied as a
function of the plasma temperature.

Pégourié proposed {i31] a two-cell four-fluid Lagrangian model, derived frof10],
where density and temperature were assumed to be constafig{sed.0). In this model, the
compression of the plasma by the expanding plasmoid was taken into account, along with the
expansion by the viscosity forces that develop at the giagma interface. In addition, the
increment in the cloud latal surface due to magnetic shear (Segirell) was considered, as
well as the increase of the inertia of the system from the plasma that is put into motion by the
expanding plasmoid. Furthermore, in this modek plasma potential perturbation was
attributed to the fact that the temperature difference between plasma and plasmoid vanishes
faster than the difference in density. Therefore, electrons propagate much faster than ions for a
given temperature and so Weathe cloud, which is positively charged, whereas the plasmoid is
negatively charged.

Figure 10. Geometry used in referen§&31] to compute the expansion dynamics of the plasmoid
(containing a number of electrons and ionsamedio respectively) in a flux tube of length(containing
a number of electrons and iong, &d b respectively). Zis the length of halplasmoid, while Land
L, are plasmoid dimensions in radial and poloidal directions, respectively. B indicatesehtoth of
the magnetic field. Jland L. are the parallel and the perpendicular to the poloidal symmetry plane

surfaces of the plasmoid.
P” \'\
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Figure 11. Transformation of the plasmoid surface parallel to the poloidal plane of syynfrair an
initial rectangular shape to a parallelogram shape due to shear during plasmoid expfi&ign

Later, Parket al.developed a ondimensional Lagrangian mod@él32] for the plasmoid
parallel expansion in which the heating of the cloud vi#ained from kinetic calculations of
the energy deposited by incident electrons. It was shbet pressure equilibration is rapid,
and much faster than temperature equilibration. Moreover, the coupling between the cloud
expansion, which causes pressutaxation, and the drift was studied. Hence, the resultant drift
velocity is determined by the balance between the compensation of the curvature current by the
polarization current, which is a driving term, and Alfvén wave emission from both ends of the
cloud, which reduces the drift. Strauss and Parks also proposed a plasmoid drift model. In this



Review of pellet injection experiments and modellir

case, a thredimensional model, with realistic geomettiaat follows the evolution of the
plasmoid until axisymmetric profiles are recovereds suggested33]. It was obtained that,
indeed, while the plasmoid is expanding, it moalesmigthe major radius direction. In addition,
it was found that, when the plasmoid is initially deposited on the LFS, the drift displacement is
reversiblej.e., plasma tends to revert to the previous equilibrium position. This is not the case
for HFS, since, when ablated material penetrates to the magnesi, it drives magnetic

reconnection. Finally, it was observed that the cloud drift is proportionak-tao ¢ | where

—is the initial position of the plasmoid.

All the abovementioned models are not able to reproduce the experimental results since
the drift tends to be overestimated. Therefore, several phenomena, related to the winding of the
field lines around the major axis of the machine, that depend on the particular magnetic
configuration have beesuggestecés modifiers of the drift acceleration. Rozhanskwyl, in
[134], proposd that the cloud polarization is reduced when the cloud lehg{im m), exceeds
acritical lengtlh e “ 1 ,ince the curvature and, hence,BiB2drift, are compensated along
the parallel dimension. Indeed, the plasmoid expands along the magnetic field timespaéd
of sound.cs (in m/s), while it drifts in the major radius direction, aafter a displacement of

e —, all plasmoid particles should have arrived apatts ofthe torus. Then, magnetic field

lines initially at the top of the cloud would be at the bottom after a poloidal turviemdersa
as observed iRigurel2. Therefore, the perpendicular current flowing between lines due to the
DB is reduced, and thus, the drift velocity. Then, the plasmoid motion is stoppéd at

0 — after being detachdidom the pellet. Here on, this effect will be referred adrbernal
Circuit Closure (ICC) effect.

Figure12 Schematic representation of ICC, i.e., skairtuiting of currents flowing inside the plasmoid
(represented by arms). The green shaded tube represents the plasmoid, while blue and red lines
represent two magnetic field linfs34].

The second é&ct was proposed by Parks and Baylor. They considerd®%) that two
opposimg effects modify the drift velocity ilEquation(2-11). The driving effect would arise
from parallel expansion, which enhances the curvature drift, and, hence, the polarization of the
cloud. On the other hand, tlwboud boundary would gradually change from a circle into a
rotated ellipse when the cloud expands along the magnetic field lines due to the twist in the
plasmoid crossection induced by shear. This shape distortion brings the space charges
together as thplasmoid expands, giving rise to a differential poloidal drift of the cloud ends.
Shear, hence, causes loss of coherency by shifting these end parts of the cloud to flux tubes
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outside the influence of the electrostatic shielding. Under these circumsttresses parts of
the plasmoids do not participate in the coherent drift motion. Therefore, the outside elements
are peeled off and deposited in the plasma.

Finally, Pégouriét al proposed a model in which the finite size of the plasma was taken
into acount[136]. A difference in potentiaF between the two extremities of the flux tube
results from the rotational transform and the winding of the field lines around the major axis of
the torus. The potential distribution, associated with the plasmoadipation, invades very
rapidly the whole toroidal shell in which the plasmoid is located, since Alfvén waves propagate
much faster than the pressure expansion. Hence, flux tubes of opposite polarization become
overlapped,.e., for a part of the cloud csssection, some field lines connectrahgh the
plasma, regions of oppasipolarization. Thereforeloud polarization is reduceds is the drift
velocity. From this point forward, this effect will be denoted asbBktrnal Circuit Closure
(ECC) effet.

The influence of loworder rationalg surfaces on the deposition profile was studied in
[41]. The relation betweemand deposition profiles is explained by the dependence of the drift
displacement on magnetield lines connection length, which imrhs depend on the local
value of theg factor. Indeed, in the vicinity af-rational values, where the connection length is
significantly reduced, the ECC mechanism is more effigreméducing the value of the drift
accderation. This implies thaablaed material tends to be further accumulated near these
rational surfaces. Considering this, the drift acceleration is given by
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Here,RoandZo are plasmoid radius and parallel length, respectively (all irrms)the plasmoid
location in major radius coordinates (m), dhdis thebackgroundmagneic field (in T). g0 is
the vacuum per’ Wwb/Aa)bvi (inimisyis tifedAlfvenispeed, defined ask

———andl |bs the external pld.Lmmain m)asrthe dux tubev i t y

effective length, dferent fromL &n(in m), which is the flux tube length. On the other hand,
Pconis the fraction of the cloud crosgction for which connection between regions of opposite
polarization happens, where@g: is the fraction for which the potential propéemalong the
cloud at Alfvén speed. Finallyf is the electron collision time, whilé is the ratio
between the selhductance and the resistance of the equivalent circuit formed by the
connecting flux tubes (both in.dj was shown that, since integgsurfaces are charterized
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by small values ofcon andLcon, the plasmoid drift is more efficiently reduced and, therefore,
integerg-surfaces act as drift barrigesl].

All the proposed effects, outlined above, have been compared with experimental results
from differentdevices. In the next subsection, these comparisons, and conclusions extracted,
are reviewed.

2.4.1.Comparison with experimental results

All homogenization models mentioned in the previous subsection have been compared
with measurements done on several tokamgks.r | nst anc e, Rozhanskybo
plasmoid time evolution and drift [127, 128]was compared with experimental resultfoiy.

The results of the simulations carried out by the group reproduced the experimentally observed
shift of the deposited material outwards along the plasajar radius with respect &blation.

In addition, stiations observed with CCD cameras were explained by this model. The
calculations of the model proposed by the same gro{4®2®j to describe parallel expansion,
carried out for preserttay tokamaks plasa temperatures, reproduced qualitatively the
observationsfor TFTRL37. P®gour i ®6s Lagrangi anevoiwichel| of
[131] was compared with Tore Supra experimental results.-iRjestion density profiles
predicted by ta model agreed well with measurements done for a wide range of experimental
conditions. In addition, predictions compared well with density increments measured on TFTR
[82, 137] Moreover, potential perturbations observed ir M [88] using probes qualitatively
agreed with mdel predictions. However, experimental results for JHART138, 139]cannot

be reproduced by this model. The model developed by Raiks[130] explaining plasmoid
parallel expansion and the coupling between plasmoid expansion and drift was compared with
DIII-D experimental results. Theoretical predictions were daionbe consistent with density
measurements. The simulations carried out with the Strauss and Parks driffX88{lelere

in accordwith experimental observations done in several devices. Finally, the different
mechanisms proposed BgB-drift modifiers were contrasted with several measurements. The
drift predicted whenthe ICC effect i.e., shortcircuiting of internal currerd [140], was
compared with the drift measured on BDI[71] and ASDEXU [141], andwasfound to be

four times larger than the experimental ones. Considering the critical length as a free parameter
to correct errcs coming from the fact thates compensation is a threBmensional
phenomenon, which is simplified in the deb, resulted impredictionghatwere in qualitatively
agreement with poshjection density profiles from ASDEX. Calculations carried out
considering the effects proposed by Parks and Biy8&] were compared with pellet injection
results from DIKD. It was shown that the predicted dispersion of cloud material is necessary
to dbtain a qualitatively agreement between both results. Lastly, simulation results including
the ECC effectwere compared with experimental results from JETLOT DIII-D and Tore

Suprg 136]. The agreement between measurements and calculations waslkaséoaever,

when compared with observations from FTU, it was found that some individual cases presented
a simulated deposition profile narrower than the experimental one. Simulations taking into
account the effect of integgrsurfaces were compared witlkperimental results from DHD

and Tore Suprptl]. It was seen that the calculations reasonably reproduced the measured total
drift displacement. However, it was observed that the effect eblal@r rational surfaces could

be underestimated for HF§ections. In addition, gprofile scan was performed in Tore Supra

and compared with simulations obtained withiyelrogen Pellet InjectiorHPI12) code[142],
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which is able to describe the ablatigmth an enhanced version of the NGPS modal) the
subsequent material deposition of the ablated material considerinifthdamping effects
outined in Section 2.4, i.e.,, dampingproduced by Alfvén wave emissidi32], internal
currents[134] and external currents flowing along magnetic field lifiE36, 143] It was
obsenred that the final drift position depends on thprofile, a fact that is well reproduced by
simulations carried out with the HPI2 codgecause ofthe HPI2 ability to reproduced
experimental results, it is a reference code for tokamaks.

From all the redts reviewed above, it can be concluded that it is necessary to include all
the prosal mechanisms to correctly estimate the plasmoid drift and, hence, the deposition
profiles. Otherwise, drifts anender or overestimated.

2.4.2.Additional points for non-axisymmetric devices

The main phenomena responsible for the parallel expansion of the plasmoid and its drift
down magnetic field gradient are well known. However, all the models and the experimental
results that have been mentioned to this point are for taksnirhe fact that the drift
mechanisms depend on the magnetic configuration means that the resultant drift may be
different for noraxisymmetric devices. Indeed, experimental results from the Large Helical
Device (LHD) showed that HFS injection does navé the beneficial inwards drift observed
in tokamaks. Having this in mind, a set of simulations was carried out by R. Ishizaki and N.
Nakajima[144]. Results confirmed that plasmoid motion is different for tokamaks and LHD
configurations. It was found that different connection lengths determine the dominant force in
the plasmoid drift, and that this may explain the differdrgeovations in tokamaks and LHD.
Later, A. Matsuyamat al extended the already mentioned HPI2 code teaxasymmetric
configurations and performed a series of simulations feclien the mechanisms responsible
for the direction and magnitude of the trifotion of plasmoid§43]. Here, theExB-drift for
an arbitrary magnetic field geometry was inferred:
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From the conditior Q 1T, the electric field time derivative is deduced, and hence the

drift velocity is:
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According toEquation(2-16), acceleration is proportional to the inverse magnitude of

the magnetic field gradient length, and it vanishes when plasma and plasmoid

s!
pressuregreequilibratel.

For a noraxisymmetric configuration, which is the case of LHD, the magnetic field
structure is fully threelimensional. Therefore, the drift acceleratibas an additional
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contribution whichstrongly dependsn the plasmoid length. Because of the-agisymmetric
variation of the direction of the magnetic field gradient, an equivalent to the poloidal current
connection, described by Rozhangtyal [134] and Senichenkogt al[145], that reduces the

drift acceleratiorwas derived
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Thereforea damping coefficienty @ ——O E +— (Raxis the magniic axis radial

coordinate (in m) is found in helical devices for toroidal current connegtitue to the gradient

of the toroidal magnetic field component. This toroidal current connection occurs when the
plasmoid length reaches half a toroidal perioelcause a current, aligned with the magnetic
field line, connects the two opposi&B currents (sed-igure 13) that develop on the two
poloidal planes separated by half a toroidal period. The associated dampngsfacitten as:
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It can be seen that this effect is independent of the local value qfftio¢or. HereM is the
toroidal winding numbeof the device.

Parallel expansion

Figure 13. Schematic picture of the toroidal current connection explaingtBinHere, it is shown that,
when the plasmoid length reaches half a toroidal period of the magnetic helical configuration, a toroidal
current connection appes.

An additional contribution to the drift acceleration, coming from the radial magnetic field
gradient, wagonsideredy Matsuyamaet al [43]. As shown in this reference, tBd8-current
is tangential to the flux surface and directed alﬁng n" . In this particular case, any region
of opposite polarization inside the plasmoid is connected by magnetic field lines, which means
that the drift acceleration does not decrease with plasmoid parallel expaesitre damping
factor, A[Z], is 1. The authors developed an expression that includes the three mechHanisms.
this expressiont is considered that a plasmoid experiences magnetic field variatioersit
is sufficiently long.Hence, at that timepB-current sources and the associgtethrization
currents are induced at different points along the cloud length and are connected by-the field
aligned currents. Therefore, tH@B-current is considerednoaverage along the plasmoid
parallel dimension. In addition, the radial and the polaidenponents of the currents are taken
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into account independently, since they are not connected with each other. From the average of
the shorgircuit condition’@ Q1 it was obtained:
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Here,J,  are the geometric projections of th8 currens in they - andU- directions:
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SolvingEquations(2-19) and(2-20), the two components of the plasmoid drift are obtained:
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This model was included in the HPI2 code and compared with LHD experimental results
from pellet injections into NBheated plasmas from both LFS and HHES, 73] The
predictions agreed well with the measured pellet penetrations and deposition piofileser,
plasmoid drifts for HFS injection @enot well understood.

To date LHD is the only noraxisymméric device whose pellet injection results have
been compared with material drift theoretical predictions. Therefore, due to the critical
importance of pellet injection and material deposition for stesaale operation, particularly
for helical devices,urther theoretical studies are vital, so the difference in drift mechanisms
with respect to tokamaks can be determdife new version of the HPI2 code, developed for
W7-X, is used in this work to study pellet ablation and material deposition in theaid W-

X. This version considers all thdrift mechanisms described ire&ion 2.4. In addition, it
includes a generalized calculation of the exact magnetic and geometric quantities. Moreover,
the magnetic field variation alomdgasmoid length (parallel to magnetic field lines) is taken into
account, although in a simplified manner. A detailed description of the mechanisms considered
in this stellarator &rsion of the code is given ire&ion5.2

2.5.PRESENT STATUS

The physics underlying pellet ablation is well understood and current models are able to
reproduce experimental penetration depths and ablation profiles for both tokamaks and
stellarators. Hence, the physical mechanisms are the same for p®ibf tyevices. However,
the situation is different regarding material homogenization. Even though the processes of
plasmoid expansion and drift are well understood for tokamaks and simulation results agree
satisfactorily with measurements done in severéth@se devices, the mechanisms responsible
for the drift of the plasmoid in neaxisymmetric devicearenot fully understood. That fact
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that themagnetic field iscompletely threelimensional and the related average effects make
the analysis of the exparental results more difficult than in the case of tokamaks, along with
the fact that the number of helical devices where pellet injection experiments have been carried
out is reduced, do not help to improve the disadvantageous situation of stellanatibrst F
experimental studies are thus of vital importance to accomplish the necessary understanding,
and to benchmark the available codes, or to create new ones, that allow achieving density
profiles and values required to prove that stellarators aredi soleven better, alternative to
tokamaks in the path to attained thermonuclear fusion as an energy source. Moreovar, when
completeunderstanding@f the dependence of drift mechanisms on the magnetic configuration

is achievedit will be possible to tak advantage of this dependence and use it to optimize the
material penetration and deposition profile, also for tokamaks, like ITER or DEMO.

A pellet injector has been recently installed in the stellaratell, Where several
penetration and fuelling sties have been carried out during the elaboration of this thesis. The
results of this research will help enlighten some of the pending issues of pellet injection
processes in stellarators. In addition, pellet injection stuldieee beerperformed for the
recently commissioned stellarator WendelsteiK.Simulations have been carried out during
the progress of this work, which will help to understand the dependence on injection location
in stellarators and to optimize the injection into W'plasmas. Moreove theoretical studies
and simulations have been carried out for ITER pellet injector using the same code used for
W7-X, the already mentioned HPI2 co{46, 147] ITER will rely on pellet injection to
achieve the high density that will permit it to reach its fusion power objective. Due to the high
plasma temperature, shallow penetration is expected. Thus, the requiredlmpatestration
will be only achieved by taking advantage of the material drift. Hence, any improvement in the
understanding of drift mechanisms and the dependence on the magnetic configuration and the
injection location will help ITER in its task of prang the feasibility of fusion.
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Description of experimentatystems

3. DESCRIPTION OF EXPERIMENTAL SYSTEMS

The experimental work described in this thesis has been mainly develofedTidl|
stellarator. Here, a largeumber of pellet injections has been performed. Such injections have
been analysed and comparedth simulation results. In addition, a limited number of pellet
injections has been done in the \W&tellarator. However, due to restrictions in the available
experimental time and some limitations in the diagnostics, a detaiegbrison with simulated
results, as done for 710 has not been possible. In this chapter, all experimental systems
characteristics used in the mentioned pellet injections will be summarized. First,-the TJ
stellarator will be described. Then, the-IT pellet injector, along with itsn-line diagnostic
system andassociated diagnostics, will beeviewed Afterwards, the Wendelstein-X
stellarator will be outling, along with ts currentrecommissionedpellet injector system. In
addition, some highghts of the planned injector system will be provided. Finally, a brief
account of different plasma diagnostics, relevanpellet injection studies, will be given.

3.1. THE TJ-ll STELLARATOR

The flexible heliac TdI is a stellarator located in the Laboratilacional de Fusion
(LNF), Ciemat, Madrid (Spain). It is a foyperiod, lowshear, mediursize device, designed
in the late 1980s to have a high flexibili§48]. After five years of construction, undar
EURATOM-CIEMAT collaboration, it started operation in 198&9]. Main TJIl parameters
are listed inTable2, where major and averaged minor tegjiplasma volume, nominal magnetic
field and rotational transform valuesefound. A set of toroidal, poloidal and vertidald
copper coils is responsible for the magnetic field that confind$ gldsmas (se€&igure14).
32 of these coils, whose centres follow a toroidal helix of 1.5 m of rguioducethe toroidal
magnetic field (TF). The two centrabils, one circular (CC) and thether helical (HC),
wrapped around the former, formed #eecalled harecore andcreatethe threedimensional
twist of the central axis. In addition, two circular coils (VF) provide a vertical field that allows
controlling the position of the magnetic axis. Together, they generate a magnetic field whose
crosssection is beashaped and whose central valueBi§ 0 ) O 1.1 T. The hi
accessible magnetic configurations that cover a broad range of rotational transforms, for which
TJIl was designed, is obtained by controlling the cumeifowing in each kind of coil
independently. Additionally, the abstdu value of these currents is used to label the
configurations in the following manner: the current in hundreds of Amperes flowing through
the circular coil, the helical coil and the vertical field coils univocally determines the magnetic
configuration(te current in the toroidal field coils
1 T and is almost constant in all the configurations):HBGVF. The TJ-Il vacuum vessel is
made of stainless steel and its wall is regularly coated with boron and lisoushgasmawall
interactions are improved50].

TJ-Il Main Parameters

Major radius Ro=1.5m
Average minor radius <a> 0O O
Plasma Volume vV a3zl
Nominal magnetic field B(O)=1T
Rotational transform (at the plasmaedgl s (a) / 2~

Table2. Summary of main TlJ parameters
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Figure 14. Artistic T3l model,where the sets of poloidal, toroidal and vertical coils are shown in blue,
the helical coil in yellow, the plasma in purple, and some of the viewports in grey.
http://fusionwiki.ciemat.ews/iki/File:TJIl_model.jpg

TJ-Il possesses two different heating methods: the Electron Cyclotron Resonance Heating
(ECRH) and the Neutral Beam Injection (NBI) systems. The two gyrotrons that constitute the
ECRH system operate at 53.2 GHz, the second hacnodrihe electron cyclotron resonance
frequency, in the Xnode[151]. Each of them is able to inject250 kW from the outboard
side of the vess ell40 mgl52]. On tdeiother hand; thedwo tangertial o f O
NBlI injectors allow for O 300 msO pld siesV,0fP a
O 0.7 MW), one ¢thémagrtetceldgNBL, adinjecion), whilettte other
in the opposite direction @l 2, counteiinjection), as observed iRigure 15. During normal
TJI1I operation, plasmas are created by means of -BERing andin some casedurther
heated with NBI. Central electron plasma densities achigugdg the ECRH phase arg®)
06x10*¥m, while central electron and ion temperatures afe T 2 ke@and T( 0 ) -180 8 0
eV, respectively. NBI heating results in higher central densiti€3) ©@5x10'° m=, but lower
central electron temperatures{ T0) O 400 enVempenatuied age sliglitle higheo,

T(0) & 140 eV. However, pl asmasinjectonofreltralo be ¢
beamsonly. In this particular operational mode, the plasma is generated by dinal team

and the initial toroidal eledtr fields, induced when coil currents increase during the amp

Attained densities and temperatures are similar to those obtained with normal operation during

the NBFheating phase when a lithium coating is applied to the inner wall of the vacuum vessel

[153].

Figure 15. THI vacuum vessel and access ports (in yellow), together with the two NBI injectors (in
grey). On the left, NBI 1 i®@ind, while NBI 2 is on the right.
http://www.fusion.ciemat.es/files/2014/01/tjiiNBl.png
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Description of experimental system

During T3l experimental campaigns, hydrogen, deuterium and helium can be used as
working gas, hough, for this particular work, only hydrogen plasmas have been studied.
Working gas fuelling is usugllaccomplished by a set pfezoelectric valves and driven by
pre-programmed voltage signalsh&se valves, toroidally distributed aroundiele vacum
vessel , 3m@°partidlests. Tidse signatofiles are mainly defined by the desired
density inside the vacuum vessel. The system provides both thiipgebefore the discharge,
and active fuelling during it to maintain the plasma dgnmiofile [154].

3.2.TJ-ll PELLET INJECTOR AND ASSOCIATED DIAGNOSTICS

The pellet injection system operating in-lT3ince 2014 is a fodbarrel pipe gun device
with a cryogenic refrigerator fan-situ pellet formation (10 K)fast propellant valves for pellet
acceleration (velocities between 800 m/s and 1200 m/s can be achieved) and straight delivery
lines. This system, which will be used during all the experimeistsussedn this work is
described, together with the twoykeiagnostics found along the injection lines, which provide
timing signals, one of time proportional to the mass of the pellet. In additiorslITpellet
injection system hstwo associated diagnostics that are described after diveidiagnostics,
a photodiode light detection system and an di&st CMOS camera.

3.2.1.Pellet injector and in-line diagnostics

The pellet injector (PI) operating in -TUis the resultof a collaboration betwee@ak
Ridge National Laboratory (ORNL), Tennessee, USA and the Ladrar&Nacional de Fusion,
Ciemat. The type of pellet injector chosen foflTi$ one class of ORNL injectors referred as
fipellet injector in a suitcage because of iIits compact si ze, W
relocate[155]. Desigred to provide a flexible means of plasma fuelling on a wide range of
devices, it is ideally suited for the -Tapplications[156i 158]. The prototype, a pipgun
device with a foubarrel capability and a cryogenic refrigeratorifositupellet formation, was
installed on the Madison Symmetric Torus (MST) in early 2A®&3]. In this ORNLCiemat
collaboration, ORNL provided most of the hardware and instrumentationn-thme pellet
diagnostics and pellet transport tubes; thus, pellet formation, aato@ber guideline
diagnostics, delivery and control systems were developed, built and tested at the laboratories of
the Fusion Energy Division of the ORNL. Whereas, on the other hand, Ciemat provided the
injector stand/interfaced to the stellarator, th@genic refrigerator, vacuum pumps and ballast
volumes; the gas manifolds, remote operations, plasma diagnostics and data acquisition systems
[158].

