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1 Introduction

This thesis is based upon previous bachelor thékiand research project [2], from which
parts of the text were retaken.

There are several types of experimental devicexdafining hot plasma necessary for the
fusion reaction to occur at a sufficient rate. Thest advanced one is the tokamak concept
and in present time a large tokamak ITER is beingt,bwhich is estimated to produce
500MW of fusion power. Tokamak plasma refuelling is arvfethe most important and
fundamental parts of the tokamak research. Withnibeessity of increasing the tokamak
dimensions it is more difficult to deliver the fuphrticles deep into the plasma column.
Simple gas puff used for the smaller tokamaks besomcapable of that task and the most
important technology of tokamak plasma fuellingfisure devices like ITER would hmellet
injection Small solid fuel pellets are injected at higheggseinto the plasma. The question of
refuelling is closely connected with the energy gadticle confinement and transport in
plasma. The confinement properties of the toroyjdayimmetric tokamak plasma have been
calculated for particle Coulomb collisions. This salled neoclassical transportoes not,
however, agree with the experiments. The obsemat$port is callednomalousandoccurs
because of plasma instabilities. To explain andetstdnd the theory of anomalous transport
is one of the major challenges for present tokapialsics. This work's goal was to attempt to
guantify the edge plasma diffusion during the pefleelling to be able to estimate the
requirements for the ITER pellet injection system.

The theoretical part of this work consists of fehapters. In the chapter 2, the idea of nuclear
fusion and magnetic confinement of hot plasma ttired. In chapter 3, the tokamak plasma
equilibrium and the concept of magnetic surfacgmésented, as it is important for the choice
of coordinates in the experimental part of the ihda the chapter 4, the basics of transport in
tokamaks, mainly the anomalous one are given. ftedhapter is about principles of pellet
fuelling, the physics of pellet ablation and shiledy pellet injection technological issues and
design of JET and proposed design of ITER pellettion system.

The original part of this work is contained in ctep 6 - 8. There the data were downloaded
from the JET tokamak database for s68212 which was a part of experiments undertaken
at JET aimed to develop optimized pellet refuellsggnarios. The basic parameters of the
shot#53212and parameters of the injected pellets, along deécription of the downloaded
data and the observed plasma response to the pp#edtion are outlined in chapter 6. The
most important data for the analysis in this worksvihe LIDAR measured electron density
profile. Due to insufficient temporal resolution thiese profiles compared to fast post-pellet
particle losses, the data were pre-processed bgxaab analysis, which is described in
chapter 7. An average post-pellet density profdel@ion was thus gained. Chapter 8 is the
main chapter of this thesis and it contains alldhleulations made



2 Controlled thermonuclear fusion on Earth

2.1 Nuclear fusion

The development of human society has always beeselgl connected to searching new
energy sources. In present time, the main waysawiirngg energy are burning the fossil fuels
like coal and oil, nuclear fission of heavy atomke luranium-235 and also the exploitation of
renewable sources like wind, water or sun. Howewenge of these energy sources is perfect.
The fossil fuels cause massive pollution of Earthtsnosphere by COand therefore
contribute to the greenhouse effect and also tkeegrves are limited. The exploitation of the
renewable sources is limited by local geographdt weather conditions. Presently the most
promising nuclear fission faces problems with stgriof the radioactive waste. These
disadvantages along with quick population growtlor{d population is expected to reach
almost 8.1 billion in 2030) and also growth of tfiebal primary energy demand (projected to
increase by 52% from 2003 to 2030) are the mainiraemts pointing at the necessity of
finding a new, efficient energy source available fl nations and harmless to the
environment. Apart from the fourth generation nacléssion reactors, this role could be
played by nuclear fusion (either in fusion-fisstoybrid reactors or in purely fusion devices).