Pellet Nominal Nominal Nominal Mass Particle content
type Diameter (mm) Length (mm) Volume (mm?) (mg) (H atoms)
1 0.42 0.42 0.058 0.005 3.08x10°8
2 0.66 0.66 0.226 0.02 1.20x10°
3 0.76 0.76 0.345 0.03 1.83x10°
4 1.00 1.00 0.785 0.069 4.16x10°

Table3. Summary of nominal characteristics ofIT pellets.

In orderto increase the flexibility of the system, different pellet sizere chosen for
each of the four barrels. For that, a NGS pellet ablation code was used to estimate the necessary
particle content and the velocity of the pellet. As a result, gun barmes 6610.42 mmType
1 pellet), 0.66 mmType-2 pellet), 0.76 mmType-3 pellet) and 1 mmType-4 pellet) were
selected Small cylindrical pellets Typesl and-2 , cont 40§ and 1.2010°
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hydrogen atoms, respectively) are necessary for experiments in which the gyrotadh cut
density limit (~1.7x13° m3), and so plasma collapse, must be avoided. Larger pdligisg

3 and-4, containingd 1 .'8Baxnld0 O °4H.atbms] r@spectively) are used to penetrate
deerinto high-density NBtheated plasmas. The NGS code also predicted that pellets should
be accelerated to several time$ afs for good penetratioil57]. Nominal gellet parameters

are revievedin Table3. The TJIl Pl system consistef a gun box where pellets are created
and a gas propellant system for pellet acceleratiorHigeee16). In addition, the four injection

lines are equipped with two diagnostics that provide timing signals lkowl #r particle
accountability[157, 16Q. A single homogeneous pellet is frozen in each stahstess gun

barrel. Since the triple point of hydrogen is 13.9 K, pipe guns must operate at temperatures
lower than 10 K to reliably form and accelerate solid pellets. For that, a estagke cryognic

cooler (model Coolpwer 10MD by Leybold Vacuum GmhHCologne, Germany), with
cooling capability up to 4 W at 10 K is used; it allows four pellets to be created in sequence
between T4l discharges (7 9 min)[157, 160] Each barrel is attached to a copper assembly
section that, in turn, jos to the cold head of the cryogenic refrigerator. Both the section of the
barrels and the cold head are placed inside a vacuum vessel for thermal insulation. Additionally,
each barrel is equipped with two thermal shorts, one downstream and other upgbteam
cryostat, to roortemperature injector walls to precisely limit the length of thezingecell, by

the temperature gradiefit60]. The reduced size of Tl pellets requires the us# capillary

like tubes andpecialy designed gun barlFor such small pellets, long length tubes are not
practical; hence, 90 mm tubes, with the cryostat attached at the centre, dlbidsaé0] In

order to create a single pellet, the gun barrel region and its associated volld@ecy) are

filled to a pressure in theamnge of 5 to 50 torr, depending on the size of the pellet to be created
(higher pressure is required for larger pellets) and isolated, while the cryostat is maintained at
~ 30 K with a 25 W heater. A gas manifold is used to supply theteasure gas (<0D mbar)
required to make a pellet. This gas manifold, as the one required for pellet acceleration that will
be later mentioned, is equipped with remote controlled valves and the instrumentation to
monitor and control pressure and valve levels. In padicidoth gas manifolds consist of
valves, pressure transducers, volumetric tanks and tubes to supply gas. Afterwards, the heater
is turn off, and, when, the cryostat cools to 10 K, the gas freezes in the cold cell of the barrel,
so the pellet, whose lengthdirectly proportional to the pressure decrease in the isolated barrel
volume, formg157, 160]
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Figure 16. Crosssectional sketch of the U vacuum chamber, magnetic surfaces, and the pellet
injector. The relative locations of pellet Ling% through #4 are indidad with respect to the rear of
the PI. Reproduced courtesy of IAEA. Figure fi@n © 2017Centro de Investigaciones Energéticas
Medioambientales y Tecngji¢as.

Oncea pellet is created, a small isolated valve, situate@nstream, is opened, so any
residual hydrogen gas can be evacuated, and, after the propulsion system is activated, the pellet
can be guided, through larger individual guide 1.5-tabes, downstream. This acceleration
system consists of four fast proait valves, which operate with roetemperature hydrogen
gas at ~70 bar provided lahigh-pressure gas manifold, one for each guide tube. The amount
of gas used for pellet acceleration can be adjusted by vatynguise width of the trigger
suppliedto the solenoid valve (~1 to 3 mg)57, 160] Operation with closeouple valves in
the four injection tubes was chosen due the lack of reliability of mechanical punches, owing to
the extra heat load that the punch tip adds to the barrel.-Chogpte valves have the additional
advantage of allowmp very precise pellet arrival times at the plasma, which should not vary
more than a few hundred microsecofitB0]. Pellets are accelerated to 800200 m/s; lower
speeds correspond to smaller pellets, since the premsuhe base of small pellets cannot be
kept as high as for the larger ones, due to higher pressure drop and, hence, lower gas flow,
through the tubes with smaller bores. After acceleration, pellets travel through the guide tubes
to the TJIl vacuum vesselThese guide tubeseastraight sinceat such velocitiegellets will
not survive the stress from centrifugal and impact forces associated to curvg4édhebhe
total distance that pellets travel from the freezing cell to the plasma centre is {s2&rigure
16). These short and straight tubes have the advantagaiofainingmass losses due to friction
at the minimum

Injection lines are equipped with two key diagnosticeugh which pellets pass before
reaching the TJI, as shownin Figure 16 [157, 160, 162] The first one is a light ga that
provides a timing signal. It consists on a light emitting diode and a light sensitive diode, forming
a light barrier that procures a positive peak pwbkenthe pelletpasseghe lightbeam This
peak only facilitates timing information since & imerely approximately proportional to the
pellet size due to random pellet orientation as it passes through the light gate. The second in
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line diagnostic is a microwave cavity that provides a roggpendent timing signal, based

the fact thathe pellet causes a perturbation in the cavity electric field, due to the dielectric
perturbation of the pellet. Hence, measuring the frequency change due to the pellet, its mass
can be determined. Assuming that the perturbation to the cavity electric field isaach#hat

the power absorbed by the pellet can be neglected, the change in the resonance friequency,
due to the pellet mass is expressefl&8]:

wQ ... - - OONw
Q C.. -PsQo

(3-1)
In this expressiorko andE are the unperturbed and the perturbed electric fields in the cavity
(in V/m), respetively. While  is the vacuum dielectric constant dliid the dielectric constant
of the pellet. The electric field shape in the cavity depends on the operation mode of the cavity.
The TJII Pl microwave cavity is a single, toroidally shaped microwaveitgathat
simultaneously monitors all four injection lines, operated in the doiElroidal cavity mode at
a frequency of 10.92 GHz; this allows pellets in the range of @4nm to be detected. In
addition to the 10.92 GHz dielectric resonance oscill@&0) source, the microwave system
consists of a Schottky barrier detector with low noise amplifier;lm8 coaxial cable, a
vacuum flange with two coaxial microwave feedthroughs, and the vacuum spool piece that
holds the cavity160]. The microwave cavity gives a negative peak signal directly proportional
to the pellet mass, with a 10 % accuracy, which is a key quantity for particle accountability in
fuelling and deposition studies. This second timing signal, alongtitsignal from the light
gate, allows accurately determining the speed of the pellet, knowing that the distance between
two diagnostics is 0.585 m. In principle, the pellet speed could be estimated from analysis of
the microwave cavity signal. Indeed, &@rthe theoretical distribution of the electric field inside
the cavity is cosinshaped and the mass is proportional to the square of the electric field, the
location in the cavity where the microwave signal is at half of its minimum value corresponds
to the point in the cavity where the pellet has traverseeboiagter ofits length. Therefore, the
full-width at halfmaximum (FWHM) of the microwave detector curve roughly corresponds to
the location in the cavity where the pellet has travelledrhafowave cavitylength, which is
13.74 mmj.e., FWHM length is 6.87 mm faheTJ-Il microwave cavity; and, hence, the pellet
speed can be estimated as the FWHM length divided by the FWHM time. However, the electric
field distribution is slightly broader than asine distribution due to the penetration of the
electric field into the pellet guide tubes, thepeed estimated from this analysispresena
lower limit [160].

In addition, a turbo molecular pump based vacuum systemsures that the system
pressure is below 1Ombar so that the Pl can be opened to thél Vdcuum chamber. Surge
tanks, and gaps along the injection lines, ensure that the flow to-thehinber from the gas
propulsion is minimalFirst, a fourway vacuum cross provides vacuum flange ports that allow
mounting the turbomolecular pump and the first 25durge tank. Downstream, a sivay
cross is found; it provides mounts for the second -2&nk, a target plate mounted on vacuum
linear manipulator ashtwo viewports for visual access (degurel6). The target plate, a thin
plate that can be lowered into and raised out of the line, provides a way for testing firing pellets
when the minjpneumatic gate valvesaghe TJll vacuum port are closdd57, 160].

Finally, aspecially designed coupling systemsures suitable interface betwed¢he Pl
and the Tdl, so acceleratepelletscanenter the vacuum vessel. It consists of four guides fitted
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with small vacuum bellows, electric isolators, the minatpneumatic valve previously
mentioned, and an adapter flange mounted on the tube protruding from the selected access port
[157]. The chosen port, considering port availabilitg4], plasma orientation with respect to
the central coil and NBI path avoidar{@é5], is located is sector B2. Moreover, it allows direct
line-of-sight access from additional top, outside and bottom \oetspn B2 sector, as well as
from a tangential porthole located in a nearby sect@ha®nin Figurel?. Injection lines, as

can be seen ikigure 16, are separated by Smm both vertically and horizontajlynjection

lines are labelled Line #1 to Line #4 for clarityhereLine #1 and Line #2re the upper and
lowerlines, respectivelylocated at toroidal angle= 14°, and Line #3 the bottom and Line #4
the upper lines located at= 13°. Pellet types can be interchanged between the four injection
lines, so all pellet sizes can be injected into a path that crosses the magng2ic axis
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Figure 17. Birdds e y-B Theiloeationsmff the mageeticlcdils, Pl, associated diagnostic
and relevant plasma diagnostics are highlighfadl.

The distance between the Last Closed Flux Surface (LCF&)dfll plasmaand, for
instance, the light gate depends on the magnetic configuration, since pldsme varies, and
on the pellet injection line, due to the 54 msaparation between lines that means that the
magnetic configuration idisplacedbetween lines. This also implies that the closest approach
to theplasma centre varies between injection lirkas. instanceflight paths into the nominal
magnetic configuration (1684-64) for Lines #1 and #4 approach the plasma centre, whereas
the flight paths for Lines #2 and #3 have their nearest approachk & 273 and = 0.45,
respectively, where = r/ais the normalized plasma radius.

The PI system is fully incorporated into the-IT&ontrol and data acquisition system
[166]; it uses stan@lonePC-basednstrumentation. Control systems are handled with National
Instruments input/output cards operated with LabView software, while integration is done via
an Ethernet network and HTML padé$7]. A set of fast channels, arrangadcommercially
available fourchannel PCI boards, mounted on the controlling PC, collects signals from the
shock accelerometer, pressut@nsducer, light gate and microwave caviyata are
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incorporated into the Tl data acquisition system for remote control from the control room, as
TJII protocol stipulates, during the device operation. These acquisition boards provide up to
10 Msampé/s sampling capability, as well as-ti#s of ADC resolution. This autonomous
system, used by several-TXiagnostics, is controlled by4ihouse software developed using
LabView [168].

3.2.2.Detection of light from pellet ablation
The light spectrum emitted ltlge decay oéxcited electrons, characteristic of a particular

element, is used in plasma physics to identify unknown elements or to determine the density or
the temperature of those elements present in the plasmednsraf spectroscopic methods. In
the hydrogen casspectral lines, due to electron allowed transitions between two energy levels,
have wavelength a; given by the Rydberg formula

P v £ 2

_ € £

(3-2)

HereZ is the atomic number arRlis the Rydberg constant (in'th In particular, in this work,
the emission from the level= 3 to the leveh = 2 is followed to determine the lifetime and
penetration of the pellet and to establish approximately the ablatiofB8terhis emission
line, of wavelengtre= 656.28 nm, is part of the Balmer series, named after Johann Balmer,
who discoveedthe empiricakelationthat predics the wavelength of the series. Témission
that concerns this work is known agahd is the most intense of the lines that form the Balmer
serieqseeFigurel8). It was chosen because it corresponds to the visible regionsgebum
and, hene, the opticaimethods needed to detect it are simpler.
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Figure18. The spectrum of atomic hydrogen. The different series of spectral lines of emission are shown,
as well as the energy of each atomic level. Balmarhission at 66.3 nm results from transitions from
n=23ton=2[169].

An optical fibrebased diagnostics system installed outside two viewports of secter B2
used to follow the time evolution of thesBimissionOnedetector idocated above the injection
line (TOP OUTER), while the second is behind the injection path (SIDE), as can be seen in
Figure 16. The system consists of a 5 m long, 600 um diameter ofifica (M34L05 by
Thorlabs Inc., Newton, NJ, USA) with ayFlter (FB660-10, Thorlabs Inc., Newton, NJ, USA),
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which has central wavelength of 660 nm £ 2 nm;Width at half maximum (FWHM) of 10 *
2 nm, and peak transmission ©50 %; and a switchabigain amplified silicon photodiode
detector, where the collected light is directed, model PDA36A by Thorlabs Inc., Newton, NJ,
USA. These Si detectors are designed to detect light signals in the wavelength range of 350 nm
to 1100 nm162]. Their responsivity, (8, defined as the ratio of the generated photocurrent,
Ipa, @and the incident light powep?, is found in referencpl70]. The relation between the output
signal of the photodetector and the input power is given by the following relation:

[ P _ 0OQQEE NpoHL i

(3-3)

Termsin this expressiogan be found iTable4, where thedetectorspecificatiors for 40 dB
and 50 dB are listed. It should be noted that, as the gain increases, the bandwidth is reduced.

40 dB 50 dB
Gain (Hi-Z) [ 151 x10VIA+£2 % | 4.75x 10VIA+£2 %
Gain (]075x10VIA+2%| 2.38x16VIA£2%
Bandwidth 150 kHz 45 kHz
Noise (RMS) 340 pv 400 pv
Offset 4mV (10 mV max) | 4 mV (10 mV max)
Table4. Summary of performance specifications of the two PDA36A Si detectorts dskaolv the H
emitted by the pellet cloud. Values are shown for the two gain values used in pellet experiments (40 dB
and 50 dB).

The pellet path through h e  p | a s mawhile the distare florthenfibre to the
pellet path varies from 8.75 mto ~0.9 m for the TOP OUTER port, and from 0.6 m to 1.05
m for SIDE, so the light is incident on the fibre to withibh6® and ~6°, respectively (s€eigure
16). Therefore, since the acceptance angle of theitirerespect the pellet flight path is ~ 27°
FWHM, it is possible to collect light along the whole path and, hence, no lenses are necessary.
Nonetheless, correction is needed to compensate for light loss due tdSamggethe system is
intended to follov the temporal evolution of the pellet cloud light emission, the detector
bandwidth is set to a value that depends on the time the pellet needs to cross the plasma outer
mi nor radius, which is O 200 Os, anmnlyafehe pho
times 16°phot ons/ s . Hence, the detector bandwi dt!
high frequency signal variations, which can be up to 1 MHz, are to be detected, increased
bandwidth signal is necessary. In this case, one of theoBigdtectors can be replaced by an
avalanche silicon photodiode, model LCSA3@0by Laser Components, GmbH, Olching,
Germany, with a neutral density filter (O.D. = 2.5 to 4.0), combined with ttigtét, to avoid
signal saturation. This type of aval&aeghotodiode, of active area of 3 mm, has a-ujre
amplifier and high voltage supply. The current generated by incident photons is obtained from:

O P _ w0¢ 0 QIO &DE NipOL Qi
(3-4)
The internal gain of an avalanche photodiode detector (APD) depends on the reverse bias
voltage applied. The output of the avalanche photodiode at 656 nm is B\BWIO0This type
of detectorhas the disadvantage of a temperatlggendent gain, which results in reduced
signatto-noise ratio.

Finally, an ultrahigh-speed multifunction board with 4 analogue inputs and 20
Msamples/s sampling rate capability (model B&IS4020/12 by Measurement Computing
Corporation, Norton, MA), locatkin a nearby PC is used for data acquisition. The data is
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automatically transferred to the-Tidata syste, so it can be used fanalysis of pellet ablation
during T3l operation and for subsequent detailed studies

3.2.3.Pellet ablation fast imaging systm

The TJII pellet injection system possesses an additional diagnostic to follow the
evolution of the light emitted by the ablated material, as well as the pellet acceleration and
trajectory. It consists of a fasisible camera with a Complementary Met@ixide
Semiconductor (CI@S) sensor; this type of camdmformed by an integrated circuit that
contains an array of pixel sensors, each pixel including a photodetector and an active amplifier.
Their main advantage is their capability to achieve high samgppeeds, which is possible due
to the relative ease of parallel readl of a voltage matrix, compareéathe sequential charge
to-voltages required by Charged Coupled Device (CCD) camgr@s). In contrast, a general
disadvantage of CMOS cameras is the recovery of the sensor information, implying that, for
high frame rates, the sensor size is effectively reducedthe number of available pixels is
reduced.

The ultrafast CMOS camera used in-TiJor pellet studies is a monochrome FASTCAM
APX-RS by Photron Inc., San Diego, CA, USAdurel9) that records the ablatinglbet from
a nearby viewport located above (TOP INNER), behind (SIDE) or tangential (TANG) to the
pellet flight path (se€&igurel6 andFigurel17). This camera has a 2 GRgt digital memory
and it is able to record at frame rates of between 50 frames/s at full frame (1024x1024 pixels)
and 250 kframes/s at reduced frame (128x16 pixels). In addition, it is possible to control the
exposure time of the electronic shutter indejgamly, from 1¥ s, wherev is the frame rate (in
frame/s), to 1 us. Moreover, the FASTCAM AMRS possesses a calibration functioa, a
shading correction function, that allows correcting the-maiformity in output of each pixel,
based on a black lel The system is also equipped with a 4.5 m long coherent fibre bundle of
squared section of 6x6 mrand 50 lines/mm, which corresponds to 300x300 fibres, custom
made by Schott AG, Mainz, Germanyijth a transmissionof > 20% at 656.3 nnj172].
Moreover, machin&ision type camera lenses are includethasystem; in all the experiments
described in this work a 12.5 mm lens model HF12A3#y Fujinon, Tokyo, Japan has been
used.
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Figure 19. Photron FASTCAM ARRX, used in Tl for pellet injection studies, seen from a) framid
b) behind[173].

3.3. THE WENDELSTEIN 7-X STELLARATOR

The superconducting device WendelsteiX i& an optimized stellarator, lwiging to the
HELIAS line [18], located in the MaPlanckInstitute fir Plasmaphysik (IPP), Greifswald,
Germany. It is a fiveoeriod, lowshear, driftoptimized stellarator designed to demonstrate that
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the magnetic field optinzation results in significantly better plasma performance, combined

with properties required for a fusion reactoe,, to evince the capability of the stellarator

concept, in particular of the HELIA§pe, as a fusion power plant. For that, stestdye

operation at high normalized plasma pressure, with values of the valenege betapg, of

about 5%, ion temperatures o f'm3shouldbeattaindde V an
The stellarator optimization, achieved with coupled numerical codes for
Magnetohydrodynamic (MHD) equilibrium and stability, neoclassical transpaitt,odbits,

and divertor loads, leaded to a set of requiremfiid] to be fulfilled by the optimized

magnetic field geometrjd 75]:

() Nested vacuum field magnetic flux surfaces, which have sufficiently small relative
thickness of the magnetic island.

(i)  Favourable equilibrium properties with minimized Shafranov shift and small changes of
size and location of the outermost island structures for Thit® 4 %.

(i) At high ¢bg MHD ballooning and interchange stability must be ensured.

vy Reduced neoclassical transport in Wrhe 1/ 3

(v) Minimized undesired changes of the edge rotation trans{ajparticularly at hily 6bé,
must be ensure by reducing the equilibrium currents, especially the bootsiramd
Pfirsch Schliter,lps, currents.

(vi) Beneficial fastparticle confinement, with a sufficiently small prompt loss fractioob@t

= 4%.
(vii) Large curvature radiik;, in the coil contours and sufficiently large distance from the
plasma first wall, oW, are r eceplararcalst f or er

The optimization procedure resulted in a low shear rotational transform profile of
boundary value 5/5 Jde to generate the large magnetic island necessary for an island divertor;
additionally, it has an effective helical ripple of 1.5%. The major ra8ysf W7-X is 5.5 m,
and its average minor radiusg is 0.55 m, which corresponds to a plasma volofme 30 m
3, The optimized magnetic field of WX is generated by a set of 70 superconducting NbTi
coils. From these, 50 ngplanar modular coils provide the basic rotational transform, while 20
planar coils allow varying the rotational transform and sttfig the radial position of the
plasma. Moreover, 10 neeryogenic conducting coils enable sweeping of the divertor strike
lines while 5 additional coils are used for plasma edge control and error field correction (see
Figure20). This set of coilprovidesa maximum magnetic field of 3 TThe main steadgtate
heating system in WX is an Electron Cyclotron Resonance Heating (ECRH) sy§ig®,
177]formed by 10 gyrotrons, with output powgs tol MW per gyrotron, that agrate at 140
GHz, the 29 harmonic of the electron cyclotron resonance at 2.5 T. It is planned to u$é the 2
harmonic xmode (X2) for plasma staup and heating at low plasma electron densities,
whereas, it is expected to be changed to the@monic Gmode (02) for densities abehe
X2 cutoff density (1.220?° m3) and belav the O2 cubff density (2.420°°m3). In addition,
two neutral beam injectors (NBI), with maximum pulse lengtkpage O 10 s,  wi | |
total of Pnei = 7 MW of neutral power of neutral hydrogen atoms accelerated to 55 keV;
deuterium injection will also be possibleng = 2.5 MW, 60 keV)178]. Furthermore, an lon
Cyclotron Resonance Heating (ICRH) system, able to prd¥igte = 1.6 MW duringtdischarge
O 10 s, wadditiohalhgatingto cothglement the ECRH systdm9].
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Figure 20. Scheme of WendelsteisX7coil system (in blue).l&ma is also shown in yellow, together
with an example of a magnetic field line in the plasma surface (in griendPlanckInstitut fur
Plasmaphysik, Greifswald, Germany.

After more than fifteen years of construction, Wendelstel was commissioned in
2015[180]. First resilts from commissioning process confirmed that the expected topology of
nested magnetic surfaces is indeed obtained, with dmviamaller than one part in 3.(as
observed inFigure 21 [181]. Therefore,this demonstrated that building a large optimized
superconducting stellarator, accurately enough to generate good magnetic surfaces with the
required topology, is feasiblen December 2016, operation with helium plasmas stfl#s),
and, on the '8 of February 2016, the first hydrogen plasma was created. This first limited
operation campaign lasted 10 weeks, where only six of the ten gyroteqrastotal of 4.3 MW
maximum heating power, were available. Moreover, six indéget launch positions at the
low field side allowed the deposition profile to be moved vertically foraafé heating and
toroidally for current drivg177]. A magnetic configuratio was specially designed to avoid
plasma contact (the plasma size was limited, by five inboard limiters, to an effective minor
radius ofa= 0.49 m) with the metallic walls, having a rotational transform above 5/6 and a 5/6
island chain lying just insidéé plasma volumEL80]. In addition, the total injected power was
limited to 4 MJ to avoid overheating of the wall elements and unprotected diagnostics. The
main objective of this first operation phase, OP 1.1, was the integral commissioning of plasma
startup and operation, ugy the ECRH system and an extensive set of plasma diagnostics
[182], which included an ECE system, Thomson scattering, dispersion interferometry, imaging
X-ray spectroscopy, reflectometers, a diamagnetic loop, visiblesinfeared and infrared
cameras; impurity spectroscopy, bolometers, Langmuir probes, and electronrocyclot
absorption (ECA) and microwave stray radiation detectors.

Figure 21. Experimental visualization of the field line on a magnetic surface. The 5/6 island chain is
clearly visible in a poloidatadial Poincaré plot [181]. Credit: IPP, Matthias Otte
https://phys.org/news/20iG/-wendelsteirx-magnetiefield.html
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Plasma breakdown was easily achieved during OP 1.1, with the available ECRH power,
and discharges lasted up to 6 s, for moderated heating power. Plasmas were characterized by
low densities (linéntegrated densities up to 3X¥20n2), electron temperatusen the core up
to 10 keV, exceeding the ion temperature by a factorsofPreliminary studies showed energy
confinement times in line with the 1ISS04 scalibh§3], which, considering the unwanted energy
loss channels present, is a promising result. In particular, the exponent for the density is, within
the error bars, similar to the value of the scalingenebs the dependence on the power
degradation seems to be weaki34].

The next part of the initial operational first, OP 1.2a, took place during fall 2017. This
second operational campaign, less limited than OP 1.1, lasted 15 weeks. During this time, both
technical and physical experiments were perfornaed, more diagnostics were successfully
commissioned. Hydrogen and helium plasmas were obtained with heating power up to ~5 MW
(of 6.6 MW available). Higher densities than in OP 1.1 were acthigagticularly in helium
plasmas (densities up to7x10"° m= and ~3x10° m3 were achieve in helium and hydrogen,
respectively). This was allowed by the successful testing of the@2 heating scheme. Also,
on- and offaxis ECRheating were employed in different experiments. In addition, new
magnetic configuréns were used, in addition to the standard one (theibtghand the high
mirror configurations). Moreover, the blower gun was commissioned, and it was available in
several plasma experiments, with different working gases, target densities, heatinessammeém
magnetic configurations. Preliminary LFE-S comparisons were carried out, along with first
fuelling efficiency studies. OR.2 will be completed in summer/fall 2018 (OP 1.2b). During
OP 1.2Db, the blower gun will be operational again and pelleiestud|l advance. Afterwards,
the second operational phase, OP 2, will take place. During OP 2, it is foreseen to operate with
an activelycooled divertor and steadyate plasmas (30 min/10 MW).

3.4.PELLET |INJECTION PLANS FOR THE WENDELSTEIN 7-X

STELLARATOR

Pellet injection into Wendelstein-X plasmais anessential tool to achieve its scientific
goal of steadhstate operation at high plasma densities and, hence, demonstrate the viability of
stellarators as fusion power plants. During the first part of teeghase of W-X operation,
OP1.1, pellet injetions were not availab[@80]. Nonetheless, a recommissioned blotyge
injector[185] has been employed during the OP 1.2 phakéde a new extrusion type injector
will be available aa later date.

Hydrogen pellets have been injected into-Wplasmas during the second paritsfirst
operational phase, OP2a,usingthe ASDEX Upgrade bloweype injector[186, 187] This
same injector will be used during QR2b. Itspurposas to clarifythe impact of pllet injection,
from both the Low and the High Fieldd®gs, anl, hence determim whether injection location
is critical to achieve the required efficient cduelling, as in tokamaks, or if the beneficial
inwards drift is present in WX for HFS injection, unlike the LHD case. With this first injector,
2 mm diameteand 2 mm long cylindrical hydrogen pelletseinjected at velocities around
250 m/s, andta repetition ratep to30 Hz, through two different injections ports, one located
in the HFS part (AEL41) of the vessel and the other on the LFS (AEK41). jHo#on ports
are located at toroidal positiohgrs =-2.22 rad and .rs = -2.24 rad, respectively. Pellets are
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injected with angles of 0.13 rad for HFS a3 rad for LFS, with respect to the horizontal
plane.

Pellets are formed inside the extrusmgostat of the ASDE>XU blower gun, which is
cooled to ~ 5 K by liquid helium, so hydrogen is immediately frozen to the wall of the cryostat.
Afterwards, the cryostat is slightly heated, and a pneumatic piston scraped the ice of the wall,
so it is pushedhrough a narrow nozzle. Then, a thin rod of compressed hydrogen is formed,
which is pushed into the storage cryostat, also cooled with liquid helium, but at ~ 10 K. The
storage cryostat, able to hold an ice rod of 124imhangth (around 62 pellets), caneserve
the frozen hydrogen up tt® min. When a pellet needs to be injected into the plasma, the rod
is cut off by a lever that moves into the storage cryostat; it is then pushed out of the cryostat
and into the shuttle. Following this, the shuttle @ullet off the ice rod and moves it in front
of the fast gas valve. The valve is then opened, and, with a short pulse of propellant gas, the
pellet is accelerated into the barrel. The acceleration is produced by the drag between the pellet
and the prop#&nt gas; since the pellet is shot through a barrel of inner diameter slightly larger
than the pellet outer diameter, the small gap allows the propellant gas to flow around the pellet
and to smoothly accelerate it. However, heat transfer to the pelletrsased due to the
complete enclosure of the pellet inside the gas. The blower gun system is completed with
microwave caviesfor timing and particle accountability. Due to the complex geometry of the
injection tubes, particularly of the HFS tube, a ecdesable portion of the initial pellet mass
canbe lost due to evaporation.

3.5. PLASMA DIAGNOSTICS

An important number of plasma diagnostizs been developéd date This is of vital
importance, since a deep understanding of all the physical processes fildde inside a
plasma is key to lead fusion from experimental devices to commercial power plants. To achieve
this, many plasma parameters need to be measured with both spatial and time resolution. This
implies that a wide set of plasma techniques ises®&ary. These plasma diagnostics are
generally divided into two groups: active and passive diagnostics. The latter category collects,
without perturbing the plasma, the electromagnetic radiation or the scaping particles. On the
other hand, active diagnassi externally perturb the plasma and measure its reaction or the
effect of the interaction with the plasma. ThellTstellarator possesses several of these plasma
diagnostics. In particular, the pellet injector system is well equipped, as mentiocbedion
3.2 In addition to these, other diagnostics are used for pellet stlitiese areeviewedin the
following subsectioa

3.5.1.Plasma diagnostics relevant for pellet studies

Pellet studies require not only an accurate measeme of pellet mass angelocity or
following the temporal evolution of the light emitted by the pellet ablated mateutadso, an
accurate knowledge of plasma density and temperauoiution A brief outline of the
diagnostics used in these studitescharacterize the target plasibefore and after pellet
injectionis given here.

3.5.1.1. Thomson Scattering

A Thomson Scattering (TS) system provigesfiles ofboth the electron density and the
electron temperature, along the full plasma diameter, with $patitime resolutions. These
capabilities convert the TS in a powerful tool, employed in almost all fusion devices. This
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technique is based on tekectron temperature and dengigpendence of the elastic scattering
of electromagnetic radiation by freearge particles,e., Thomson scatteringcatteredight

from ahigh-poweredlaser is collected by a dedicated detection system. Analysis of this light
provides profiles of electroensity and temperatuf&88].

TheTJ-Il Thomson Scattering system (located in sector 0D2,14.5°, as seen iRigure
17), generally used in pellet injection experiments, provides electron temperature, density and
pressure profildor a single timenstancealong a plasmdischarge. This is a high rdgtion
andhigh accuracymulti position systemElectron temperature and density are measured at 160
spatial positions, along a 360 mm laser (a ruby laser is used) chord inclined 17° from the
vertical,i.e., with ~2 mm spatial resolutioff89i 193]. The profile collected is limited to with
} = 0.8 due to geometric considerations.

3.5.1.2. Interferometer

Interferometryallows measuring the temporal evolution of the plasmadireragd
density. It is based on the dependetersity of the refractive index of electromagnetic waves
on the electron. Thefore, if an electromagnetic wave is launched into a plasma, the interaction
between plasma and wave causes a phase shift that depends on the plasveaalge:
density. Measuring this phase shift, the plasmadwveragd density can be obtained.

TheTJll interferometer, located in sector B8= 264.4°, se€igurel?), is able to follow
the lineintegrated electron density along alT discharge with 10 us of temporedsolution.
The probing beam frequency is 140 GHie,, its wavelength is 2.14 mand it has an
inclination of 18.7° with respect to the vertical.

3.5.1.3. Electron Cyclotron Emission

The Electron Cyclotron Emission (ECE) diagnostic is used for time and space desolve
electron temperature measurements. It is based on the refitidoetweenthe electron
temperature and the intensity of the radiation emitted by electrons due to their gyrations around
magnetic field lines.

In the TJ3ll case, a 1ihannel heterodyne radiome{betweensectorsC4 and C5, =
315°), which covers the frequency range@0GHz,i.e., the second harmonic of the electron
cyclotron emission in Xnode polarization at 0.95 T, is used to measure electron temperature
profiles[194i 196] The spatial resolution is about 1 cm, while the typical sampling rate is 100
kHz.

3.5.1.4. Neutral Particle Analyzer

A Neutral Particle Analyzer (NPA) allows ion temperatures to be estimat@easures
the energy ditribution function of the neutral partisl¢hat scape forrthe plasma, since such
distribution is related to the ion energy distribution, due to charge exchange collisions between
hot ions and cold neutrals.

In THI, a Compact Neutral Particle Analyz&NPA), located in sector B1 (ségure
17) is used to obtain ion temperature profiles. With its 16 channels, it is able to detect hydrogen
atoms in the range of 1 to 44 kélO7i 199].
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3.5.2.0ther plasma diagnostics

To attain a deep and complete understanding of all the physical mechanisms involved in
pellet ablation and ablatant homogenization, other diagnostics, besides those already
mentioned, have been employed in selvepgeriments. In the following subsectiotie
characteristics of these diagnostesoutlined.

3.5.2.1. X-ray detectors
X-ray detectors, of different types, are usedtudya wide range of plasma aspects, as
impurity transporbr MHD activity, and to detectuprathermal electrons

In THII, a multichannel soft Xay system, consisting of five cameras with 16 channels
each, is located in sector A2 £ 104.5°).This system allows the tomographic reconstruction
of plasma emission200i 202]. In addition, soft Xray emissionscan be used to measure
electron temperature, assuming a Maxwellian electron energy diginpfrom the ratio of soft
X-ray fluxes passing through fileof different thicknesss[203i 205]. Moreover, hard Xay
detectors are used to detect the presence of suprathermal electron populatidhglesihs
[200, 201]

3.5.2.2. RogowskiColl
A Rogowski coil consistof a helical coil ofwire andis used to measure the current
flowing in a plasma by detecting the induced magnetic field.

In THII, two Rogowski coils are installed in sectors A5<(148.7°) and B4q(=211.3°),
under the protecting tiles of the groove that runs toroidally all along its vacuum vessel. This
way, net plasma current is measured in both sectors.

3.5.2.3. Diamagnetic lo@

Diamagnetic loops are able to measure the plasrmeegy content. In Fl, two internal
diamagnetic loops are installedsactorsA5 (« = 135°) and B4 ( = 225°).This systentonsiss
of a main loop enciraig the plasma column and a compensating lobglwmeasures only the
vacuum magnetic fluxThe energy content of the plasma is obtained from this system
measurementsyith a correctiorfor the net plasma curref06].

3.5.2.4. Heavy lon Beam Probe

The Heavy lon Beam Probe (HIBP) is able to measure the plasma electric potential, even
in theplasma core region. This magnitude is obtained by injecting a beam of highly accelerated
heavyions into the plasm&ome of these ions become doubly ionizeddeflectedrom their
original pathby the magnetifield andare thercolleciedby an analysr systemThe energy of
thesesecondary ions depends on the electric potential in the plasma volume crossed by the
beam.

TJI1l possesses a unique system formed by two HIBPs, located in sector B4 and A4 (see
Figure 17), which usescaesiumions accelerated to 150 keV. The first system can
simultaneously measure the plasma electric potential, the electron density and the poloidal
component of the magnetic fie[@07i 213]. In addition, it allows investigating the spatial
structure of plasma turbulen¢214]. On the other hand, the second injector is used to study
plasma potential asymmeds, as well as turbulence long range correlatj@ms].
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3.5.2.5. Langmuir Probes

Langmuir proles allow determining the electron temperature, density and potential of a
plasma. However, they are limited to relatively cold plasmes,of few eV. This technique
involves inserting one or more electrodas the plasmaedgeand measuring the currantthe
system as a function of its voltage, allowing the determination of the mentioned plasma
magnitudes.
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4.PELLET INJECTION STUDIES IN THE STELLARATOR TJ-
Il

Hydrogen pellet injection experiments have been performed-inofbnaxis ECRH and
NBI heatedhydrogen plasmas for a range tairget densities and for different magnetic
configurations since the commissioning of the Pellet Injector (PI) system in 2014. A number of
pellet ablation and plasmoid drift experiments have been carried outlintd &larify the
influence of heating method, magnetic configuration and plasma parameters on pellet dynamics
and fuelling efficiency. Representative experimental results are discussed here, and conclusions
are extracted. First, the methods used to analyse pbdtodignals and fasamera images are
described. For this, a representative pellet plasma dischaspevsi,and main features are
explained. Then, results obtained from ablation studies are presented, along with the analysis
of pellet trajectories fronfast camera data. Moreover, fastmera images are used to
investigate th&xB drift of pellet plasmoid Results and deductions are presented afterwards.
Finally, fuelling efficiency studies are described, together with findings and the explanation of
therelationship between plasmoid drift and fuelling efficientyhe TJ3ll.

4.1. ANALYSIS OF PHOTODIOD E SIGNALS
Light emissions detected by the system of photodiodes describéhapter 3,
corresponding to Balmergtladiation emittd by the ablatant cloud surrounding the pellet, need
to be corrected for light collection solid angle, collection angle with respect to the fibre normal,
interference filter transmission, detector efficiency and amplifier fginFor ths, the time
when a pellet enters the plasma needs to be accurately determined. Since pellet velocity is
calculated using signalgadm the lightgate and microwave cavity diagnostics (with time
resolution of 1 ¢s) ,Figwdl),dissuHigieattoknow tBexdistancea p a r t
between the lightate and the plasma edge to chltaithe pellet entry time in the plasma. This
distance, agxplainedin Chapter3, depends on the pellet injection line and on the magnetic
configuration; the same is true for the distance of nearest approach to plasma\sesdrebe
seen inFigure 17, as reference, the distance between the-fighe and the Fl central coil
(CC) is 3 m. Therefore, knowing the distance from CC to plasma edge allows determining the
distance betweethe lightgate and plasma edge, and thus, the time when a pellet enters the
plasma.Consequentlythe time, with respect to the discharge start time, when a pellet enters
the plasma (in seconds) is given by:
0 0 -
0
(4-1)
Heret.c is the time when the pellet crosses the light gate, das;c is the distance between
the plasma edge and the central coil, in m;\ans the pellet velocity, in m/s, calcuéat as:
™ Yu
0 0
(4-2)
Heretm is the time when the pellet crosses the microwave cavity lirssould be noted that
the reference times are with respect to the start tinteeafampup of the currents in the coils.
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The distance from CC to plasma edge is obtained for each injection line and configuration using
technical drawings of Fll with calculated equilibrium magnetic flux surfaces superimposed,

as can be seen kigure22for Lines #1 and #4,e., ats =14°, and the standard configuration.

It should be recalled that the microwave cavity sighlw (in V), is also used to estimate the

pellet mass. This signal has been calibrated as:
a ydop ™Yo 0 Q
(4-3)
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Figure 22. Closed magnetic flux surfaces of thellT100-44-64 magnetic configuration for toroidal
angle,l, 14°. Pellet flight paths through the plasma for injection Lines #1 and #2 are shown, togethe
with the distance from central coil to plasma edgeboxes).

Once the pellet velocity is known, the voltage signal obtained with the photodiode system

can be corrected, so ablation studies and comparison with theoretical predictipossarke
Firstly, the measured voltage is converted into photons per second that arrive at the
photodetector, considering the detector efficiency and the amplifier gain. The input power for
both photodetectors is:

sy . WO w

O TV ©

(4-4)

Here,R, the detector response in A/W for the wavelength of interesgntission(a-= 656.3
nm), is 0.44 A/W, whileG is the photodetector gain (V/A), set to thesirable value (see
Chapter3).

Next, the incident power is transformed to photons per sécprdl o t 0 n,T araving |,
at the photodetector:

P O U O oo

(4-5
Hereh = 6.626x106** Js is the Planck constant amis the speed of light. The wavelengshof
the Hyemission is in m. After, since the time of entrance into the plasma is known, it is possible
to make all corrections that depend on pellettmmsiassuming that the pellet is not radially
accelerated,e., that the pellet velocitguring ablationcorresponds to the injection velocity.
Later, it will be shown that this assumption is correct.
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Finally, the light flux emitted by the neutral clotitht surround an ablating pellet, in
photons per second, 0 is:

0O P O .,m — o
D0 0 “Yo
(4-6)
In this expressiony) —— is the correction factor fdight collection solid angle,

which depends on the distance between the fibre and the gelleind on the optitbre radius,

rt, whose value isX@0* m; T is the optical window transmission fact@pre is the correction
for the interference fier transmission; an@lis the correction for collection angle with respect
to the fibre normal.
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Figure 23. Raw signals from iine pellet injector diagnostics and photodiode system (red and sky blue
for SIDE and TOP photodiodesespectively) corresponding to #45086. Distances between the light
gate (blue) and the microwave cavity (green), and light gate and LFS plasma edge are indicated. The
velocity estimated from LG am\-cavity is 975 m/s, whereas the particle content88@16G°H atoms.

The light emission signals can be also used to estimate the lifdgme,and the
penetration depthe, of the pellet. Penetration depth is defined as the distance travelled by a
pellet atteng, the time when it is completely consun@dablated. These values are determined
by

(o 0 70 o

)

>\

T A
_ 8r U &

(4-8)
In the literature, penetration depth is often stated in terms of normalized plasma radius,
a/a, since it facilitates intedevice comparison. Both meters and normalized plasma radius
units are used here. An example of recorded Highée, microwave caty and H; signals is
found inFigure23. Once the Ksignal has been converted from raw data to emitted photons
per second, the time evolution of the emission can be studieHi(gee24).
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Figure 24. Corrected photodiode signals as a function of the normalized plasma radius for discharge
#45086. Here, a Type pellet was injected along Line #4 at 975 m/s. Blue line corresponds to the SIDE
photodbde, while green is the TOP photodiode.

4.2. ANALYSIS OF FAST CAME RA IMAGES

Fast camera images are used for pellet trajectory studies, for estimating plasmoid drift
velocities and directions and for detecting cloud asymmetries. This type of analysis requires an
accurate correlation between the fast camera images and the geometry oflthactidim
chamber, plus a precigketerminationof the spatial resolution of these images at the image
focus. An absolute or relative calibration of such images is not negeggaen that
spectroscopic analysis is not performed here.

First, it should be recalled that the fibre bundle and lens used for light collection are
positioned atside the vacuum chamber (seectton 3.2). The lens focal lern is chosen
accordingly to the required field of view and amplification. Since pellets penetrate between 10
and 40 cm into the plasma, depending on the size of the pellet and the temperature of the plasma,
and high spatial resolution is compulsory hereyjde field-of-view lens is needed. Therefore,

a 12.5 mm lens was chosen. In addition, due to the high intensity of light emitted by a neutral
cloud, noadditional intensifier is needeth contrast, it is necessary to reduce the amount of
incident light b avoid image saturation. This is done by closing the iris diaphragm of the lens
to an appropriate f/# valueg. /8 or f/11, where f is theiumber, defined as the ratio of the

focal length to the diameter of the entrance pupil. Next, after the Ieniselem appropriately
focussed, the relation pixeteter can be established. This distance varies for all possible
recording viewports, as can be seefRigurel6. In particular, the lens is focussed to 0.8 m for
INNER TOP and to 1.05 m for TANG (SIDE is not used here). Images of a test card, with
patterns of known sizes and separations, are used to determine spatial resolution by establishing
the equivalence between numbers of image pixels and pattern sizegh8idistance between

the pellet flight paths through the plasma and lens position varies, the spatial resolution is
corrected by means of geometrical relations. In addition, test card images can be used to
determine size of # minimum distinguishable dimsion plotting the light profile of the
pattern(Figure 25). The pixetsize equivalences can be foundTiable 5. It should be noted

that, for TANG and SIDE, the distanfrem the pellet to the lens is not constant. Therefore, the
pixel-image equivalencearies as the pellet penetrates the plasma. However, although this is
taken into account, the variation i2% for TANG.
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Figure 25. a) Reslution test target (positive USAF 1951 resolution test targets used to calibrate fast
camera[216]) recorded with 12.5 mm lens, with completely open diaphragm, at 50 fps and exposure
time 0.02 s. b) Intensity profile along blue arrow in upper figure and c) Integarsitije along red arrow

in upper figure, which corresponds to the minimum distinguished pattérpiXels ~.4 mmfor this

light conditions.

Afterwards, it is necessary to establish different reference points in an image in order to
determine pellet poson in the plasma for each recorded frame. In the case of TOP, optical
windows, located in the bottom of sector B2Rat 1.45 m anR = 1.69 m, (Se&igure16),
can be used as references to locate, for exan@eylasma edge. This is done by recording
imageswhile illuminating the inside of the vacuum vessel. Similarly, for TANG, aititernal
chamber reference points are used.

Viewport  Injection Line Size equivalence (mm)

) 0.5226
#2 0.5626

INNER TOP s D82
#4 0.5226

) 0.9543

#2 0.9543

TANG #3 0.9165
#4 0.9165

Table5. Pixelsize equivalence®r INNER TOP and TANG viewports at the four different injection
lines.

Having determined the spatial resolution and idettithe plasma regions, it is possible
to establish pellet cloud size and penetration depth, and to analyse pellet trajectory and plasmoid
motion. In addition, it is possible to study petiiud emissiomsymmetries and to relate these,
if present, to piet deflections.
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4.3.REPRESENTATIVE PELLET DISCHARGES IN TJ-ll: PLASMA

RESPONSE

Pellet injection has a very rapid and dramatic effect on the plasma. Firabnast
instantaneousdrop in electron temperature occurs due to pellet ablatipwliddociation ath
neutral H ionization. This is followed by a further drop in temperature and by an increase in
density as cold pellet electrons enter the plasma. In addition, the plasma current can be
momentarily modified when the pellet enters the plasma. Such changkemalated to the
deconfinement of suprathermal electrons. An additional explanation to this modifioatiioin
bethat the solid pellet behaves as a probe inserted into a plasmié,electrons accumulate
around the pelleton current increasés maintain quasineutrality. At the same time, the energy
content of the plasma deases due to the above processesKgure26 andFigure27). The
sharp and sudden pedkgshese graphs correspond to pellet ablation. This is a transient effect;
after a time, whose duration depends on the plasma parameters before injection and on the
penetration of the pellet, the density and temperature values return-itgegt®n valus
because of particle confinement times., the particle confinement time for -TU plasmas
increases with plasma density from 5 to 15 ms, beid® + 3 ms when the linaveraged
density goes above a critical densitg,, ~63 10 m=[217]. Generally, pellets that penetrate
deeper into the plasma provoke a larger density incrertaatbeing due to higher fuelling
efficiency [2]. Moreover, the density perturbation lasts longer due to longer confinement at
higher densities. Additionally, a burst of hareray emission is sometimes observed when the
pellet reaches the plasma. This is associgdthe deconfinement of suprathermal electrons
(this will be discussed i€@hapterb).
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Figure 26. NBI heated plasma TW discharge #43853 showing thevolution of the lineaveraged
electron density (blue), plasma energy (green)ghtission (orange) and plasma current (sky blue),
plus central electron and ion temperatures (yellow and purple, respectively). Here, the pellet enters the
plasma at 1215.8 m#élote: the K emission also shows the; Bimitted by the pellet.

In Figure 26, time traces from different W diagnostics show the effect of pellet
injection in a NBtheatedplasma. As mentioned, it is seen hdve lineaveraged electron
density, in green, increases within a few milliseconds after the pellet enters the plasma, while
electron and ion temperatures decrease. The plasma edecgyases, and subsequently
increases, but slower than the plasma densityaddition, it is shown how the electron
temperature recovers its pirgection value within a few milliseconds. However, the value of
the central ion temperature recovers more slowly. The percentage drop in all injections is
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15% [2]. Regarding ECRHplasmas, traces plotted Figure 27 show similarbehaviour,
although some differences are present. For instance, thenjgms$ion electron temperature
significantly lower than the temperature prior to injection and remains lower for a longer period
of time, mirroring the electron density profile. This is explained considering that increased
electron density implies reduced input power per plasmaretecke., Pecr+/Ne, and that this
effect overcomes the slight improvement in ECRH power absorption due to higher electron
density[2]. Moreover, the ion temperature increases after pellet injection, due to the increase

in Ne and reduction in d(collisional couplingwith the electrons, which scales with”Y
is the only energy source for ions).
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Figure 27. ECRH heated plasma TUdischarge #44818 showing the evolution of lihe-averaged
electron density (blue), plasma energy (greéfyemission (brick red) and plasma current (sky blue),
plus central electron and ion temperatures (yellow and purple, respectitAgd, pellets enter the
plasma at 1109.7 ms and 1155.6 Mete: the Hyemission also shows the; Bimitted by the pellets.

4.4. ABLATION STUDIES

A pellet injected int@amagnetically confined plasma is ablated due to its interaction with
the background plasma patrticles. It is assumed that this isr@gelated procesi.e., the line
integrated density of the cloud selfiapts in such a way that the heat flux at the pellet surface
is just enough to maintain the shielding capability of the clowhatequate valu@0]. The
rate at which the pellet is consumed is one of the main phenomena analysed when evaluating
the effect of pellet injection on the target plasma. It is possible to obtain an indication of the
ablation rate by alysing the K emission since both quantities are approximately related by
an expression developed[BB]:

Q) o Q60 O
(4-9)

Here, the lefhandside of the relation is the rate of production afgtotons (in photons/s),
dN/dt is the ablation rater{ atoms/s), & ¥ionis the coefficient for ionization of neutrals, and
<0 ¥excis the neutral excitation rate of hydrogen atoms. Hence, in this work, photodiode signals
can be used to estimate the ablation rate. In addition, they are used to deterpenetitation
depth of the pellet. Moreover, a relation between the plasma parameters and the heating method
with the lifetime of the pellet can be defined. Furthermore, the possible influence of fast
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particles on the ablation rate can be studied by amglybie Hhemission. In all these studies,

it is assumed that the pellet velocity, as determined from thedajb{microwave cavity
combination, remains constant along its whole lifetime in the plasma. This assumption will be
later discussed, when fast cameragesare analysed.

4.4.1. Ablation in ECRH plasmas

Severalfeatures are found in gdemission profiles for pellet injections into plasmas
maintained with different heating methodbBhey are mainly due tthe different plasma
temperaturessince ablation stronglyeghends on electron temperatued the possible induced
presence of fast particles. Representative exampleserhidsion profiles for different plasma
scenarios are shown kigure28 andFigure29. First, Hy profiles measured for Typ2 pellet
injections along Lingtl into ECRH plasmas made in the standard configuration are shown in
Figure28. These pellets contain on average6x10® hydrogen atoms and the mean injection
velocity is ~840 m/s. For the target plasma, before injection thedirgaged electron density
is ~5x10® m3, the central electron temperature i¢ keV, while the central ion temperature
is ~65 eV. As gen here, for these very reproducible injections, significant ablation occurs only
after a pellet has penetrated a few centimetres into the plasma edge temperature is very
low. In addition, it is seen that modulations in the recorded profiles repathithe examples.
Therefore, the oscillations of thegldmission can be considered real. Moreover, it is seen that
few oscillations are present near the plasma edge, and that both their frequency and amplitude
increase as the pellet penetrates intoptflasma. A possible explanation for these structures,
called striationsis found in Subsectior4.4.3 In addition, it is seen frorigure 28 that the
presence of suprathermal electramsar the plasma edge (for the standard configuration,
el ectrons with energies above 70 keV20hr e f ou
218]) does not enhance ablation. However, for the case-aike$fECRH plasmas, a pdption
of suprathermal electrons is generaaed maintainech the plasma core region. Depending on
the target plasma density, these electrons can cause enhanced ablation at the end of pellet
lifetime, as seen ifkigure28. When these electrons are sufficiently energetic, they can cause
heating in volume of the solid pellet. Such cases present a strong peak metmésgion, as
seen inFigure29.
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Figure 28. Pellet injection into standard configuration, ECRH, plasmas. Reproducible discharges
#41779 to #41786, where Tyfepellets were injected along Line #1, have been used. These pellets
contain 6.57x1% hydrogen atoms, and their mean injectielocity is 840 m/s. The lireveraged
density of the target plasmas is 56>,
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Figure 29. Hy emission corresponding to TyfBepellets, injected along Line #4, into-affis ECRH
plasmas. Discharge #44817 is represented by the green line; this pellet contains £ Agtbhs and
its velocity is 1024 m/s; while for discharge #44818, the ble thre particle content was 1.27x48l
atoms and the velocity 1051 m/s.

4.4.2. Ablation in NBI -heated plasmas

Now, the case of pellets injected into plasmas created with ECRH and maintained with
NBI is shown. Injections into plasmas heated with NBI 1 and with2\#&e plotted in different
figures Figure30andFigure31, respectively. It should be noted that no significant differences
in Ha emissions are found between both cases. Indeed, it can be observed that pellets penetrate
beyond the plasma centre due to the lower plasma target temperatuablation rate is more
strongly dependent on plasma temperature than on plasma dedaSiyMoreover, the H
emission reduces after the pellet crosses the magnetic axis, since all magnetic surfaces have
already been cooled. As in the ECRH case, the oscillations injidsion are reproducible,
and, additionally, both their frequency and amplitude vary alloagellet trajectory inside the
plasma
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Figure 30. Pellet injections into standard configuration, NBheated, plasmas in 9l Reproducible
discharges #41385 to #41397, where TF2peellets were injected along Line #2, hiveen used. These
pellets contain 7.1 + 1.7x3thydrogen atoms, and were injected at 1012 + 206 m/s. Thali&raged
density of the target plasmas is 219.1Mhe nearest approach to plaswentre(the flight path of Line
#2 does not cross the magnetidsd is at 0.172 m into the plasma.
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Figure 31. Pellet injection into standard configuration, NBI heated, plasmas. Reproducible
discharges #44619 to #44624, where Fgpeellets were injected along Line #4, have been used. These
pellets contain approximately9 + 0.5x10" hydrogen atoms, and the injection velocity is 746 + 45 m/s.
The lineaveraged density of the target plasmas is 1.5xt®. The nearest approach to plasientre

is at 0.151 m from the plasma edge.

On the ohher hand, cases where pellets were injected into plasmas created and maintained
with NBI only may present significant differences with respect to the standard operational NBI
mode, due to the presence of suprathermal electrons in the plasma core. Sudataopas
generated during the unconventional operation mode, in which plasma is breakdown is induced
by injecting a NBI beam into gas during the magnetic field ramHence, if a pellet is injected
during the early phase of the plasma discharge, white suprathermal population is still
present, pellet ablation will be enhanced, leading to a significant peak in #rission near
the plasma core, as seerfFigure32.

As a consequence of this enhanced ablapellet penetration is shallower than in the
case where no suprathermal electrons are present. In bothddild and NBtreated plasmas,
the ablation is additionally enhanced by the presence of NBI fast ions; also, the shape of the
ablation profile $ modified by suprathermal ions. However, their contribution to the ablation
rate is not as large as that of fast electrons. In contrast, fast ions have an important effect on the
trajectory of the pellet, which can be modified (see Sectidn Finally, pellets have been
injected into plasmas where both NBIs are used to heat the plasma, ad$gereBs. In such
cases, the neutral injection is almost balanced, bh&&shown later, and the modification of
the pellet trajectory is reduced or, even, supressed. Pellets injected into such plasmas show a
shallower penetration than the case where only one injector is employed, since for the latter the
target plasma tempature islower.



Pellet injection studies in the stellarator T

8 1 1 I

i _;;F,\\'erage H_
[ 38067
6 L =—38068
38070
| =——38075

(102" photons/s)

83

H emission
o
1

0 0.05 0.1 0.15
Distance from outer plasma edge (m)

Figure 32. Pellet injections into the NBI-dreated plasmaso ECRH in the standard configuration.
Reproducible discharges #38067 to #38075, where-2ypallets were injected along Line #2 (closest
approach tgplasma centre is at 0.172 m from the plasma edge), have been used. These pellets contain

approximately 8x1% hydrogen atoms, and the injection velocity is 1000 m/s. Thaliesged density
of the target plasmas is 1.1%16n3,
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Figure 33. Pellet injection into almogbalance NBiheated plasmas, in the standard configuration.
Reproducible discharges #44639 and #44641, where-Zymmllets were injected along Line #1, are
shown. These pellets contained approximately 68xd@ 9.8x16® hydrogen atoms, respectively.

Injection velocities were 899 m/s and 635 m/s, respectively. Thavaraged density of the target
plasmas was 1.36x10m?.

4.4.3. Striations

The Hylight emitted by the neutral cloud, as seerrigure 28 to Figure 33, is usually
modulated. These oscillations, or striations, appear to depend, at least, on plassnattee)p
since they are not observed near the plasma edge, and their frequency and amplitude increase
as the pellet penetrates towards the hotter plasma core. Moreover, their amplitude and frequency
are reduced after the pellet crosses the magnetic axiadditional characteristic of striations
is that, as the pellet crosses the plasma axis, a relatively strong dip in ¢n@dsion occurs.
Striations are usually observed in fast camera images in other dgMdgasowever they have
not been found in Fl since their size (few millimetres) is significantly smaller than the size
that can be resolved with the current feetnera system (sdeégure 25). In current maels
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striations are linked to two different mechanisms. In the first one, the relative motion between
the plasmoid and the pellet is considered to be responsible farostsi, since, @k to this
motion, the pellet periodicallpsesits shielding cloud (this corresponds to an increase of the
ablation)[40, 60, 220] The second model is based on the Rayldigylor instability[221,

222], driven by theExB rotation of the plasmoid about its symmetry axis paralleBto
According to this model, striation frequency deperh the ratio between the electron
temperature and the magnetic field, andytappear only for a threshold rotation frequency,
I.e,, for a threshold electron temperatiabdout 100 eV for TJI). Observations in T, in
agreement with results for ASDE%9], support this theory, since striations are not present in
the plasma edge and their frequency and amplitude increase with pellet penetration. In addition,
for pellets penetrating beyond the magnetic axas,for pellets that crossed coolethgnetic
surfaces, striations are reduced.

Now that the main features of ablation and the differences found for injections into
different type of plasmas have been discussed, the relationship between the pellet penetration
depth and its lifetime, as wedls plasma and pellet parameters, can be introduced. After that,
the influence of the heating method on ablation is further explained and the influence of fast
particles is addressed.

4.4.4. Pellet penetration and lifetime dependence on plasma and pellet

parametes

Pellets injected into Fll plasmas penetrate to radial positions that dependiftarent
target plasma parameters, such as electron temperature or density, and on pellet characteristics,
like mass or velocity2]. In addition, all the mechanisms that modify the ablation rate, as
suprathermal particles, contribute to increase, or reduce, pellet penetration. Since the main
objective of pellet injection is to achieve peaked plasma density profiles (deep pellet penetration
usually facilitates obtaining such profiles), knowing and understanding in detail all the
parameters that affect penetration will facilitate achieving this objective. In this section, the
dependencen plasma electron density and temperature, as welhg®llet mass and pellet
velocity, are evaluated for FL.

First, the dependence on the laecraged electron density of target plasmas is studied.
Line-averaged electron density is considered here since it is more representative of the overall
plasma desity than, for instance, central density. In addition, it is continually measured along
a plasma discharge. Results for ECRH and NBI plasmas are plotted in independent figures to
facilitate the interpretation. The penetration depth as a function ofrtjet tiensity for NBI
scenarios is plotted iRigure 34, respectively, where all injections are for fhygpe-2 pellets
into the TJll standard configuration. In addition, discharges in which hamdy$ (HXR),
which indicate the presence of suprathermal electrons, are absent and others where they are
detectediare analysed independently. They are tres¢pdratelypecause fast electrons increase
considerably the ablation rate, and hence, reduce significantly peltetration. It can be
determined fronthe figure that pellet penetration increases, in general, withduszaged
density,i.e., pellets penetrate deeper into low temperature target plasma. However, this is not
the case when a HXR flux is present. In sdidtharges, it is observed that penetration does
not increase with target density, instead it remains almost constant around the position where
suprathermal electrons, which destroy the pellet, are confined. This position is close to the
plasma core andhis is a behaviour typically observed, as previously mentioned, in the unusual
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operational mode in which plasmas are created by NBI injection solely, and also-darsoff
ECRH plasmas.
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Figure 34. Measured pellet penetrationsplbs for a range of plasma lireveraged densities of NBI
plasmas, in the Fll standard configuration. Penetrations for TyReellets are shown. Also, injections
into discharges for which hafH rays (HXR) are measured (green triangles) are shown indiepdiy
(green squares represent discharges without HXR).

Next, the relatioshipbetween pellet penetration depth and injection velocity is analysed.
Type-2 pellet injections into ECRH plasmas are plotte#igure35. The conclusion obtained
from this study is that faster pellets penetrate deeper into the plasma. However, as in the
previous comparison, when ntimermal electrons are found, the pellet penetration is limited to
plasma radii where such electrons areated, since, due to the enhanced ablation, pellets are
destroyedhere
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Figure 35. Measured pellet penetrations depths versus velocity for pellets injected into ECRH plasmas,
in the TJll standard configuration. Penetrationsrfdype2 pellets are shown. Also, injections into
discharges for which harX rays (HXR) are measured (green triangles) are shown independently
(green squares represent dischargers without HXR).

Finally, dependence of penetration depth on pellet matsdied. The penetration depth
is measured for pellets velocities between 750 m/s and 1100 m/s, and for targeefaged
densities between 2.5xf0and 1.6x16° m (see Figure 36 for NBI plasmak As might be
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expected, pellets with higher particle content can penetrate deeper into the plasma, except when
fast electrons are present, since they limit pellet penetration by destroying the pellet.
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Figure 36. Measured pellet penetrationsplbs versus pellet particle content (hydrogen atoms) for
pellets injected into NBI heated plasmas. Penetrations for-ITyje3 pellets are shown (Tygkein

blue, Type2 in green and Typ8 in magenta). Also, injections into discharges for which Hardys

(HXR) are measured (with triangles) are shown independently (squares represent dischargers without
HXR).

In conclusion, analysis of the dependence of pellet penetration depth on plasma and pellet
parameters for the limited data fiigure 34 to Figure 36 provides the following relationship
(due to the limitation in electron temperature values, such dependence has not been included in
this relatiorship, although it is know that pellet penetration strongly depends on electron
temperaturg219]:
a 6 as®d VI & o8

(4-10
Here,a is pelletpenetration deptlt is a constant with value 1.45x10m, is thepelletparticle
content in atomsyp is thepellet velocity in m/s andne> is theelectronline-averaged density
in units of 10° m3. This is similar in form to relationships obtained for othusion devices,
however the power valuesd theconstanwalueare differen{50]

4.4.5. Influence of plasma heating method on pellet ablation

The heating method used to create and maintain the plasma imagaatantinfluence
on the ablation for several reasons. First, the heating method determines the maximum
attainable plasma temperature and density and second, it has a direct influence due to the
generation ofsuprathermabparticles, which can enhancelaion. This last aspect will be
discussed in detail iBulsection4.4.6

Plasma electron temperatures are higher for ECRH plasmas than for NBI plasheas
TJI, while densities are lower, since the gyratomto f f densi t yl1.7k10%mSt s t hi
In addition, the cubff density limits the size of pellets that can be injected, sinceTordg1
and Type-2 avoid raising the density above this value. Central electron temperatures can be
between 1 keVrad 2 keV depending on heating power and deposition radius. Because of this
higher temperature, the ablation rate of pellets injected into ECRH plasmas is significantly
hi gher. Therefore, pel |l et | i feti mel2dmsIinshor t ,
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consequence, the fuelling efficiency for such pias, which will be analysed ire€tion4.7.,

i s40%[2]. In addition, K emission profiles for ECRH have characteristics that differentiate
them from NBI plasma profiles. For instance, the emission rate, which is about twice that for
NBI-plasmas, increases moderately with penetration depth, until the maximum is achieved
(usudly close to the plasma core), before decreasing suddenly when the pellet is totally
consumed. Also, the light emission is usually strongly modulated. However in some cases, the
emission does not present any modulations, either because the plasma teenisenatuhigh
enough42] or because suprathermal electrons rapidly destroy the pellet.

On the other hand, since there is noaffitdensity limit for NBI heated plasmas, higher
densities can be achieved for these casesthehighestcentral densitychievablé s 5x10M
m=. In contrast, the plasma temperature is considerably lowerQ T400®V, since electrons
are heated by collisions with ions rather than directly by microwave power. Since plasma
electron temperature is the largest contribtwoablation ratg50], pellets injected into NBI
plasmas are consumed at a lower rate, solifetgimes, and hence their penetration depths, are
longer. Also, in contrast to ECRpll asmas, the fuell i ngB0%hficier
particular for injections into NBtreated plasmaf?]. This is discussednd explained in
Section4.7. In addition, the profile of the dHemission has some distinctive features. For
instance, compared to emissions in ECRH plasmas, emission increases suddenly emound
from the plasra edge and remains approximately constant until the pellet crosses the magnetic
axis. The shape of the fasin distribution in TJll [223] could explain the differences in
ablation profile with respect to ECRH cases, assuming that, near the plasma edge, the
contribution of suprathermal ions ablation is larger than that of the low temperature thermal
electronsj.e,, 0350 eV. After crossing the magnetic axis, the emission is reduced, since the
pellet is moving across already cooled magnetic surfaces, and continuous at this lowet rate unti
the complete consumption of the pellet. These properties are only valid when no suprathermal
electrons, generated during the Nilly operational mode, are present, since in that case, a
strong peak is found in the region where fast electrons are confiffe presence of
suprathermal electromsill be discussed iBsulsectiond.4.6

In conclusion, pellet penetration depths into ECRH and NBI heated plasmas can vary
significantly. Therefore, the heating methothys a key role in the achievable pellet
penetration, since this determines plasma temperature and density, and the possible presence of
suprathermal particles. The-TiJfindings regarding pellet penetration dependence on plasma
parameters coincide withinsilar studies on other maching®, 44] The heating method also
plays an important role in the attainable fuelling efficiency, as will be discussed in Skction
However, the presence of suprathdrpaticles in the plasma core of-TiYesults in increased
fuelling efficiency, due to the ovablation producedearthe plasma core, wheExB drift is
negligible or inwards directed. In addition, the presence of suprathermal electrons seems to
modify plasmoid drift, increasing fuelling efficiency herefore, t is considered that the
controlled generation of such populations could be used as a means of improving fuelling
efficiency in T3ll. The case of larger devices, where pellets do not peneirtite plasma core,
requires further studies.

4.4.6. Influence of suprathermal particles on ablation

Suprathermabr fastparticles, either electrons or ions, must be considered when analysing
pellet injection. The influence of fast ions on ablation is lower thahof fast electrons since
the formeronly contributeby heating the neutral cloud and, hence, increasing moderately the
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ablation rate and modifying the shape of the ablation profile. However, the effect of
suprathermal electrons on ablation can be dtamnsed~igure32. As mentioned before, fast
electrons, withemr g0 OkeV, are confined t ¢}] 0.9 ®thegl as ma
case of ECRH plasm§201, 218] However, there is no evidence that this population enhances
ablation, as seen Figure28. Onthe other hand, in some specific cases, enhanced ablation is
observed in the plasma core region. For instance, in some cases pellets injected into plasmas
created and maintained with NBhly reveal a zone of local ablation enhancement tesar

plasma centre. Such enhancement occurs for pellets injected when the plasma current is,
t ypi c a&kAltlis cur@nt is a residual of that induced during magnetic field o

generate the plasmas in the rstandard operation mod201, 218] As the plasma density
increases along such discharges, the current decreases and this enhancement is reduced
considerably. Similar features are observed for injections intedkngity offaxis ECRH

plasmas, since a population of supeatnal electrons is also generated in the plasma core. An
example of this is found iRigure29.

4.5. PELLET DYNAMICS STUDI ES

Up to this point, it has been considered that the pellet trajectory remains straight,
following the original injection path. Moreover, it has been assumed that pellet speed is
constantj.e., that radial acceleration is zero or negligible. In this section, fast camera images
are used to verify the assumption of constant pellet velocity and tp @dlldt trajectory after
entering the plasma. Finally, the possible mechanisms involved in trajectory deflections are
discussed.

4.5.1. Radial acceleration of the pellet

The possible radial acceleration of pellets inside the plasma is studied using fast camera
images. Only ECRH discharges are used in order to avoid possible additional phenomena
related to the presence of fast ions in NBI heated plasmas. These calculations require high image
recording rates and very short exposure times in order to reduce thtauntgen the pellet
position. Ideally, frame rate and exposure time should be set in such a way that the pellet moves
within a single pixel during the whole exposure time. For pellet velocities around 1 km/s and
pixel-size equivalences shownTable5, the corresponding frame rate and exposure time are
outside the system capabiliti¢dow e v e r , f rla5n@e krfaptse sa nQl 4e xepso saurree
sufficientfor this type of analysis. For instance, a sshpt image of dype2 pellet injected
along Line #1 is shown iRigure37, where the shieldingloud, expanding along the magnetic
field lines can be seen. In this image tisatot saturated, the pellet is assumed to be radially
located inside the region of most intense recorded light emission.

Snapshot series of similar images can be used tmeast pellet velocity. For instance,
seeFigure 38a), where a Vpe2 pellet, injected from Line #1, is recorded during its whole
lifetime. The positions of maximum light intensity in each framé&iglre 38a), determined
from each light profile along the radial directi¢geeFigure 38b), are used to calculate the
pellet velocity, as observed Kgure39. Although snagshot images corresponding to end of
pellet lifetime inFigure 38 are saturated, error bars are not significantly affected, since the
principal contributor to calculated uncertaintiesceamera calibrationi.e., the pixetmeter
equivalence. It can be concluded here that radial acceleration is zero or negligible. Therefore,
the assumption of constant radial velocity in the reconstruction ofdlpedfle is considered
valid. For this pdricular case, the velocity obtained is 849 + 20 m/s.
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Figure 37. Snapshot image from fast camera for shot #44830, where a pellet with *2xEoms
was injected along Line #1 at 875.88 £ 18 m/s (frame rate is 52.5 kfpsuegpione is 2 us). Recorded
light intensity is represented by the colormap (colorbar is shown origihieside)
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Figure 38. Snapshot series of 18 images from fast cameradischarge #44624, where a pellet with
6.2x103° H atoms was injected along Liwd at 912.2 + 18 m/s (frame rate is 150 kfps, exposure time is
~ 4.1 ps). Bottom) Radial light profiles for collected frames (the dashed profiles correspond to the
drifting plasmoid that remains after pellet has been completblated). Recorded light intensity is
represented by the colormap (colorbar is shown onitiig side)
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Figure 39. Pellet radial position (obtained from fasamera images) versus time after pellet entry into
discharge #44624lt is assumed that the pellet is located at maximum light interdity.estimated
velocity is 849 + 20 m/s

4.5.2. Toroidal and poloidal pellet deflections

In the previous section, it was observed that the trajestmirpellets injected into ECRH
plasmas folbw the original injection path. Images recorded from the tangential port, TANG,
confirm that the pellet is not deviated in the poloidal direction, as sdegure40. However,
the case of pellets injected into NBlasmas is different. In effect, pellets injected into these
plasmas are deviated along the direction of the neutral beaméqribge trajectory of the pellet
is deflected along both the toroidal and the poloidal direcfibn3].
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Figure 40. Montage of snaghot images (frame rate = 63 kfps, exposure time ~2us) taken from the
TANG viewport versus distance into the plasm&=atl4°, discharge #45110 along Li#é during the
ECRH heéing phase. Pellet injection direction is indicated by the magenta arrow. Recorded light
intensity is represented by the colormap (colorbar is shown onghieside)
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Figure 41. Montages of snaphot images of pellet ablatioaken from INNER TOP viewport versus
distance into the plasma @t 14° for a) Shot #44628 during its unbalance NBI 1 phase (frame rate =
31.5 kfps, exposure time 1/v s) for a pellet with 8.0%H @toms injected at 889 m/s along Line #1 b)
Shot #44634 during its unbalanced NBI 2 heating phase (frame rate = 37.&Xpsure time 1/v) for

a pellet with 6.85x18H atoms injected at 891 m/s along Line #1. Recorded light intensity is represented
by the colormap (colorbar is shown on tiight side)

An example of deflections in the toroidal direction can be seEigure4l. It is observed
here, from the INNER TOP viewport, that the pellet direction deviates from its original path,
following the neutral beam injection directidre., it is cocounter for NBI 1 and counter for
NBI 2 (seeFigurel7). Deflections in the poloidal direction can be observed from the TANG
viewport, as represented kgure42. However, these deviations are not a laagetoroidal
deflectionsIn addition although poloidal deflections can be observed easily for NBl 1 plasmas,
they are not easily distinguished for the NBI 2 dd$e
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Figure 42. Montage of snaghot images (frame rate = 63 kfps, exposure time ~2 us) taken from the
TANG viewport versus distance into the plasméatl3°, for a pellet with 1.38x1®0H atoms injected

into discharge #45091 at 1008.6 m/s along Lit#e during an unbalanced NBI heating phase.
Recorded light intensity is represented by the colormap (colorbar is shown eghthside)
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Both the toroidl and the poloidal accelerations can be estimated from fast camera images,
by reconstructing the toroidal and the poloidal trajectories for the INNER TOP and TANG
viewports respectively. Average pellet toroidal velocities are found to be in the raigétof
10° m/s, whiletoroidal accelerations lie betweerfHdid D’ m/s%. On the other hanthe values
obtained for poloidal velocities and accelerations are 10 font®and 16 to 16 m/s
respectively{1]. However, in order to qualitatively compare accelerations produced by both
injectors, the NBI parameters must be taken into account. Considering this, it is found that for
similar NBI parameterand target densitigseeTable6), the toroidal acceleration generated
by injector 2 is larger than that for injectarBor instance, for dischargebserved irFigure
41, estimated acceleration due to NBI 1 fast ions is 8xa@°, whereas for NBI 2 case,
measurements yielthlues 0P.1x10° m/s’. In addition, it is observed that the accelerations are
only comparable when injector 2 parameters ansiclerably lower than those of injector 1 (for
instance, for discharges #4111 = 500 kW,Vnei1 = 31 kV) and #41391Ryei2 = 340 kW
andVnerz = 28 kV), pellet toroidal accelerations are estimated to be 3.02x%0and 2.96x10
m/<, respectively3]).

#Shot NBI P (kW) V(kV) I(A)

44628| 1 505 30 49

44634 2 469 30 51
Table6. Injected power, acceleration voltage and beam equivalent current for NBI injection into #44628
and NBI 2 injection into #44634.

Another feature that is observed in these studies is that absolute acceleration shows a
significant dependence on target plasmeasity, as seen iRigure43 [3]. Indeed, measured
accelerationsncrease with target plasma density and, after a maximum density has been
reached, they decrease again. This may be explained by considering thattfelst capture
by the plasma increaswith electron densit{223], and that this increased fast ion population
is reflected in pellet dédctions. For instance, for ledensity plasmas beam absorption is
minimal in the plasma core while there is little fast slowdown[223]; for mediumdensity
plasmas, high beam absorption takes place in the core whiletiasiowdown is enhanced;
for high densities, beam absorption irases at external plasma radii and-fastslowdown is
maximum.
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Figure43. Estimated pellet toroidal acceleration obtained from fast camera images for a range of target

electron lineaveraged densities. Blues dots correspondmjextions into NBI 1 plasmas, whereas
green dots to NBI 2 plasmas. The purple curve represents the quadratic fitting of the values shown.
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Pellet deflections are usually associated véthasymmetric oveablation, related to
plasma heating,e., to an agmmetric electron or ion distribution function. Such eablation
produces an acceleration of the pellet in the direction opposite to theeatang. This effect
is commonly known atheRocket Effec{42]. In the case of Fll unbalanceNBI plasmas, th
deflection of the pellet trajectory can be associated to a suprathermal ion population with an
asymmetric spatial distribution. However, using the currentdastera system, it is not
possible to univocally determine the trajectory of the pellet, sithceedimensional
measurements are not available. Therefore, it is not possible to determine the actual direction
of the pellet acceleration to verify whether such acceleration is parallel to the neutral beam
injection direction[1]. In addition, estimations of the acceleration produced byRibeket
Effectshow that it cannot explain by itself the observed acceleration. An addigéoplanation
for pellet acceleration is a momentum exchange with NBI fast ions. Calculations show that
momentum exchange, or a rather a combination of Bubket Effectand momentum
exchange, is responsible for the observed acceleration. For instaradal accelerations
estimated formomentum exchangarein the range 10to 16 m/s?, whereas for th&®ocket
Effectarein the range 10to 1 m/s*. Accelerations predicted for momentum exchange cover
a wider range of values since its dependence detpeéss is larger than in tiRocket Effect
cas€3].

An additional analysis regarding pellet heat aswtiies is the study of the cloud
emission profile. Light emitted by the cloud surrounding injected pellets into plasmas heated
with different methods, and of several densities and temperatures, has been analysed. Some
representative examples can be foumé&igure44. Here it is seen that no asymmetry in the
light emission along field lines is fouri@]. However, the absence of observable emission
asymmetries does not exclude the pgmkty of heating asymmetries.
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Figure 44. Light emission along field lines from fast camera images for fifi@rent snapshot images

(blue, magenta, orange and green), corresponding to-Pygeellet injected along Line #2 into the TJ

Il standard configuration during NBI 2 heating phase, discharge #41391. Pellet in assumed to be
located at the point of maximumeasured light intensity for each line. Note: Cloud 1 corresponds to
the beginning of pellet lifetime (close to plasma edge) and Cloud 4 to the end of pellet lifetime (inner
plasma)
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4.6. PLASMOID DRIFT MEASUR EMENTS

An ExB drift of the partially ionized ablate material (plasmoid) is expected from
theoretical prediction$l27i 136] and has been seen in experimental observations in other
devices[40, 53, 80, 81, 8386]. Fast camera images, recorded at low expasmes, can be
used to estimate the direction and the speed of such drifting in-#heThis drift is predicted
to be about one order of magnitude higher than the pellet speed. Therefore, any error associated
with the pellet displacement during the exjp@stime is insignificant; for instance, for a pellet
i njected at 900 m/ s and for an exposure ti me
1.1 mm for TANG i mages29nmfaINSNERaOR. dencetinteges 3 p
taken from the INIER TOP viewport allow estimating the radial drift, whereas from the TANG
port, both radial and poloidal drifts can be studied.

4.6.1. Plasmoid radial drift

Plasmoid radial drifts can be observed from both the INNER TOP viewport and the
TANG port. Starting with DP images, two different ways of estimating the radial drift are
possible. In the first method, the radial asymmetry observed in individual images of the
shielding cloud, with reduced exposure times i O12 ¢ s, i mages are n
althoughl,,O4 & greferable), can be used to estimate this velocity. For instance, for non
saturated images, a radial asymmetry is observed. Then by fitting the radial profile with two
Gaussian, one represargithe emitting shielding cloud, centred on the pellet position, and the
other representing the drifting plasmoid, the required velocity is obtainefifgee45) [1].
In addition, in some images, the whole plasmoid is observed to be detached from the cloud
drifting towards the outer plasma edger these situations, a second estimaiidhe plasmoid
velocity can be obtained and an indication of the time evolution of the drift velocity can be
deducedi.e., the drift acceleration.

250 T T T
we= A blation
5-“ 200 E s Plasmoid
‘3"1: Fast Camera
2150 F .
@
=
&
= 100 .
o
3 S50F .
ﬂ -

0 0.05 0.1 0.15 0.2
Distance from outer plasma edge (m)

Figure45. Integrated light emission profile from fast camera images (yellshigh corresponds to the

light emitted by the neutral cloud surrounding the ablating pellet plus the emission from a drifting
plasmoid for discharge #44624. The ablation (blue) and plasmoid (red) contributions are obtained by
fitting two Gaussian profile® the yellow profile.

For instance, for the ECRH plasma of discharge #44624, a pgpet2 was injected
along Line #1. The pellet contained 620.3x10'® hydrogen atoms and the injection velocity
was 912t 9 m/s. The radial profiles of the recordedaiges are shown IRigure38b), and the
fitting of one these profiles is shown kgure 45. The average radial drift velocity for this
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example with an exposure time of41s, whi ch 1 s o outewlasmaedgetio wa r d ¢
4.5 0.7 km/s In general, the average radial velocities found with this method for ECRH
plasmas vary from 0.7 km/s to 9 km/s. This range is considerably large since the estimated drift
velocity, as e uncertainty in the calculation, depends strongly on the exposure time due to
drift acceleration, as can be seeffrigure46[1]. The incertitude here depends on the exposure
time, since during this time both the pellet and the plasmoid are moving, so images are blurred,
i.e., the incertitude in the determination of both positions irsggavith the exposure time. On

the other hand, velocities estimated from direct observation of detached plasmoids are lower,
between 0.5 km/s and 2 km/s for the same range of exposure Ageis, plasmoid drift
deceleration explains these lower vallid®e observed deceleration of the plasmoid drift during

the homogenization phase is showrrigure47 for similar discharges recorded with different
exposure times. It is seen that the radial velocity of the plasdeareases rapidly with time.
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Figure 46. Maximum averaged radial drift velocity estimated from fast camera images for a range of
exposure times (fromea to 1Es). All values correspond to images obtained with the fast camera from

the INNER TOP viewport for pellets injected into thellTstandard configuration during the ECRH
heating phase.
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Figure 47. Averaged radial drift vecity estimated from fast camera images as a function of time. All
measurements correspond to reproducible pellets injected into tHestehdard configuration during

the ECRH phase, recorded from INNER TOP viewport with different exposure timemgiu@ 7 s,

red linei 5¢s and yellow ling 4.1¢s)
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Moreover, a dependence of drift displacement widsmoid detachment positican be
seen inFigure48, where the values estimated for similar discharges, recordegeral frame
rates and at different exposure times, are shown. Also, thpriofite for the standard magnetic
configuration and some of its rational values are plotted in this figure. It is observed that, in
general, the drift velocity increasesagsdlet travels into the plasma. This agrees with the fact
that the dominant drift term depends on the difference between plasma and plasmoid pressures
(seeEquation(2-16)) [136], which increases with the ablaticate and, hence, with the plasma
temperature. Furthermore, the drift velocity appears to decrease locally in the proximity of
rational surfaces, also plotted in the figure. This phenomenon has already been explained in
[41], where the shoet magnetic reannection length in the vicinity of the low order rational
surfaces is hypothesized as being the mechanism that reduces plasmoid polarization and, hence,
plasmoid drift velocityln the case of NBI heated plasmas, it should be possible, in principle,
to edimate a radial drift. However, since the trajectory of the pellet is deflected due to the
presence of fast ions, it is difficult to distinguish in the images between the asymmetry produced
by the drifting plasmoid and that originating from pellet deftactiTherefore, no values of the
radial drift velocity in NBI plasmas from the INNER TOP viean be determined
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Figure 48. Plasmoid average radial drift displacement as a function of plasmoid detachment position
for different disharges, recorded from the INNER TOP viewport for a range of frame rates and
exposure times. These discharges correspond to-Zygadlets injected along Line #1 into the-ITJ
standard configuration during ECRH phase. On the right axis;jotdile (redsolid line) and relevant

low order rational surfaces (brick red) are indicated.

When the same studies are performed on TANG viewport images, it is clearly observed,
for instance inFigure 49, that the ablated matal drifts towards theouter plasma edge and
towards the lower plasma regi¢h]. Regarding ECRH plasmas, average radial dp#&eds
betweer25+0.7km/san8.1N 0. 7 km/ s are found for an exp
2+05km/sto 14 £ 0.5 km/s foep= 2 € s. I n general, the estin
19 km/s[1]. As explained for INNER TOP calculatiofet the beginning of this sectigrthe
incertitude in the values also depends on the exposure time, increasing from 0.5 km/ssto 2 km/
[1]. Such dependence on the exposure time can be observiedire50, for abroade range
of exposure times than for the INNER TOP case. In addition, for the direct observation of
detached plasmoids, the estimated drift is found to be between 0.2 £ 0.6 km/s and 1.2 £ 0.6
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km/s. Moreover smaller uncertainties are achieved for drift vities deduced from INNER

TOP port images than for TANG. This is due to the calculation procedure of the d¢amera
pelletpath distance, which is directly obtained for the TOP viewport. In contrast, the TANG
port requires a more elaborate calculation, amth, uncertainties incregd4. Regarding the

time evolution of the plasmoid radial drift, no additional information with eespo that
obtained from INNER TOP images has been found. However, the general trend of the velocity
IS not clear, since the velocity increases as the pellet penetrates deeper into the plasma only in
some cases, while in others, it seems to remain cdnsiareven decrease, as the pellet
penetrates. The latter results can be explained by considering that, at the end of a pellet lifetime,
the amount of remaining material in the pellet is small, as is the quantity of material in the
plasmoid. Therefore, thplasmoid pressure is lower. Thus, the plasma/plasmoid pressure
difference is smaller, and hence, the drift is reduced.

0.02 =250

0.01
=200

0
150

-0.01

100
-0.02

-0.03 S0

-0.04

Poloidal distance from injection line (m)

0 0.05 0.1 0.15 0.2
Distance from LFS plasma edge (m)

Figure 49. Snapshot image (frame rate = 63 kfps, exposure time ~2 us) taken from the TANG viewport
versus gtance into the plasma (the injection direction is indicated)=af.3° for a pellet with 1.06x18

H atoms injected into discharge #45110 at 932 m/s along Line #4 during an almost balanced NBI
heating phase. Plasmoid drift towards the lowarter plasma edge can be appreciated. Recorded light
intensity is representeduly the colormap (colorbar is shown on tlight side).

In the case of NBI heated plasmaserage drift velocities in the radial direction are
between 4 8km/sand 128k m/ s f or an exposure timé of 2
km/s to 10 i5 km/sare obtained fotexp~ 4. 1 € s . wite rargye al exposure gmes,
the estimated values aferage radial drift velocitiese found to be betwe@bkm/s and 8.5
km/s[1]. As for ECRH plasmas, uncertainties also depend on the exposure time, increasing
from 2 km/s to10 km/s.The differences in the uncertainties between the ECRH and NBI cases
are explained by the toratland poloidal deflections of pellet injected into NBI heated
plasma. These deflections increase blurring of the images and the incertitude in the estimation.
In addition, the dependence of plasmoid drift displacement on pellet position is analysed for
injections into NBI plasmas. Same general features that were observed in ECRH cases are also
found, i.e., the drift velocity increases with penetration depth but decreases locally in the
proximity of rational surfaces. However, these local reductions watber from rational
surfaces than for ECRH plasmas. The fact that the pellet is toroidally deflected by fast ions and
that, when recording from the TANG viewport, the toroidal location of a pellet, and of its
plasmoid, is unknown can account for this eliénce, since the transformation from geometric
coordinates to normalized radii depends on the toroidal location. Finally, this limitation could
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be partially overcome by relating positions where drift displacements are locally reduced to
rational surfaceslhis may help to reconstruct the pellet trajectory in the toroidal directan,
the threedimensional trajectory of the pellet.
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Figure 50 Maximum averaged radial drift velocity estimated from fast camera images for a ringe o
exposure times (fromex to 20es). All values correspond to images obtained with the fast camera from
the TANG viewport for pellets injected into thelTdtandard configuration during the ECRH heating
phase.

4.6.2. Plasmoid oloidal drift

Pellet plasmoids also experience drift @eration in the poloidal direction, as mentioned
in reference§43, 143] Such drifting usually towards thieottom plasma edgean be observed
when recording images from the TANG viewport (when images are not overexposed). First,
injections into ECRH plasmas are considered where average speeds between 2.6 + 0.7 km/s and
6.1+ 0.7 km/s are found foran exposure me of 4.1 s, and from 4 K
fortep= 2 € s. | n g e mawnage valuestate éound ® bei bataeere2d km/s and
0.5 km/ s for exposure ti mes]J[llglodomrgsttdplasnmidl € s
radial drifts, a relationship between plasmoid drift displacement and pellet position is not easily
found, although it seems to exist, @rocal reductions of the drift displacement are observed
in the vicinity of most of the rational surfacé&snally, when pellet injections into unbalance
NBI heated plasmas are considered, the same inconclusive trends are found. It should be noted
that analysis is more complicated for such cases due to the fact that the pellet is deflected both
toroidally and poloidally.

For pellets penetrating beyond the plasma ceittre sometimesbserved that the drift
direction changesThis modification is explaied considering the magnetic field variation with
plasma radius. In additiothechange is more pronounced for short exposure times. However,
it should benoted that during exposure timgylasmoid expand along magnetic field lines
Therefore,drift accderation is different along plasmoid parallel length. These cannot be
distinguished from TANG port (this contributes to increasing uncertainties for long exposure
times). This also accourftsr theuncleardependence on rational surfacgsnilarly, it exdains
thatthe total drift displacement does not depend strongly on exposure time. Indeed, for longer
exposure times, a larger drift displacement could be expected, since the plasmoid drift is
followed during a longer period. However, if the drift direntiohanges as the plasmoid
expands, the observed displacement might ravease, rather it may decrease.
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Figure 51. Plasmoid average drift displacement as a function of plasmoid detachment position
for different discharges, recded from the TANG viewport for a range of frame rates and exposure
times. These discharges correspond to T3gellets injected along Line #4 into the-IT ktandard
configuration during NBI 1 heating phase. On the right axis,-tile (red solid ling and relevant
low-order rational surfaces (brick red) are indicated.

Above all, it should be noted that drift displacement is only considered for one of the two
directions, while the other is neglected. In reality, it is necessary to consider drifthin bo
directions to correctly analyse the evolution of plasmoid drift along a pellet trajectory. For
instance, total displacements considering both radial and poloidal drifts are fdtigdrne51
for NBI 1 heated @smas. Considering drifts in both directions, it is seen that for ECRH and
almostbalanced NBI heating,e., cases of non, or negligible, pellet toroidal deflection, a
dependence between local drift decrease and rational surfaces is clearly observedr Homwe
unbalanced NBI heating, for which the pellet position changes toroidally, such local reductions
in drift displacement cannot be linked to rational surface positions along the original injection
path. This is explained, as mentioned, by the faaittte exact toroidal position of a deflected
pellet is unknown, as is the position of rational surfaces, due to the strong twisting of the
magnetic flux surfaces with toroidal angle. If it is assumed that these local minima in the drift
displacement indate the radial locations of rational surfaces, then this might allow
reconstructing of the toroidal pellet trajectory

Finally, an almosbalanced NBI heating case (discharge #45110) is further analysed by
considering a montage of snapot images, sdeigure52. From tis analysis, it is seen that,
once the pellet has crossed the magnetic axis, the direction of the drift seems to change. This
change could be an indication of the inwaditected drift predicted bgurrent homogenization
models[132, 136, 224]Such changes have bedrserved in tokamakiglO], but not in non
axisymmetric deviceR225]. However, such images are limited to this discharge of balanced
NBI heating,i.e., very deep penetration with images free of blurring due to pellet trajectory
deflections. Thus, it is not possible to compare different exposure times. When more injections
into such discharges are available, the existence of inwards driftslircd@uld beconfirmed
and studied without the need of HFS injections. Drift displacements, considering tled sum
radial and poloidal drifts, for this case are showRigure53.
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Figure 52. Montageof snapshot images recorded with, = 2 €s from TANG viewport during pellet
injection into discharge #45110. It corresponded to a T¥pellet injected along Line #4 into the-TJ

Il standard configuration, during almost balanced NBI (NIB+ NBI 2) heding phase (note: neutral
absorption is not symmetric). Pellet direction is indicated by a magenta arrow, and pellet nearest
approach to plasma edge is indicated by a dettedjenta line. In addition, plasmoid drift directions

are indicated by purple arrosv Recorded light intensity is represented by the colorfoalerbar is

shown on theright side)
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Figure 53. Plasmoid average drift displacement as a function of plasmoid detachment position for
#45110 discharge, recorded frometmANG viewport with an exposure timg = 2 €s. This discharge
corresponds to a Tyg@ pellet injected along Line #4 into the-MXktandard configuration during an
almost balanced NBI (NBI 1 +NBI 2) heating phase. On the right axispiafle (red ®lid line) and
relevant rational surfaces (brick red) are indicated.

4.7.FUELLING EFFICIENCY S TUDIES

Pellet fuelling efficiency, defined as the ratio between the number of particles deposited
in the plasma and the pellet particle content, is one of the gaarttiat must be optimized in
future fusion reactors. Therefore, fuelling efficiency studies have been carried out inlthe TJ
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for both ECRH and NBI heated plasmas, to broaden the knowledge of fuelling efficiency
dependence on plasma and pellet paramsetéor this, the plasma electron content is
determinedusing the Thomson Scattering (TiBdfiles, for severatime instancesfter pellet
injectiors, until pellet electrons have completaliffusedabout the plasma. During this time,

the neutral cloudsi completely ionized and homogenized in the background plasmat
expands until plasmoid and plasma pressures equilibrate. Theaosait technique is
employed to reconstruct the density evolution after pellet injectioes, a single TS
measurerant per discharge is done, at different times after pellet injection, for several
reproducible injections into reproducible discharges. Using this method, the electron density
evolution, as shown ifrigure 54 a) ard b) for ECRH and NBI plasmas, respectively, is
obtained. It can be observed here that density increment moves inwards with time after
injection, resulting in a substantial increment of the density core and a smaller, or even
negligible, increment of thedge density2]. In addition, deposition profile evolution can be
studied and compared to the émission profild2]. It can be noticed here that pellet electron
deposition is outwardlytsfted with respect to the dmissionthe latter givingan indication

of the ablation profile. This difference is related to BB drift of the ionized material,
highlighted in previous subsections of this chapter using fast camera images; it Heeealso
detected in other devices.
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Figure54. TS electron density profiles measured before (red solid line) and at several time points after
pellet injection into reproducible discharges created with the standard magnetiguation a)
#41777 to #41786 (solid lines, Typeellets along Line #1), corresponding to EG&ated plasmas. In
addition, profiles of the net increase in electron density for the same time points are showiméssh

and b) #39047 to #39049 (ddashfor 2.7 ms and dash for 18.7 ms; Typ@ellets along Line #2),
corresponding to NBheated plasmas; dHemission (yellow solid line) and distribution of pellet
electrons (dastine) localized between surfaces with 1 mm separation, at 2.7 ms as a furfction o
distance from the plasma edge are included. Images[Zhm

Regarding fuelling efficienciesneasuredialues are compared and analysed for a broad
range of target plasma densities. For this, pebtticle contents aredetermined from
microwave cavity signals. Pellet massareobtained from these signals knowing the hydrogen
atom mass and the density of solid hydrogen (1.637%&@ and 89 kg/my respectively). In
addition, it is assumed that mass losses, due tfrietith the inner guide tube walls, between
the cavity and the plasma are negligible since guiding tubes are short (1.1 m) and straight. On
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the other hand, integrating TS electron density profiles over the plasma volume, the number of
electrons depositeth the plasma is obtained. The total plasma volume, folloviihey
consideratioroutlinedin [2], is assumed to b& 'Y “ &0, where the major radiuR, is 1.5

m and the average minor radigs>, is 0.1925 m for the standard configuration. In addition,

it is assumed that the electron density is#uxface constant. Once the fuelling efficiency is
calculated ér several discharges with different plasma parameters, a dependence of fuelling
efficiency on such parameters is found. For exampleigare55a), the variation of efficiency

with target plasma density is showtere, it is found that, as a general trend, fuelling efficiency
increases with increasing target density. This relationship is explained by considering that target
plasma temperature is lower for higher densities, and so is ablation rate. Then pellets ca
penetrate deeper into the plasma, reaching regions of inward drifts. It is also possible that, even
if the pellet does not reach regions of favourable drift, plasmoids have enough time to expand
so that their effective drift becomes inward directed.ddit#on, a lower ablation rate implies

a smaller pressure difference, and hence reduced outwards drift. Since fuelling efficiency
depends strongly on plasma temperature, its values are lower for ECRH plasma, in particular
lower than 40%, while higher for BN plasmas, as seen Figure55. If the same fuelling
efficiency results are analysed considering pellet penetration depthFigee 55 b)), a
relationship between peination depth and fuelling efficiency is identifiede., fuelling
efficiencyincreases with penetration depth.
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Figure 55. Pelletfuelling efficiencies obtained as a function of a) target plasma density and b) pellet
penetratian depth for ECRH and NBieated plasmas in the -Tlstandard configuration. Greed data
correspond to pellet injections into NBileated plasmas where suprathermal electrons are located in
the plasma core. Images frdgj.

Finally, the fact that pellets do not travel beyond the magnetic axis in ECRH plasmas
explains the low fuelling efficiencies observed. The reasons for this will be discussed in
Sulsection4.7.1 In contrast, th higher penetration depth achieved in Nigated plasmas
results in higer efficiencies. Moreover, drift displacements seem to be larger for ECRH
plasmag?2], which also explains the lower fuelling efficiency of this tygeplasmas. Tése
differences with respect to NBheatedplasmascan beaccoungéd for byconsidering that the
main contribution toExB drift acceleration depends directly on the difference between
background plasma and plasmoid pressures, which increaslsincreasing plasma
temperature due to the enhancement of ablation rate. However, regarding NBI created plasmas,
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a corelocalized population of suprathermal electrons enhances ablation in this region and

destroys the remaining pellet. Although this eabtation in the plasma core limits pellet

penetration, it results in higher fuelling efficiencies with respect to injections into similar target

plasmas with no suprathermal electrons in the core. These higher fuelling efficiencies are

explained bya comlination oftwo different mechanisms. On one hand, the outwdi@sted
drift acceleration in the core regionagpected to bemall or negligible and, in additionto

rapidly becomeinwardsdirected as the plasmoid expands. Therefore, the amount of lost

material due to plasmoid drift is reduced. On the other hand, the presence of suprathermal
electrons appears to modify the drift acceleration. However, a complete understanding for this

effect is still needed. It should be considered also that for caBeseva pellet crosses
completely the plasma without being fully ablated, fuelling efficiencies are reduced.

4.7.1. Relation between plasmoid drift and fuelling efficiency
It has already been outlinéd Figure55b) that fuelling efficiency depends significantly

on pellet penetration. The improvement of fuelling efficiency with penetration depth can be

explained by considering plasmadiB drift. Plasmoid drift is given, for an arbitrary magnetic
configuration, by the invee curvature radius, Rd. Considering this, the radialp™9, and
poloidal,voP®, components of the drift velocity aobtained fron{43]:

QD S 6$$ ' &
D3
'Q) \ \ ” -4 ’l’
b L PR T B
Qo ‘sddpoe@gjp_so*s S D3

(4-11)

Here,po andpp are the pressure of the plasmoid and the background plasma (in units of Pa),

respectivelyB is the background magnetic field (in units of fig,is the plasmoid density (in

units of M3, mis t he plasmoid ion mass (in units

of

label. Then, for regions of unfavourable curvature, where the drift is outwards directed, a

significant fraction of plasmoid particles can be lost. On the contrary, for regipnsptious

curvature, in which plasmoid particles drift inwards, particles remain inside the Last Closed
Flux Surface (LCFS)n addition, as a plasmoid expands, particles will be located in regions of

different curvatures, and hence, a fraction of itsiglas will drift outwards and other inwards.

This implies that, even if a plasmoid is detached from the pellet in a region of unfavourable

curvature, if it expands fast enoughtlsatits extremitieseach regions of favourable curvature

before arrivingatthe plasma edge, the effective drift acceleration can change its direction, and

a fraction of the plasmoid may remain inside the LCFS. For LFS injection-ih thé local
inverse curvature radius vector fields corresponding to injection Lines #M4andhére arrow
directions agree with what is explained here, are showigure56.
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Figure 56. Local inverse curvature radius vector field, i.e., plasmoid parallel lengthpZ0 m
corresponding to a) injection Line #fi € 14°) and b) Line #4{ = 13°). Here, red arrows represent
negative inverse curvature radius, i.e., inwards directed drifts; while blue corresponds to positive
inverse curvature radius, i.e., outwards directedftdGreen dotted lines separate regions of different
curvature radii, and the solid green line is the last close flux surface. In addition, injection paths are
highlighted by purple lines.

To conclude, since the magnitude and direction of plasmril drift determines, to a
large extend, pellet fuelling efficiency, and since such drifts depend on the curvature radius, it
should be possible to find an optimum injection location and direction. In addition,
advantageous magnetic configurations that allowiexaing maximum efficiency can be
identified.
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S.PELLET INJECTION SIMULATIONS IN STELLARATORS

For a cryogenic pellet injected in a magnetically confined plasma, several effects are
involved in its ablation and in the evolution of thdaadd material, whicldeterminepost
injection density and temperature prafiléA deep understanding of these mechanisms is
mandatory, not only to truly comprehend experimental results, but to be able to make accurate
predictions that allow designing new pellet injectors aatkmnining the most appropriate
injection scenario, which will be fundamental to achieve high density and effective fuelling in
large experimental devices and future reactors. Considering these needs, a simple ablation
model[90, 106]has been used talapta code hatsimulates pellet ablation in TI, for both
microwave and neutrddeam heated plasmas. The badithiscode is presented iregtion5.1
Then, some representative cases of pellet injection i @k simulated using Thomson
Scattering (TS) measurements as input. These predictions are compared to experimental results,
and aftewards,comments are made about the identified limitations of this mGieénthese
limitations, a stellarator version dhe Hydrogen Pellet Injection (HP12) codas developed.
Here, it is adapted for thEJ-1l and the W7-X. A summary of ablation andomogenization
models used in HPI2 is found Section5.2 Moreover, a brief comment about modifications
made to this new version is given. Next, simulations of pellet injections into ECRH plasmas in
TJII are shown and compatevith experimental resultiater, simulationgre maddor W7-
X. Finally, the limitations of models used by this code are discussed.

5.1.A NEUTRAL -GAS-SHIELDING -BASED CODE TO SIMULATE

PELLET ABLATION IN TJ-II

The Neutral Gas Shidihg (NGS) model, described Sub®ction2.3.1, was the first
attempt to explaipelletablation. Despite its simplicity, it succeeded in reproducing many of
the experimental penetration depths and/or pellet lifetimes. As mentioned, the spatial
distribuion of the neutral part of the cloud is described by hydrodynamic conservation
equations, assuming steasift at e condi ti ons. Her e, a esi mpl e
al. [106] extension of the Parks and Turnbull mo{#0] to NBI-heated plasmas has been
adapted In this model, the spatial distribution of the neutral cloud is modelled using fluid
equations for a transonic flow, with the #&duhal heat source of suprathermal ions. These
equations, for steadstate, and assuming spherical expansion18&]:

"0 wsalckoTaTth Ok dwa wd @6

(5-1)
Q0 an
9 Qi
(5-2)
, Q ' QY o Q¢ !
UET‘I [ pa C w w
(5-3)

Here,m (kg) is the average molecular mass argtg/n?) is the cloud mass density; while

(m/s) is the fluid velocityp is the cloud pressure afideV) is theneutrd cloud temperature

The radial distance from the centre of the spherical pellet is giver(rhy, wherea is the

ratio of specific heats (7/5 for molecular hydrogen). The system is closed by an equation of
state for the cloud, which in this case is itheal gas equation of state:
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(5-4)
The heat source¥y. andW; (eV/Kg-s), due to thermal electrons and fast ions, respectively, are
defined, for the slab approximation:

QO
(5-5)
QM
©
(5-6)

In these expressionfge andfess are the fractions of the heat flux deposited fetratoud heating
obtained from atomic processes and the geometry of the incident flux, for thermal electrons and
fast ions, respectively. Whilge and g are the electron and fasin fluxes to the pellet
respectively A detailed definition of these quigtres is given in106].

After defining all the quantities of the system, it should be noted that a transonic flow in
the cloud is imposed in this model. Taking advantage of such flow, all the quantities in the
system are normak by their values at the sonic value, designated by *, to make the system
suitable for numerical calculations. Therefore, the following changes are done:
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(5-7)
Considering these new variabl@s?), the systeni5-1)-(5-4) is rewritten as:
Qe C Cee
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, ,& r'] Q
Qe | 0 =
(5-8)
Here, the normalized heat fluxare:
o. 0.
(5-9)
® W: W d
(5-10)
While the parametes is defined as:
”Z‘lZ
. kK —
= a
(5-11)

With appropriate boundary conditions, and for fixtee andEs, this normalized system
can be treated as an eigenvalue problem of eigenea[d€6]. Therefore, it can be solved
numerically fromr & 1 to the pellet surfacég., for normalized cloud radius smaller than the
sonic radiusy 1. The mentioned boundary conditions, at the pellet surface, are:

n n m
(5-12)
U TEIO T
(5-13)

Afterwards, the solution for & 1 is obtained by integrating the solutions froné 1

until the change in the heat sources tends to zexodgd /,dgd / A 0.

Finally, once the system is solved, ablation eadlus regressiorates can be determined
from Equation(5-1) [106]:

O 1“7",0:1,
(5-19)
Q P "0,
— - "O -
Qo ™" 1 " 1R

(5-19
With this, by providingplasma electron density and temperature profiles, and fast ion
profiles in the NBI case, if available, it is possible to obtain an approximate ablation profile.
Some examples of these profiles are compared with experimental profiles in the following
subsetion, together with a discussion of the limitation of this type of ablation models.

5.1.1.Predicted ablation profiles for TJ-Il pellets and comparisons

The previously described N&ssed code is used to simulate pellet ablation in both
ECRH and NBI Tdl plasmas. The oveablation produced by fast ions is considered in the
latter case. Two representative cases for each heating method are selected and shown here. In
addition, predicted ablation profiles are compared to theeldission measured by the
photodiodesystem, which gives an indication of the ablation rate.
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5.1.1.1. ECRH plasmas

First, cases corresponding to E@BRating are presented. Discharge #39755 el 5]
the first selected case. This discharge was part of a series of 8 reproducible injections of Type
2 pelless (#39748#39762) along Line #2. In this caseean pellet content wa#s2 + 0.6x10®
H atoms and mean velocity 1014 +m7s. Also, he mean target linaveraged densityas4.9
+0.210"®¥m, In particular, fodischarge #39755h¢ pellet partie@ content was.9+ 0.3x10'8
H atoms, the pellet velocity was @+ 10 m/s, and the target lireverage density was7x10'®
m~. Density and temperature profiles, measured by the TS system before pellet injection are
shown inFigure57. In addition, theemporalevolution of plasma lin@average density, central
electron temperature and plasma energy along the plasma disisisrgen inFigure58.
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Figure 57. Target plasma electron a) density and b) temperature profiles measured with TS for
discharge #39755, for the standard configuration. For this discharge, plasma heating was performed
with 500 kW of offixis ECRH J ~ 0.3:). Note: TS data habeen smoothed. Also, outside 0.75,
simulated profiles are used, since TS system is limited to this radius.
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Figure 58. ECRH heated plasma dUdischarge #39755 showing the evolution of the-line
averaged electron density (leyand plasma energy (green), plus central electron temperature (purple).
The pellet enters the plasma at 1150.292 ms.

The ablation profile obtained for this discharge can be fourilgare 59, where it is
compaed to the experimentald¢mission. Moreover, the average éission corresponding
to the (#39748t39762) series is plotted here. The predicted ablation rate, despite the mentioned
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model simplicity, is able to reproduce fairly well the shape of the experimep&iission.
Moreover, the penetration depth obtained from the simulation, 0.166 m, is only 13% shorter
than the one deduced frony eimission, 0.191 m. It should be noted here that the error in pellet
mass is 5 %, and in pellet velocity is *+ %. In addition, since theagionary spatial evolution

of different neutral cloud parameters is calculated to obtain the ablation rate, an example of the
expansion velocity, temperature, density and Mach number evolution along the neutral cloud
radius, calculated at normalized plasmr adi us | Figure®09Here, iit & seenh 0 w n
that both cloud temperature and expansion velocity increase with cloud radius, but that cloud
density decreases rapidly. Also, two regions can be disthgdiin the expanding neutral
cloud. First, cloud expansion is subsonic; then, after few millimetres, it becomes supersonic.
This is expected since a shock surface was imposed in the equations. The fact that the cloud
density is relatively high near thelle¢ surface and decreases rapidly with cloud radius explains
how NGS models can reproduce remarkably well experimental results despite the simplicity of
such models.
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Figure 59. Ablation profile (in purple) obtained with a Ndfsed code simulation for #39755,
compared to Hemission recorded by TOP photodiode (in green). Also, the averagmibkion for the
injection series is shown in blue.
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Figure 60 Modelled steadtate spatial distribution®f the neutral cloud a) expansion velocity, b)
temperature, ¢) density and d) Mach number for discharge #39755. Values have been obtained for when
the pellet is {jocat@.déa) )3 =206 6&Yn°)EmelilactsBaring0
representsthe solidpellef(ry = 0.69) = 0.31 mm), assuming spher
radius is 0.38 mm.

Discharge #45079 is the second selected case for ECRH plasmas. This discharge was part
of a series of 6 injections of Tyjepellets(#45079#45098) along Line #1, whose mean pellet
content wa$.7 + 0.&10® H atoms andneanvelocitywas944 + 29 m/s. Alsothe mean target
line-averaged density wé&st 0.2x10® m In particular fordischarge #4507%¢ pellet particle
content wa$.98+ 0.3x10'® H atoms, and pellet velocity was 94® m/s. Density and electron
temperature profiles, measured by the TS system before pellet injection, are slaguren
61 The ablation profile obtained forithdischargeand the experimental d-emissioncan be
found inFigure62, along withthe average tlemission corresponding to the (#45675098)
series. As in the previous example, the predicted ablation rateloegoconsiderably well the
shape of the experimentabiEmission. Also, according to the simulation, the pellet penetrates
into the plasma to 0.128 m, a distance that is only a 6% smaller than that deduced from H
emission, 0.136 m. Again, this differencan be explained by uncertainties in pellet mass and
velocity.
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Figure 61. Target plasma electron a) density and b) temperature profiles measured with TS for
discharge #45079, for the standard configuration. For this dischagiigesma heating was performed
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Figure 62 Ablation profile (in purple) obtained with a Ndfased code simulation for #45079,
compared to Hemission recorded by TOP photodiode (in green). Also, the avekggmibkion for the
injection series is shown in blue.

5.1.1.2. NBI plasmas
Regarding pellet injection into NBieated plasmas, two representative discharges have

been selected, one of relatively high target plasma densityealhided temperature and a
second ofower average density and low temperature. These two cases cowiaspdype2
pellets injected along Line #2. In addition, the first injection was done into a colBléreated
plasma (NBI 2), while the second discharge corresponds teNdBtbeated plasma (NBL).
Discharge #38061 is the first NBl example shown, egponding to a pellet injected into a
NBI-2-heatedblasma (Rei = 430 kW, e = 29 kV and dsi = 48 A). It was part of a series of

3 injections (#3806&38062) whose mean pellet particle content s+ 01x10*° H atoms

and mean velocity 1048 + 21 myghile mean target lin@veraged densitywas 3.1 + 0.410'°
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m=. In particular fordischarge #38061he pellet particle content wasl + 0.1x10'° H atoms,
and pellet velocity was 1032 + 10 m/s.
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Figure 63. Target plasma electroa) density and b) temperature profiles measured with TS for
discharge #38061, for the standard configuration. For this discharge, plasma heating was performed
with 430 kW of counteX B | ( NBI 2) . Not e: TS data have been
simulated profiles are used, since TS system is limited to within this radius for this shot.
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Figure 64. NBI heated plasma 710 discharge #38061 showing the evolution of the-bweraged
electron density (blue) and plasma enefgpgen), plus central electron temperature (purple). The pellet
enters the plasma at 1095.284 ms. Note: the plasma was created and maintained by NBI heating only.

As for the previous examples, electron density and temperature profiles before pellet
injection are seen ifrigure 63; also, the temporavolution of plasma parameters is shown
Figure64, together with the duration of NBI heating phases. In addition, assumey anerg
density profiles of suprathermal ions are plottedrigure 65. The simulated ablation profile
and theexperimental l§emissionare plotted irFigure66, along with he average tlemission
of the pellet series (note: light signal reaching TOP fall once pellets penetrate bé&ya8dn;
since TOP view is limited by the 0 hardcore. Therefore, SIDE signal is also used to show
the full penetration). Here, the predidtablation rate does not reproduce the shape ofgloe H
the average emissions. Regarding the penetration depth, it is predicted that the pellet crosses
the whole plasma without being completely ablated, with 1. #xddrticles remaining in the
pellet; ths may be also the case in the real injecfgln This can be explained by considering
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the low target plasma temperature, which is the main contributor to pellet ablation, and
assuming that the contribution of fast iongellet ablation is not high enough to compensate
for the low electron temperatures.
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Figure 65. Assumed fast ion density (blue) and energy (orange) radial profiles for #8081
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Figure 66. Ablation profile obtained with a NGli$ased ode simulation for #38061 with and without

the effect of fast ions (purple and magenta, respectively), comparegetmistion for this discharge
recorded by both SIDE and TOP photodiodes (in green and yellow, respectively). Also, the average H
emission for the injection series is shown in blue.

Additionally, to confirm that the impact of fast ions in the calculatibtine ablation rate
is indeed necessary, ablation rates with and without the contribution of suprathermal ions are
compared with idemissions irFigure66. As can be observed, the inclusion of fast ions results
in a higher ablation rate, particularly at the beginning, that is closer to experiments than the
simulation without fast ions. Since the ablation rate predicted for the thelecaion
simulation is considerably lower, the number of particles remainirgeipélliet after crossing
the whole plasm s higher; in particular, 4x80'® H atoms are predicted to remain in the pellet
(this represents about 44% of the injected pellet content, compared with about 10% for the fast
ion simulation). Regarding stationaspatial evolution of different neutral cloud parameters, in
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Figure67, it showsthe same general tendencies as for injections into ECRH plasmas. The main

difference, in addition to the absolute values, is thatdlwod regions can be distinguished in

expansion velocity, temperature and density. The outer region corresponds to part of the cloud
heated by both thermal electrons and suprathermal ions; while the inner one corresponds to the
region heated by supratheshons only.
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Figure 67. Modelled steadtate spatial distributions of the neutral cloud a) expansion velocity, b)

thep !l | et
represents the solid pellet(ry = 0.

i s
69)

radius is 0.38 mm.

Here the case correspondingdo-injection heating®Pns = 580 kW, el = 32 kV and

0. 33

temperature, ¢) density and d) Mach number for discharge #38061. Values have been obtained for when
|l ocited 8t 6 Q)= =0 D6 BPPMJrThelliladsBading0
m m )Original spketical ipatiay

spher

Insi = 56 A)is presented. The selected discharge is #39060, which was part of a series of 4

injections (#39066#39067)with mean pellet content equal 602 + 0.X10'® H atoms, mean
velocity equal to1012 +81 m/s andmean target lin@veragediensity 1.0 + 0.210'° m=. For

this specific series, the dispersion in target density is larger (25 %) than in other studied cases,
since the purpose of these experiments was to study density increasedlaftejgetion for

a range of targets, and hence, plasmas were not intended to be reproducitilsci@ge
#39060, he pellet particle content wés2+ 0.3x10'® H atoms, and pellet velocity was 1098 +

11 m/s. Plasma profiles before pellet injectionsirewn inFigure68.
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Figure 68. Target plasma electron a) density and b) temperature profiles measured with TS for
discharge #39060, for the standard configuration. For this dischargspm heating was performed

with 580 kW of NBI

1.

Not e:

TS data have been

used, since TS system is limited to within this radius for this discharge.

The predicted ablation profile and texperimenth Hy emission, together with the
average K emission of the pellet series, are plottedrigure 69. The predicted ablation rate
reproduces, in this case, quite satisfactorily the shape of the experimgataiddon, despite
a predicted higher ablation between 0.025 m and 0.09 m from the outer plasma edge. In
addition, the comparison improves when the averagenhission is considered. Finally, pellet
penetration depth is reasonably well predicted, 0.301 m inraginto 0.276 m of the

experimental one (8% deeper than the measured penetration depth). As in the ECRH cases, this

difference can be explained partially by uncertainties in pellet mass and velocity. Moreover,
assumptions in fast ion profile and energy tdbnte significantly to the differences found
between experimental and simulated results.
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Figure 69 Ablation profile obtained with a NGl$ased code simulation for #39060 with and without the
effect of fast ions (purple and mage, respectively)compared to Hemission recorded by TOP
photodiode (in green). Also, the averageerhission for the injection series is shown in blue.
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5.1.2.Discussion of model limitations

NGSbased models are able to describe pellet ablation rates wnagtheronsidering that
such a model is a significantly simplified vision of the complex processes involyesdién
ablation For instance, NGS modeaileproduceonsiderably well pellet penetrations in different
devices presented [B0]. However, this type of modé& very limited,for instanceplasmoid
evolution is not described, and hence, theposition of the ablated material cannot be
calculated. This means that a NGS model cannot be used to describe or to predict the evolution
of background plasma profiles after pellet injectiontloe fuelling efficiency. Therefore, a
model capable of proging the posinjection density profiles is mandatorye., a model that
describes the homogenization of the ablated material, including plasmoid parallel expansion
and plasmoidexB drift. This also implies that the shielding provided by the ionizedifnaci
the cloud,i.e., the plasmoid, should be considered in the calculation of the ablation rate; not
only the background plasma heat flux reduction produced by collisions with the expanding
cloud, as used in NGS¢ction5.1).

As has been shown previoustiie NGSbased code is able to reproduce ablation profiles
fairly well, and pellet perteation depths within 15%or ECRH plasma the TJ3ll. On the
other hand, results for injections into NBI plasmas ese batisfactory; especially, the shape of
the ablation profile is only approximately reproduced, while pellet penetration depths are
reasonably well predictedo O 1 Ol¥doth cases, differences in pellet penetration depth are
partially explained by urertainties in pellet mass and velocity. In addition, for injections into
NBI plasmas, where the effect of suprathermal ions is included to appropriately describe
ablation, the incertitude in the assumed fast ion energy and density profiles cortridldege
extend to explain the differences with the measuregehtission.

In conclusion, NGS$ased codes have been demonstrated to be useful tools for calculating
pellet penetration depths and ablationsatence resutaresatisfactory and the computational
time required is very shofd2, 50] However, for a detailed ablation rate and for the prediction
of postinjection plasma proties, models that include the shielding effects associated with the
ionized fraction of the ablatant and the homogenization of such material in the background
plasma are necessary. For instance, the HPI2 code, which will be discussed in the following
sectio, includes these shielding effects aimdaddition the homogenization of the plasmoid is
calculated by a-@dimension fluid mod€]55, 136, 143]

5.2. ABLATION AND D EPOSITION SIMULATION S:. THE HPI2 CODE

The Hydrogen Pellet Injection (HPI2) codas developed by B.égourié, F. Kochkt
al. [65, 136, 143Jto simulate the ablation of a cryogenic pellet (hydrogen, deuterium or a
mixture of deuterium and tritium) injected into a magnetic confined plasma created in a
tokamak deviceand in addition, the evolution of the resuttaellet plasmoid, considering all
the known mechanisms involved in the plasmoid dfifte code takes into account specific
machine geometrical data, as well as plasma energy, density profiles and magnetic field
configuration under consideration. A sinfi@dd diagram of the HPI2 code can be found in
Schemd, where the main steps in the calculation of ablation and deposition profiles are shown.
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Schemel. Simplify diagram of the HPI2ode The HPI2 code simulates the pellet ablation and the
plasmoid evolution, considering specific geometrical data, plasma profiles and magnetic field
configuration of the device. First (blue), local ablation rate is calculated, giving also the initis¢wval

of the plasmoid. Then, plasmoid time evolution is obtained with a fluid model for plasma and plasmoid
electrons and ions, giving the deposition position. Finally (green), plasma density and temperature
profiles are updated. These new profiles are uakuhg with the new pellet size, to calculate the local
ablation rate in the new pellet position (purple).

In the first instancepellet ablation is described by an enhanced version of the Neutral
Gas and Plasma Shielding model (NGP5], which not only takes into account the shielding
provided by the cloud of neutral ablated particles that surrounds the pellet, but also the shielding
provided by the ionized fraction of éhablatant,.e., the plasmoid[113]. Moreover, the
reduction of the incident flux due to electrostatic and magnetic shielding ardad¢kee
Section2.3). The scaling law obtained with this approximation reproduces closely experimental
penetration depthid 34, 226 230]. This improved version of the NGPS model also considers
additional effects; for instance tlaermal Maxwellian energy distribution for plasma patrticles,
increased ablation due to fast or alpha partidles heating in volume of the peliet., the solid
pellet; the role of atomic processgepmetric effects related to particle finite Larmor r§ahi]
and 2D modification of the cloud expansion geomefiy13]. For the latter effectsome
geometrical correctiofactors need to be considered when calculating energy fluxes, and hence,
when calculating the ablation rate, to account for the possibility of incident particles entering
the ablatant, and their path within the cloud, before reaching the pellet ordtshmgjr energy
[55]. The calculations performed to obtain the ablation rate also provide the initial plasmoid
guantities, used when determining the parallel expansiothefplasmoid from its time
evolution.

The plasmoid time evolution is modelled by-®0two-cell (plasmoid and background
plasma) fowfluid Lagrangian systenj55, 110, 143] Compression of the plasma by the
expanding cloud, the slowing down of this expansion by viscosity fordeshdevelop at the
cloud-plasma interfaceand the increase in the system inertia due to the part of the plasma being
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putin motion by the cloud expansion are all considered in the nib4fg]l The set of equations
that provideghe time evolution of the plasmoid mab (in kg); the plasmoid magnetic and
thermal energiegmo andEp (both in J); and plasmoid radial and toroidal expansion velocities,

— and— (both in m/s)js formed by the following gxession§136, 143):

06 1 o’ ©
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v Y 05— =
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Qo o <Y Y Qo & Qb C Qo Qo Qo
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QY ¢"Ywn n zn an 0600
[94] 0
oy p . QD qy
Qb NN &0
[94] 0
(5-16)
Here,H is the Heaviside step function, ahd — is effective deposition time when plasmoid

drift is not consideredpo , @re the kinetic pressures of the plasma andhef plasmoid
respectively, whilgo , pake the magnetic pressures. In addition, plasmoid dimenstoasd

Zo (bothin m), are defined irFigure 70, whereas plasmoid density and temperature are
calculated as:

: <o
“OYa
(5-17)
a O
y _ [ p
L p Q
(5-18)

Here,mnis the ion mass (in kg = 5/3 is specific heat ration of atomic hydrogen fimithe
ionization fraction given pthe Saha ionization equation.

Finally, particle and energy sources appearing in the system of equations are defined as
follows (from[136, 143):

Ablation rate dNy/dt:
’Q'j Y 'Q 1
o ' qo °F
(5-19)
Here,Np is the hydrogen atoms in the peligtis the pellet radius (in m), amg is the molecular
density of solid hydrogen (in )

Diffusion of the magnetic fieldsq is the magnetic diffusivity)



Pellet injection simulations in stellarators

(5-20)
Plasma energy consumed for ionizatitis(the average ssociation and ionization energy per
hydrogen atom, ~ 18.2 €)93)):

D ., o 20
. S o Y To-
0 7
a
(5-21)
Total power transferred to the plasmoid:
. e ¢!'Yaol Y Y
U] Y n —
ﬁ “...Qo
(5-22

Here,Ge, is the thermal diffusivity for electrons and ioBs;is the thermal conductivity argg
= gM + g« Sis the sunof the Maxwellianand the supthermal cotributions.

Figure 70. Plasmoid expansion geometry as considered in HPI12, where calculations are made by taking
advantage of plasmoid symmetry, i.e., only half a plasmoid, represented here by thieiglgiiading,

and half a flux surface shell volume are considered. Here, plasmoid dimensions are. defametl,
areplasmoid dimensiain radial and verticaldirectiors, respectivelyn m.Zyis haltplasmoid parallel

length in m, while dgdt is plasmai parallel expansion velocity in mis;is the average hatblasmoid
selfconnection length (m), i.e., the length of half a magnetic fieldHinally, Ry, the plasmoid radius,

is defined from Land Ly as:’Y —_—

Additionally, plasmoidExB drift, whose dynamics is determined by plasmoid pressure
relaxation with the background plasma, is calculated using an equation for the averaged
acceleration of a plasmoid partidleat isintegrated to obtain the total average particlé&.dri
The drift acceleration is obtained from the compensation of the curvature current by the
polarization currenfl36, 143]

QD ¢n N n n
Qo Ea’y

(5-23)
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Under thispremiss when plasma and plasmoid pressures balance, the drift stops
However, some additional mechanisms that modify the amount of accumulatedparéicies
and, therefore, the acceleration drift are included in the HPI2 code. For instance, the coupling
between plasmoid expansion and driticsounted for by aadditional driving term for change
in the particle velocity distribution due to the plasmoid parallel expansion. In addition, the effect
of Alfvén-waves propagating from both ends of the plasmoid is considered. Moreover, the
reduction of drift acceleration due shortcircuit external (External Circuit Closure, ECC)
[136] and internal (Internal Circuit Closure, IC€)34, 224]currents is included in the
calculation of drift displacement. Therefore, the ezpian for the drift acceleration becomes,
for a plasmoid sectioha:Lp = (' Y?Ro)? (assuming slab geometry, as seeRigure70):

OV P ¢b n N N n
Qo 0 p Ya €
o cp O 0 600
0 —
0
00 t O . 600D I
= - p Q-
0 &)

(5-29)
Here,La, Lp andZo are plasmoid dimnsions (all in m), defined iRigure70; Ris the plasmoid
location in major radius coordinates (m), dds the toroidal component of the background
magnetic field (in T)goi s t he vacuum P Wh/A)eadshhe lAlivényspedd4d ~ x 1 0

defined a®) k ; and(y | is the external plasma conductivityy is the radial width of

the external parallel current channel (in m), whiewris the harmonic average of the plasmoid
reconnection length,con, (in M), i.e. the average length of the ECC current channel. On the
other handPcon is the fraction of externally reconnected plasmoid charges of opposite sign,
whereasPcon2 is the fraction of externally reconnected plasmoidrgks ofthe same sign.
Finally, Zcon (S) Is thetime of first connection between regions of opposite charge,the
characteristic time for the start of the ECC effect. It should be noted that the-déxeneffect

only applies to the fraction of neexternally reconnected charges.; is the increased
inertial mass (irkg) [143]:

0 00wega ©
Pr ..
0 f 0 EU 000 € a
(5-25
The background plasma density is obtained from the background plasma partite, con
No(}):
. 0
00 0
(5-26)

Here,Lr is the average plasmoid selbinnection length, also defined kigure 70. Also, it is
taken into account that the ECC depends on the poloidal position of the plasmoid, since the
distribution of charges inside the plasmoid can be asymmetric, hence:

0 | x0 | TOE |

(5-27)
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0 | x 0 | m 0 | mp QF |
(5-28)

Up to this point, equations outlined correspond to the original version of the HPI2 code,
developedfor tokamaks. However, for its extension to the complicatedaxsymmetric
configurations, it is necessary to include the effect of a helical field in the calculation of the
drift acceleration forcg43, 225] In this way, he drift acceleration is calculated, treating
independently the radial and the poloidal components (the toroidal component is assumed to be
negligible)[43, 136]
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(5-29)

Furthermore, additional modificatiorere made to include a generalized calculation of
the exact magnetic and geometric quantities, suitable for any tokamak or stellarator
configuration, in the calculation of the drift; and to reduce the computation tint@sInew
stellarator version, the equilibrium magnetic configuration from a VMBGtfile [231i 233]
iIs used to evaluatelladrift-relevant magnetic and geometric quantities by employing a
dedicated stellarator library. In addition, the variation of the magnetic field along the plasmoid
parallel length, associated with thréenensional devices, is taken into account in g#frad
manner in the plasmoid drift calculation, since only the averaged magnetic field along the
plasmoid parallel length, B>, acting at the plasmoid barycentre is considered. Moreover,
instead of carrying out a complete calculation, a database wittajiméated average values of
drift-relevant magnetic and geometric quantities, is (i28d, 235] Finally, the HPI2 coe,
whose structure is summarizedSoheme?, is formed by four main routines:

1) Readtokamakdatain this file, machine specific data is read (the path to libraries with
geometric data, temperature and density @efdnd magnetic field data is specified for
every possible device)

2) Codeparamsin this second file, pellet and plasma characteristics are specified; as well as
all the effects that are to be considered in the simulation.

3) MainRoutine: main quantities are tallated along this script, such as pellet radius and
position, plasmoid size and position, plasmoid drift, plasmoid temperature and density or
changes in plasma temperature and density. This routine uses several subroutines to obtain
these variables.

4) Plotresults finally, main results are calculated and plot
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Codeparams

Main Routine 4 Plot Results
Readtokamakdata
Ablation Part

Homogenisation_function

Plasmoid time
evolution

Taux_ ablatlon hom

¥

PlasmOId Plasmoidcharacteristics

1—: Taux_NGPS 1
No plasmoidcharacteristics e Plasmoid_Abl_Hom

Scheme. Detailed diagram of the HPI2 code structure. First, machine specific data, and pellet and
plasma characteristics are read from ReadtokamakdataCateparams, respectively. Main quantities

are calculated in MainRoutine, which calls Ablation Part, where ablation rate is calculated, and
Homogenisation_function, where the time evolution of the plasmoid parameters is calculated. Then,
with plasmoid pareeters, Main Routine calculates new plasma profiles. All relevant results are plotted
using Plot Results. Ablation Part uses several auxiliary functions to calculate the ablation rate and
plasmoid initial parameters. The ablation rate can be calculated@gux_Parks, for plasmasTower

than a threshold temperature, or by Taux_NGS and Taux_NPGS for higher temperatures. For the latter
case, plasmoid parameters are also needed (calculated with Variation, Plasmoid and
Plasmoid_Abl_Hom). In contrast, for therwer, the plasmoid is neglected since only the NGS model

is used to estimate the ablation rate.

5.2.1.Simulation of pellet injection in TJ-II

Hydrogen pellets of different sizes have been injected into both- BARNBFheated
plasmas, for a wide range of plasdemsities and temperatures, as discussed in deGkipter
4. The HPI2 code, in its stellarator version, is used to simulate pellet injection into ECRH
plasmas for the standard configuration ofllT Wwith the correspondiny MEC woutfile [1].
Two different discharges have been selected as representative cases of pellet injection into
ECRH plasmasBoth correspond tdype2 pellets, injected along Line #1. However, in one
case, oraxis ECRH was used, while in the other heating wasxif. This difference in the
heating not only implig different plasma profiles, but also, a population of suprathlerm
electronss maintained in the plasma core for-aKis ECRH.This hasimplications forablation
and deposition that will be discussed in the following subsection. Regarding pellet injections in
NBI plasmas, simulatiarhave notbeenperformeddue to dimitation of the current version of
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HPI2. This is becaus@ellet injections where toroidal position is not constant cannot be
simulated. Indeed, that is the case for injections into unbalBt@lasmas due to the toroidal
deflection of pellet trajectorgrovoked by NBI originating ions, as seenGhapterd. On the

other hand, for almodialanced NBI plasmase., plasmas where both @nd counteinjectors

are employed, pellet trajectory deflection is negligible, and hehicselimitation of the HPI2
version can be overcome for this particular case. However, the effect of fast ions in the
calculation of pellet ablation is nonetheless necessary, as was concli@stion4.4. Swch

an effect is not included either in thel&arator version of the code.

The following subsections are organized as follows. First, ablation profiles predicted by
the HPI2 code are compared witly €mission profileobtained from signalsecorded by the
photodiode system. In addition, plasma density and temperature evolutions obtained by the
simulation are compared to those reconstructed from Thomson Scattering (TS) measurements.
Moreover, drift direction and acceleration calculated by this code areacedhio images from
the fast camera system and values estimated from the analysis of thgs® ima

5.2.1.1. Simulation of pellet ablation rate

Two representative cases of pellets injected into ECRH gldsmas have been selected
and simulated with the HPI2 code. both examples, a pellet Tyf2ewas injected along Line
#1 into plasma created in the standard magnetic configuratior4dt60). The first pellet,
corresponding to plasa discharge #41777, contained 6.1 +xQ@® H atomsand was
accelerated to 808 +8/s; while the second, correspondingt44614, contained 6160.3x10'®
H atomsand was accelerated to 900 + 9 m/s. Theehhission collected by photodiodes is
plotted in Figure 71 for both cases. In addition, plasma electron density and temperature
profiles, measured with the Thomson Scattering (TS) system, corresponding to siessarea
shown inFigure72. It should be noted that the peak observed close to the edge of the TS target
temperature profileigure72a ) , at } = 0. 7theHyprofle (sebFgwe7.bser v e
Therefore, it may not be an artefact of the diagnostic, but real, possibly related to a rational
surface (8/5) at that radial positif286].
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Figure 71. Hyemission as measured by TOP photodiode during discharges #41777 (blue) and #44614
(green), as a function of plasma radius.
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Figure 72. Target plasma a) electron densities and b) electron (solid) and ion (dotted) temperatures for
discharges #41777 (magenta) and #44614 (blue), for the standard configuration. For these discharges,
plasma heating was performed with-akis and oraxis ECRH, respectively. Note: TS data have been
smoot hed. Al so, out si deusgd, since TS system is knited tolthés tadius. pr o f

Ablation profiles calculated by the HPI2 code are showrrigure 73. In addition,
predicted deposition profiles and measuree@idissions are represented Hédfdelt can be seen
that outwardly shifted deposition profiles, compared to ablation profiles, are predicted. Also, it
IS observedhat the agreement between the recordedwhich gives an indication of the
ablation rate, and the predicted ablation profile is reasonably good, consideringghassion
is not directly proportional to ablation rate. In addition, for #41777, itldimeinoted that off
axis ECRH generates a suprathermal electron population within the plasma core that enhances
ablation at the end of the pellet lifetif#92]. Its presence is identified by hardrXy emission
along the whole plasma discharge, as can be obsertglire74. However, the ovell effect
of suprathermal electrons on thielation rate is minor, sindbe main suprathermal population
is located near the plasma centre ~ @3), wherethe pelletis almostfully consumed. The
effect of such fast electrons in pellet ablation is inotuded in this version of the code. In
Figure74, a sharp and sudden emission of hxrdays, triggered by the pellet, is also observed,
this being due to deconfined suprathermal electrons, located neardemrational surfaces,
interacting with the acuum chamber wallheir contribution to ablation rate is expected to be
also minimal since pellet is almost fully ablatguis will be later confirmed)
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Figure 73. HPI2 simulated pé&t ablation (purple) and particle deposition (blue) profiles compared
with measured blemission profiles (green) for a Ty@epellet injected along Line #1 into the ECRH
phase of discharges a) #41777 (6.1XH0atoms, velocity = 808 m/s) and b) #446146xd0°H atoms,
velocity = 900 m/s).
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Figure 74. Temporal evolution of the hardrdy flux for discharges #41777 (sky blue) and #44614
(purple). The temporal evolution of lk@veraged densities of both discharges (dark bluetfd777

and magenta for #44614) are also shown to facilitate the identification of pellet injection time. A pellet
is injected into #44614 at 1108.988 ms and into #41777 at 1133.225 ms.

Afterwards, calculated ablation profiles are compared tatbea@ Huemission for a complete

series of reproducible discharges. Discharge #41777 was part of a series of 8 injections of Type

2 pellets (#41777#41787), whose megellet content was 6.3 + ®B0'® H atoms and mean

velocity 838 + 30 m/s. Similarly, of thé/2njections made in the series (#446@44639), the

mean phet content and velocity werg3 + 0.&10'® H atoms and 900 + 18 m/s, respectively.

It should be noted that 5 of the latter pellets suffered friction losses or were broken upon plasma
entry. Also, for thedischarge series (#4177#41787), the target linaveraged densitiegere

5.2 + 0.X10'® m?3, albeit for simulation the chosen discharea d a smal | er di f
0.1x10'® m3). While for series (#44607#44639) the target lineaveraged densitiesere 4.9

+ 0.1x10*® m3. Such average emission profiles are showFigure75.
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Figure 75. HPI2 simulated pellet ablation (purple) profile compared with measugenhttssion profiles
(green), together with the average emission and the dispersion for a number of reproducible discharges,
for a Type2 pellet injected along Line #hto the ECRH phase of discharges a) #41777 (60

atoms, velocity = 808 m/s) and b) #44614 (6.6%Hatoms, velocity = 900 m/s). In addition, b) shows,

in yellow, the light emission profile obtained from featnera snagshot images for #44738 @m the

series of reproducible discharges).
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Here, t can be observed that the agreement with the predicted ablation profile is
significantly improved when the averages I8 consideredl]. In contrast for #44614, a
relatively strong peak is observed in thegdthission beforablation is completd. Howeverit
is considered that not all recorded light is directly related to pellet ablation. For instance, it can
be deduced from fast camera images that the photodiodes are also sengitneoitted by
the drifting plasmoids, as seen @hapterd. Correctons of the detected light do not tatke
real position of the plasond into accountsince it cannot be determined with the photodiode
system The strong kdpeak at the end of pellet lifetime is attributed to this.

The penetration depthe., distance travelled by the pellet until its complete ablation, of
the pellet is well predicted by the HPI2 code in both cases, as well as the rate of the ablation,
whose shape is similar to thesldmission, considering the expected differences since they are
not directly proportiong]1]. In addition, returning to contribution of suprathermal electrons to
ablation in #44614, the light profile from the fdisime images observed Figure 75b) and
the fact that the penetration depth agrees with the HB2 prediction [216] confirmed that
their contribution is minimal.

5.2.1.2. Simulation of density evolution: drift and transport

The HPI2 code is also used to simulated plasma density and temperature evolution after
pellet injection. Results for the same discharge&l777 and #44614, are presensetl
discussedhere[1]. Firstly, predicted plasma density after complete homogenizatior pétlet
material is shown ifrigure 76 for both cases, together with target plasma densities from TS
measurements. In addition, densities measured by the TS after the injection of a pellet (at
different times foreach case) are plotted. In this way, plasma density time evolution is
reconstructed using the skotshot technique, whose use is justified by good plasma and pellet
reproducibility[2]. Moreover, predicted deposition fites, i.e., the increment of the plasma
density,as well as those calculate from TS density measurementspacein this figure

14 1 1 ] 1 1 1 16 L] T T L] L] T
1“_ =0 ms (target) a) I'I"-i =0 ms (target) b)

al-."“ 12 FHPI2 (t =+ 0.32 ms) {14 [ HPI2 (t =+ 0.3 ms) ]

g DKES ( t =+ 0.8 ms) 12 DKES ( t =+ 1.48 ms)

- -l:"-::-""q o —— -

= 10 eSS == N

= -7 S

— 10 ’___._.--";a » \:

.;E.a =1 F‘Fﬁ: ’f \‘

g — — 8 \\-

% . Pellet penetration

= Pellet penetration aapileen 6r depth: p=10.198

E 4 F depth: p=10.148 .‘,::.':'. 4 1 e

e L 4 o :. ey

g “d:’.‘ “...' .........

_— LA .

= 2F ‘,‘_:‘ »* 112} -“..:"‘ ]

RPTELLCAY ,“..-ul' Pellet Direction e ,..--:“..o Pellet Direction
Y 1 1 1 1 1 1 0 ‘--;:"—u- Iln“' 1 1 1 1
0 01 02 03 04 05 0.0 0 01 02 03 04 05 06 07

Normalized Minor Radius (p) Normalized Minor Radius (p)

Figure76. TS electron density profiles measured before (solid blue) and after an injeclidim(ange)

plus density profiles obtained with HPI2 code (dashed/dotted green) and DKES (dashed/dotted
magenta). The corresponding electron density increments, i.e., differences betweenitijeqbiost
profiles and target profiles, are also shown (ogandashed lines for TS measurements, green dotted
line for HPI2 simulations and magenta dotted lines for DKES simulations). a) discharge #41777
(6.1x13® H atoms, velocity = 808 m/s) and b) discharge #44614 (68xl8toms velocity = 900 m/s).

It can ke observed in both cases that the plasma density given by the HPI2 code is shifted
towards outer radii, compared to the experimental profiles. To account for these differences, it
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should be considered that the HPI2 code provides an axisymmetric denslgyqaiculated

when the homogenization of the material is completed (in these particular c@sssms and

~ 0.3 ms, respectively, aftpellet injection). In contrastT S measur ements are
after injection. This is done because it has been observed that complete pellet particle
redistribution about the plasma requires several millisec¢?lds.e., no clear change is
observedefore 0.8 to 1 ms after an injecti@the TS is located at 180° toroidally from the PI).

For this reasonand since the HPI2 code does not tpketicle transporinto account, it is
necessary to simulate the time evolutiothafdensity profiles predied by HPI2 to accurately
compare simulated results with measured profilgsDensity profiles at time t = 8.8 ms for
#41777and at t = +1.48 ms for #44614 after pellet injection are calculated using neoclassical
calculations with DKE3232], as explained in detail ii#]; neoclassical simulations are used

here since neoclassical codes were able to reproduce the transport of ablated material, for
instance, towards the plasma core in NiBhated plasm@]. In general, it is observed that post
injection density profiles are more hollow than taggasma density profiles. If this is the main
change in the shape of the plasma profiles in the pattmhsporttime scale (the electron
temperature returns to previous values on a faster time scale), neoclassical transport should lead
to an increase dhe core density, as discusseddpfor THII NBI plasmas. Together with this,

there should be @density dropn outer regions and a transiently constant density at intermediate
radial positions. Qualitatively, this points in the right direction, and indeed the density profiles
calculatedwhen neoclassicatransportis includedare closer to the corresponding Thomson
Scattering pofiles than those estimated H{12 only. However, the quantitative agreement can

be considered reasonably good for discharge #44614 but poorer for discharge #41777.
However despie the overall good agreement of discharge #44614, the neoclassical simulation
predicts a densitthatisl ower t han t he t al§,elichid rohabsetved, ar o
in the experiment anghichis a odds with the general description given abjeTo explain

this, it is first noted that the radial electric field also evolves after pellet injection within the
time scale of particle transpof#], as does the ambipolar radial electric field in these
simulations. It is also noted that in discharge #44614 the core electron temperaelatively

high, which means that the radial electric field (approximately given-by-) is large, and

hence DKES simulations become inaccufagy].

In addition, regarding discharge #4717, it should be recalled thetprathermal electrons
are generated in the plasma core and that they transverse the plasma as plasmoidelrift to th
outerplasmaedge The presence of such a populatioat considered in the calculatiomsay
modified the drift. Therefore, it magxplain the disagreement between measured and predicted
density profiles. Finally, it should be reminded that changekdrparticle sources from the
wall are neglected in transport simulations. However, there is no indication that part of the pellet
fuel goes to the wall, even though the estimated fuelling efficiency id2pwn any case
refuelling is negligible for the short time window considered here. In contrast, the efficiency
estimated from HPI2 simulations is high, at ~80% for the cases considered here. When
neoclassical transport is considered, the fuelling efficiency is coabigeeduced. Values are
estimated to lie between G@% for #41777 and 380% for #44614, these being significantly
higher than the experimental ones25% for both cases). In order to account for this, it is
considered that the number of particles dépdsnear the plasma edge may be overestimated
due to a numerical artefact that appears whedrift displacement is large, with the result that
a substantial and unknown fraction of particles is not considered lost. In addition, it is not
possible to dermine accurately the density evolution with DKES for radial positions outside
} O00.8. Therefore, such uncertainties in the
hence, may contribute to explain the differences with experimental Jalues
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Figure 77. Target plasma electron (green) and ion (blue) temperature profiles before (solid,
experinental) and after (daskotted lines, predicted) complete pellet ablation and homogenization for
discharge a) #41777 (6.1xf(H atoms, velocity = 808 m/s) and b) #44614 (6.6%XH0atoms velocity
=900 m/s).

Simulated electron and ion temperature prefite 0.3 ms after pellet injectiore., HPI2
postinjection temperature profiles, are plotted-igure77 for both cases. Here, it is observed
that both electron and ion temperatures decrease considerabiiyenpirsma edge, while their
reduction in the core is lower, as expected from the adiabatic approximation in the calculation
of background plasma profile evolutioi]. Regarding temperature evolution, electron
temperature profiles, measured by the TS system before and at 0.8 ms and 1.48 ms after pellet
arrival at the plasma edge respectively, are shoWwigure78. Here, it is seen that experimental
postinjection profiles are more similar to those of target plasmas than to profiles predicted by
the HPI2 code, since plasma cooling and recovery during and after pellet ablation are faster
than plasma density changes. Therefore, it is difficult to determine from TS profiles whether
pellet cooling effect is overestimated by HPI2 calculations. However, in refef2hade is
shown that, for TI, processes aesiated with pellet ablation are adiabatic, which concurs
with assumptions made for HPI2.
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Figure 78. Electron temperature profiles of the target plasma (blue) and after pellet injection (green)
measured with TS for discharge a1#77 (6.1x18 H atoms, velocity = 808 m/s) and b) #44614
(6.6x13° H atoms, velocity = 900 m/s). The HPI2 simulated electron temperature profile (dashed/dotted
orange) is also shown in botlglires.
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As mentioned, poshjection profiles are calculated msidering all known driving and
dampingdrift effects. For such effectthe magnitude of the predictddft velocity for #41777
is between 0.6 km/s and 3.8 km/, when the plasmoid is detached from the pellet; while for
#44614, predicted velocities areween 0.4 km/s and 5.1 km/s. In addition, simulated plasmoid
drift velocities when the plasmoid is completely ionized are between 1.4 km/s and 3.8 km/s for
#41777, whereas, they are between 0.9 km/s and 5.1 km/s for #44614. Moreover, during the
homogenizabn phase, radial drift velocities up to 2.5 km/s to 20 km/s are reached, while
poloidal drift velocities of between 1 km/s and 10 km/s are attained for #41777. Similarly, for
#44614, the maximum velocities obtained are between 1.4 km/s and 23 km/s fadigie
direction and between 0.7 km/s and 14 km/s for the poloidal dirgdfion

The time evolution of the drift velocity forgarticular plasmoid caalsobe studied. For
instance, the drift velocityluring the complete homogenization phdsea plasmoid detached
whenthe pelletisa t Q.8 is~shown irFigure 79, for both experimeml cases. Here, radial
and poloidal components are plotted, and it is observed that both components are initially
accelerated (until t 3 5 . &fRe) this time they decelerate until the motion is completely
stopped. The initial acceleration and subsetjdeceleration concur with trexposure time
dependency found with fasamera imaged-urthermore, the values of the drift velocities, in
both the radial and the poloidal direction, calculated with the HPI2 code agree reasonably well
with the averaged vaés estimated from fast camera images (seq4.6)

a) — \.’R b} — \_7“

Plasmoid drift velocity (km/s)
RS S T R T R
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0 0.03 0.06 0.09 0.12 0 0.03 0.06 0.09 0.12
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Figure 79. Simulated evolution of the plasmoidftivelocity, during the homogenization phase, in the
radial (blue) and poloidal (green) directions plus the total (pink) for plasmoid #12 (originating- at
0.8) for discharges a) #41777 and b) #44614. Negatives poloidal velocities indicatedidegiad
drifts, while positive radial velocities reent outwardslirected drifts.

Finally, regarding the direction of the drift, it should be recalled thatdefined by the
confining magnetic field, in particular by the inverse curvature radius. This implies that, since
TJII is a fully threedimensionaldevice, the drift direction of the plasmoid depends on its
parallel length. So, in HPI2, as mentionedha description of the code, the inverse curvature
radius is averaged along the whole plasmoid length and, this value is used to calculate the
effective drift of the plasmoid. Examples of the inverse curvature radius vector field are plotted
for plasmoidswhose dimension parallel to the magnetic field lines,i0.8 m and 10 m in
Figure80.
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Figure 80. Effective inverse curvature radius vector field for thdlTslandard configurationf = 14°,

and plasmoid of dimension parallel to magnetic field lingspZa) 0.8 m, and b) 10 m. A dotted black

line separates regions of positive (upper left of curve, red arrows) and negative inverse curvature radius
(lower right of curve, blue arroysPellet flight path through the plasma for injection Line #1 is shown

In addition, the complete trajectory of each plasmoid during the homogenization phase is
plotted for #4177and for #44614n Figure81. In these figures, it can be seen that the drift is
directed radially outwards and poloidally downwards for plasmoids of short parallel length and,
as they expand, the drift becomes inwaddscted. Moreover, it can be observed that plasmoids
drift following the direction of the inverse curvature radius at the corresponding parallel length.
It is also observed that most plasmoids drift to the plasma edge and are partially or completely
lost, while only some of them are stopped before reaching the edge. Thamexphy the
density profils are shifted to the outer plasma edge with respect to the ablation profile, and the
low fuelling efficiency of pellet injections in ECRH plasmas, where pellets do not penetrate
beyond the plasma centfg]. Finally, it should be noted that a detailed comparison with
experimental results is not possible with the current fast camera system, since, in addition to
time average effects, due to finite exposure time, fast camera images are ordyshble the
drift of the plasmoid, with reduced uncertainties, at the beginning of the homogenization phase,
when the parallel length of plasmoid is short compared to the length of the field line, referred
as selconnection lengtlil36], i.e., when no aerage effect has come into play yet. It is found
that the drift direction predicted by the HPI12 code for plasmoids of small parallel length agrees
with the drift estimated from fast camera imagsse(Figure 49) ard with the fact that
deposition profiles are shifted towards the outer plasmaléfige
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Figure 81. Closeups of plasma crossections inFigure 80 showing the effective inverse curvature
radius vector field for the Tl standard configurationf = 14°, and plasmoid of dimension parallel to
magnetic field lines,¢Zof a) and c) 0.8 m, and b) and d) 10 m. Blue arrows represent outwards effective
drift and red arrows represent inwards effective drift. In addition, trajectories of all plasmoids(purple).
for the simulation a) and b) #41777 and c) and d) #44614 arershArrow lengths are proportional

to plasmoid drift acceleration.

5.2.2.Simulation of pellet injection in W7-X

Several pellet injectiorscenarios divided into two setshave been simulated for the
stellaratoWendelstein 7X. The first set of simulatianhas feencarried out as a preliminary
study of pellet injection for the Operational PhaselOR with the aim of comparing injection
from High Field Side (HFS) and Low Field Side (LFS). On the other hardsdbond set is
performedas input for the design af new pellet injector system for future operational phases
of W7-X, for instanceOperational Phase QP In addition, two plasma heating scenarios are
considered for both setse., the impact of background plasma density and temperatatgo
evaluated In these simulations, the differences in pellet penetration, material deposition and
fuelling efficiency are assessed for the diverse cases.

5.2.2.1. Simulations for OP 1.2

During the second operational phase of-¥OP 1.2, a recommissioned blower duas been
used[185]. With this injector, cylindrical hydrogen pellets, 2 mm in diameter and 2 mm in
length,wereinjected into W#X plasmas, at nominal velocities of 250 m/s, from two different
ports. These two ports areckied very closed toroidally, one on the inner part of the device
(HFS, AELA41 toroidal angley = - 2.22 rad, whereas the other in the outer part (LFS, AEK41
toroidal angle,« = - 2.24 rad. Therefore, comparison between HFS and LFS injections is
possibe. In addition, higitemperature and higthensity scenarios, corresponding the latter to
ECR-heating in O2mode and the former to ECRH in X2ode, are considered to evaluate the
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effect of background plasma density and temperature in pellet ablation archhakgposition.
Plasma crossections of the mentioned ports can be fourfeignire82 a) and b)while density
and temperature profiles of the two plasma scenarios are plofeyline 83.
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Figure 82 Poloidal crosssections of the closed magnetic flux surfaces for the standarX W7
configuration at three injection port locations a) AEL41 - 2.22 rad); b) AEK41L( = - 2.24 rad),

2.39 rad). Pellet injection flight paths are shown in magenta (the injection angles,
with respect to the horizontal plane, are 0.13 rad for AEE3D rad for AEK41, and rad for AEE41).
Note:origin of magneti@xisconsideredort =0 rad
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Figure 83. Profiles of a) electron density and b) electron and ion temperature, corresponding-to high
temperature (ECRH in XRlode) and higkdensity (ECRH in O21ode) scenans in W#X.

In the first instance, a series of simulatianth nominal pellet parameteiisg., 2 mm in length,

and 1.5 mm in diameter (instead of 2 mm to account for erosion along injection tubes), and 250
m/s are carried out. These pellets contain approximately 29xg@rogen atoms, in contrast

to 3.2x16° particles in a 2 mm x 2 mm pellet. In these simulations, plasma density and
temperatures expected for fpibwer ECRH are used as input. Simulated ablation and
deposition profiles obtained in this initial set are showrRigure84, while fuelling efficiencies

are found inTable7.
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Figure 84. Pellet ablation (dotted) and particle deposition (solid) profiles for HFS and LFS injections
into high-densty, low-temperature (plasma scenarios are showRigure 84), plasmas in the standard
configuration of W7X (blue is HFSnjection into ECRHO2 mode heated plasma, green is HFS
injection into ECRHX2 mode, purplés LFSinjection into ECRHO2 mode, and yellow is LF8jection

into ECRHX2 mode). In all cases pellet velocity is 250 m/s, pellet content is 18kams (length

= 2 mm, diameter = 1.5 mm). In the standard configuration, tlegaaed minor radius i8.58 m.

Injection Heating J | 0P 13, max } o Fuelling
port method penetration deposition  (x10*®*  mRrmax  efficiency (%)
m)
ECRHO2 0.82 0.33 8.7 0.64 98
AEL41
ECRH-X2 0.85 0.24 10 0.69 98
AEK4L ECRHO2 0.77 0.50 1.7 0.72 47
ECRH-X2 0.81 0.60 1 0.73 43

Table7. Relevant HPI2 results for four different scenarios considered for thé.®phase of WX.

Her gpemMetrati ono

represents the

radi gtlepositionot

represents the deept position reached by deposited material. The next two columns show the density
increment for maximum pestjection density and the radial position at which this maximum occurs,
respectively. All radial positions are given in normalized minor radiussulmi the last column, fuelling
efficiency is the ratio between the number of particles deposited in the plasma and the number of pellet

particles.

Here, it can be observed that pellets penetrate deeper for plasmas heated with ECRH in
0O2-mode, due to loer plasma temperature. In addition, it is seen that deepest material
depositions and higher fuelling efficiencies are obtained for HFS injections, sintese
casesthe plasmoidExB drift is always inwardslirected, regardless of the plasmoid length,
can be observed irigure85. However, for LFS injection, plasmoid drift is outwaidisected
for plasmoids of short parallel length; drift only becomes inwditscted when plasmoid
parallel length is large engh for average effects to come into play, as seé&mgure86. In
these two figures, the effectivee., averaged along plasmoid parallel lengfa, inverse
curvature radius vector field is shown. In conclusibetter results are expected for HFS
injections due to the inwards drift, since it leads to deeper deposition and higher fuelling
efficiencies. In particular, the best result is predicted for HFS injections irtmot2 ECRH
plasmas, due to higher temaeire that increases ablaticate,i.e., increases the difference
between plasmoid and plasma pressures, and, hence, enhances plasniibjd drift
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Figure 85. Effective inverse curvature radius vector field corresponding to injection port AEL41, i.e.

HFS injection, and plasmoid parallel length, 8f a) 0 m, b) 1 m, ¢) 5 m and d) 20 m. Here, red arrows

represent negative inverse curvature radius, i.e., inwards directed drifts; while blue corresponds to
positive inverse curvature radius, i.e., outwards directed drift. Green dotted lines separate regions of

different curvature radii, and the solid greendiis the last close flux surface.
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Figure 86. Effective inverse curvature radius vector field corresponding to injection port AEK41, i.e.
LFS injection, and plasmoid parallel length, 8f a) 0 m, b) 1 m, ¢) 5 m and d) 20 mréjeed arrows
represent negative inverse curvature radius, i.e., inwards directed drifts; while blue corresponds to
positive inverse curvature radius, i.e., outwards directed drift. Green dotted lines separate regions of
different curvature radii, and theolid green line is the last close flux surface.

5.2.2.1.1. First pellet injections in W#X and comparison with HPI2 predictions

Hydrogen pellets were injected into ECRH plasmas created inX\Wdring its
operational phase OP 1.ZBhese injections were performedadrplasmas, with hydrogen or
helium as the working gas, for a broad range of densities (bottaix®2 O2mode heating
schemes were employed)Vhen the data ianalysedthe pellet velocities are estimated to be
betweern202 m/s and 86 m/s, whereas thparticle content wheirriving at the plasma edge
are in the range of 1dto 3x10?° hydrogen atoms per pellet (massdue to friction with the
guide tube inner walls, are50% to 90%of the nominal massedepending B the injection
direction,i.e., LFS or HS).

As an example of such injections, 30 pellets were injected into the 20171123 37 program.
Elevenof these pellets (7 for the LFS adAdor the HFS) survived their passage along the
injection tubes and arrived at the plasma. For instance, the foult ipethe series, with
2.1x13° H atoms and 215 m/s, reached the plasma &t876 s from the LFS. Electron
temperature and density profiles, measured with the TS system, before pellet injection (see
Figure87), are used as input parameters for a HPI2 simulation.
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Figure 87. Target plasma a) electron density and b) electron (blue) and ion (magenta) temperatures for
20171123 37 program at 1.83 s, for the higta (FTM) configuration. Forhese discharges, plasma
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Resultant ablation and deposition profiles are showkignre88. In addition, preand

postinjection (t = ~1.928 s) masured density profiles are foundkigure 89, together with
density
~52.2 ms), DKES is used again to simulate neoclassical transport. The resultant density profile
is also shown ifrigure89. Here, it can be observed that, although the DKES simulation shows
the right tendency (increase of the core density), the agreement with TS measurement is still
poor. Hence, it is apparent that neoclassical transport is not suffioiegnodify the density

profile during this time interval. Thus, it can be considered that turbulent transport may be
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relevantHowever, it should be noted here thas is a preliminary result of an ongoing work.
This is due to the significant uncertaintiaspellet mass, TS measurements and time at this

moment. Finally, it should be also considered that this result is consistent with the results of TJ
Il discharge #41777 (sdd@gure76a). In this case, the partieulpostinjection density profile
is associated with the presence of fast electrons in the plasma core. The difference between

simulated and TS density profieayalsobe related to the presence of suprathermal electrons

in W7-X.
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Figure 88. Pellet ablation (purple) and particle deposition (blue) profiles for LFS injection into

20171123 37 ECRH plasma in the FTM configuration ofX\fitedicted by HPI2 code using profiles

in Figure 87 as irput. This pellet velocity is 215 m/s, and pellet content is 224 kl8toms.
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Figure89. TS electron density profiles measured before (solid blue) and after an injection (solid orange)
plus density profiles obtained with HPI2 eddashed/dotted green) and DKES (dashed/dotted
magenta). The corresponding electron density increments, i.e., differences betweertitijectiost

profiles and target profiles, are also shown (orange dashed lines for TS measurements, green dotted
line for HPI2 simulations and magenta dotted lines for DKES simulations).

5.2.2.2. Simulations for OP2

The design of a new pellet injector, optimized for W €haracteristics, such as size,
plasma profiles or magnetic configuration, is planned for future operationabgph#or
instance, Operational Phase 2, QP Such a design requires simulations that evaluate the
injection for different pellet sizes and velocities, and plasma conditions. For that, a set of
simulations has been carried out, and is analysed heratikuja, in these simulations, pellet
velocity is varied from 200 m/s to 1000 m/s, while pellet sizes are 2.5amall) and 3 mm
(large) in length, and 2.3 mm and 2.8 mm in diameter, respectively, to include pellet erosion
due to friction along the injé&ion tubes. The two plasma scenarios used for OP 1.2 simulations,
the hightemperature and the higtensity, are also used. In addition, two different LFS
injections ports are compared, in order to identify the most appropriate. These ports are the
AEK41 and the AEEA41, located in the beahaped crossection; the plasma cressction
corresponding to these ports is showfrigure82b) and c), respectively

Ablation and deposition predictions corresponding to sepr&tive cases of this set of
simulations are shown igure90. The effect of pellet injection velocity for the two different
pellet sizes, different plasmas scenarios and injection ports can be observed aédéidn,
fuelling efficiency values obtained for the whole set of simulations can be foUadbie8 (see
alsoFigure9l). It is observed that, as expected, largerfaater pellets penetrate deeper in the
plasma, and hence, in general, the deposition of ablated material is also deeper. However, as
can be seen ikigure90, differences in deposition and maximum density posidanbigger
for low speed pellets, while these differences become smaller for high speed pellets. For
instance, considering the AEK41 case, the radial position of maximum density is 7.1 % (11.4
% for AEE41) deeper for 400 m/small pellets than for 200 m/small pellets, while the
difference, also fosmall pellets, between 1000 m/s and 800 m/s is 6.1 % (5.7% for AEE41).
Moreover, forsmall pellets, the density increment is 82 (61 % for AEE41) highefor 400
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m/s-pellets than for 200 my/sellets, while tle difference between 1000 m/s and 800 m/s is 6.5

% (24 % for AEE41). However, the case lafge pellets injected from AEE41 port is an
exception, as seen Figure90d). In this specific example, deposition impreweith pellet
velocity, i.e., ablated material is deposited deeper into the plasma and a larger amount of this
material remains inside the plasma for faster pellets, only up to injection velocities of 600 m/s.
In contrast, for faster pellets (800 m/s a®dQ m/s), even though pellets do penetrate deeper
into the plasma, material deposition does not improve. Moreover, it worsens with pellet
velocity. These results, associated toEw® drift, will be discussediater.
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Figure 90. Pellet ablation (dotted) and particle deposition (solid) profiles for some representative cases
simulated for the design of a new pellet injector system feXWaj small (length =2.5 mm, diameter

= 2.3 mm) pellets injected into ¥XCRH heated plasmasoin AEK41 port at different velocities; b)
small pellets injected into X2ECRH heated plasmas from AEE41 port at different velocities; c¢) large
(length =3 mm, diameter = 2.8 mm) pellets injected inteERH heated plasmas from AEK41 port a
different velodies; and d) large pellets injected into EZLRH heated plasmas from AEE41 port a
different velocities. Particle content of small pellets is 5.58XiGtoms, while it is 8.9x#0for large
pellets.
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Tniecti : Pellet Pellet Fuelling
njection Heating . P p Ay max of : )
port method " 19]06.“-} penetration deposition (10¥m?) Anma: Efﬁﬂ?nf“
(mm) (m's) (%)
200 0.77 048 0.5 0.74 42
25 400 0.71 0.47 2.5 0.72 60
X 600 0.64 045 37 0.70 7
23 800 0.60 042 43 0.69 78
ECEH 1000 0.57 0.40 46 0.67 82
X2 200 0.74 041 19 0.72 47
400 0.63 0.41 37 0.70 68
2 }é 600 0.57 038 7.1 0.68 76
- 800 0.53 036 79 0.65 84
- 1000 0.49 0.33 8.7 0.63 87
AEK4 200 072 045 18 0.70 57
25 400 0.62 0.40 37 0.69 76
X 600 0.57 038 43 0.68 82
23 800 0.52 033 48 0.63 88
ECRH 1000 0.49 0.34 2.0 0.64 90
02 200 0.65 0.40 5.2 0.70 68
Ix 400 0.55 035 74 0.68 82
)38 600 0.49 031 83 0.65 87
800 0.45 0.27 8.6 0.63 a0
1000 0.41 0.22 8.8 0.62 93
200 0.78 0.49 0.1 0.65 31
25 400 0.7 0.40 0.3 0.69 34
x 600 0.66 035 11 0.68 42
23 200 0.62 033 22 0.67 33
ECEH 1000 0.58 035 29 0.63 60
X2 200 0.74 0.40 0.8 0.74 32
400 0.66 028 13 0.68 38
2 }gi 600 0.62 0.25 1.6 0.64 42
- 800 0.57 012 22 0.63 47
AEE4] 1000 0.35 0.20 1.7 0.74 H
200 0.73 0.43 49 0.67 36
25 400 0.63 040 24 0.68 56
X 600 0.57 0.36 32 0.63 66
ECEH 23 800 0.52 033 40 0.64 73
02 1000 0.49 033 46 0.64 81
200 0.68 031 19 0.68 42
2 }é 400 0.57 0.30 3.0 0.65 62
- 600 0.50 0.30 6.7 0.64 73
800 0.44 027 78 0.63 81
1000 0.41 0.05 6.0 0.64 76
Table8. Relevant HPI2 resudtfor all differentscenarios considered for the QRphase of W7
X. Hepenetfirationo represents the radial posi

depositiondo represents the deepest position
columns show the density increment for maximumipgesttion density and the ré&al position

at which this maximum occurs, respectively. All radial positions are given in normalized minor
radius units. In the last columfyelling efficiency is the ratio between the number of particles
deposited in the plasma and the number of ppHeticles
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On the other hand, when Xfode and O2node plasma scenarios are compared, results are
equivalent to those obtained for OP 1i2,, pellets penetrate deeper in -BZR-heated
plasmas, due to the lower plasma temperature. Also, material depo<D&dECRH plasmas

is located deeper into plasma, and fuelling efficiencies are higher. It should not be forgotten
that the density limit in X2plasmas due to the ECRH eff density (1.2x1& m?) is an
additional key point to take into account. Intparar, for small pellets, it is not reached for
injections from either port AEK41 or AEE41. However, farge pellets, it is not reached for
injections from AEE41 port and for 200 m/s pellets from AEK41, but it is reached for higher
injection speeds madrom AEK41.
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Figure 91. Predictedfuelling efficiencies for injections for series 1 (blue cirelemall pellets into X2

mode ECFRheated plasma), series 2 (green trianglesge pellets into X2node ECRheated plasma),
series Jpink diamondssmall pellets into O2node ECRheated plasma) and series 4 (yellow squares
large pellets into OZnode ECRheated plasma) from ports a) AEK41 and b) AEE41 for a range of
injection velocities (from 200 to 1000 m/s). Small pellets are 2.5ntength and 2.3 mm in diameter

2.3 mm; while large pellets are 3 mm in length and 2.8 mm in diameter. Particle content of small pellets
is 5.56x18° H atoms, while it is 8.9xfBfor large pellets

Next ports AEK41 and AEE41 are compared ($egure 92). Pellets penetrate, in
general, to similar radial position for both AEK41 and AEE41, the small differences being
related to the different compactness of magnetic field surfaces. However, despite similar
ablation pofiles, significant differences are found in deposition profiles. Such differences are
particularly important for pellets that are completely ablated near the plasma edge, as seen in
Figure 90 and Figure 92 for small pellets injected at 200 m/s. Femall pellets injected at
velocities larger than 400 m/s, differences in deposition profiles are minimal; although the
number of particles deposited in the plasma is lower HEAL injections (seBigure92). On
the other handarge pellets cases are different. Even though deposited material reaches, in
general, similar radial positions for both injection ports (negligibly deeper fdE4AE
additionally, this is associated to a numerical artefact related to the Gaussian profile used to
reconstruct the deposition profile, and hence, it is considered to be erroneous), positions of
maximum material deposition (sEegure92) and fuelling efficienciesTable8 andFigure91)
are again considerably different. Indeed, fuelling efficiencies are significantly higher for
AEK41 injections (up to ~30% higher).
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Figure 92. Particle deposition (solid) profiles for some representative cases simulated for the design of
a new pellet injector system for VX7 a) small (length =2.5 mm, diameter = 2.3 mmligts injected

into X2ECRH heated plasmas from AEK41 (solid) and AEE41 (dotted) ports at different velocities; and
b) large pellets injected into GRCRH heated plasmas from AEK41 (solid) and AEE41 (dotted) ports
at different velocities. Particle contemitsmall pellets is 5.56x#tH atoms, while it is 8.9x0for large

pellets.

In addition, the position of maximum deposition is shifted oute/mdAEE41 injections,
compared to AEK41 injections. These differences are attdhatthe different curvane radii
of these two toroidal positions (sEgure86 for AEK41 andFigure93 for AEE41). As seen
in these figuresin the outer region of the plasma (outwaditected dift region), effective
inverse curvature radii,e., plasmoid drift accelerations, are significantly largentfierAEE4 1
port. Also, the region of inwards directed drift close to the plasma edge is smaller, or even,
absent, for plasmoids of short paghllengthfor the AEE41 case The large outwards drift,
compared to AEK41, can be foundrigure94, where the effective inverse curvature radius in
radial direction is found for both ports and different plasnmuadallel lengths. Plasmoids
detached from the pellet after crossing the small region of inwardsi @rjfinside the yellow
area, will be accelerated to such high velocities that they may not be able to expand parallelly
to a large enough length, so @t becomes effectively inwareldirected before reaching the
plasma edgeand be may béost. In conclusion, even though similar radial positions are
achieved by the deposited material for both cases, and maximum density positions are predicted
to be smilar for both injection ports, except flarge pellets, important differences are expected
for fuelling efficiencies.

Finally, pellet injections from port AEK41 are expected to be more beneficial than those
from AEEA41. In addition, deeper pellet penetnas and material depositions are foreseen for
injections into O2mode plasmas due to the lower ablatiateand the smaller outwards drift,
both associated to the lower temperature of such plasnmadly, since ECRH cubff is not
an issue for O2node pellets with maximum feasible velocity and size can be injected into W7
X plasmas|[1].
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