The fusion reaction is a nuclear reaction betweenlight atomic nuclei (with atomic mass
numberA<56), which releases energy. The new nuclear arrangeimenore stable, its total
mass is reduced, and therefore corresponding anobwamtergy is released. This energy is in
form of kinetic energy of the products. The amoohteleased energy is far greater than by
nuclear fission of heavy atoms as you can see @2.&i [3][4][5]

A D Deuterium
- Fusiol’ e He'l'lumS
5 5 T Tritium
[72]
: Li Lithium
9 4He Helium 4
o 3
2 He Energy §] Uranium
5 released
o T in Fusion
o
=
_-E_:) ‘sio n
o]
@
o2
(6]
=

HeQ -~ V)

Energy released

JG97.362/4¢ . >
Atomic mass

Figure 2.1 Energy released by nuclear reactions [5]

There are several reactions, which are considerdx tused for controlled nuclear fusion on
Earth [6]:



D + T — “He (3.52Me\) + n (14.06VeV) (2.1)

D+ D— T (1.01MeV) + p (3.03MeV) (2.2)
D + D— °He (0.82Me\) + n (2.45MeV) (2.3)
D +*He — “He (3.67Me\) + p (14.6MeV) (2.4)

The first of these reactions (2.1) is supposedetaided in the first generation thermonuclear
reactors, as it is the easiest to achieve. It isagtion between two isotopes of hydrogen,
deuterium and tritium (so called DT reaction). fawver energies, the cross section of DT
fusion reaction is much higher than the cross gsestof other mentioned reactions. [3]
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Figure 2.2:Nuclear fusion reactions’ cross sections, the BvD reactions have similar cross
sections, the graph shows their sum [4]

Tritium is radioactive with a half-life of2.3 years and so its natural reserves are negligible.
Therefore it has to be manufactured. It is progdteat tritium will be produced in the future
fusion power plants by reaction of lithium with meuns released by the fusion reaction:

®Li + n > *He + T + 4.8MeV (2.5)
Li+n—*He+T+n-25veV &2

Deuterium can be gained easily from the sea wétesverage, there is one deuterium atom
per7000normal hydrogen atoms. The Earth’s reserves lutilih are estimated in millions of
tons and will last for at least thousand years. Témerves of deuterium are practically
inexhaustible.

As we can see, the nuclear fusion could be an fdéale energy source. The fuel is abundant
and its reserves are widely distributed on Earthe Teaction by-product, helium, is a



harmless inert gas, therefore there will be nooadive waste and no pollution of the
atmosphere.
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Figure 2.3:Annual inputs and outputs of a 1000MW power pieeptending on a type of fuel
(taken from [7])

2.2 Plasma

For fusion reaction to occur, it is necessary ioadthe two nuclei very close together. It is
therefore necessary to overcome their strong elgtettic repulsive force. The method which
seems to be the most effective to increase theapility for the two nuclei of getting close
enough to react is to warm their gas mixture. Tsues fusion in sufficient rate, temperatures
of hundreds of millions Kelvins are needed. In thegtreme temperatures, the gas is fully
ionized and we refer to it as plasma or “the fosttite of matter*.

“Plasma is a quasi-neutral gas of charged and neuparticles, which shows a collective
behaviour{6].

Plasmas are quasi-neutral, which means that |&xzaje concentrations or external potentials

are shielded out on distances short enough in cosgoawith the plasma dimensions.
Parameter which describes the rate of shieldingdama is called the Debye lenglk
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1
Z Qc% Dha ’ (2.7)
a EO |jkB D_a

Ay =

where a denotes the type of particles (electrons, iong,efg = 885110 kg™ m>s*A? is

the permittivity of vacuumkg = 13810 *m’kg 3K ™ is the Boltzmann constari, is

the particles' temperature and is the particles density. Therefore the totalifpes charge
contained in plasma is approximately equal to theohute value of the total negative charge.

Collective behaviour of the plasma particles medémst the particles movement and
trajectories are influenced not only by local cadimiis, but also by conditions in other places
of the plasma. Plasma is a gas ionized in suchngxtbat its properties and particle
movement are determined mainly by the electromagrfetces and only marginally by
collisions with neutral atoms. More information abplasma and its properties can be found
in [4],[6] and especially in [8].

2.3 Ignition

One of the most important questions is what coogineed to be ensured to gain positive
power balance from the thermonuclear fusion. Theaeed fusion power must be greater than
power needed to heat and confine the plasma. Tserfian to formulate these conditions
mathematically was British physicist John Lawsors tdAmous Lawson criterion pointed out
that product of plasma density and energy confimgntiene must exceed certain value.
Plasma densityn is a number of ions per cubic metre and the eneagfinement timere
describes the rate of plasma energy losses arefireed as a ratio of total enerly contained
in plasma and total power of los98ss:
W
Te 5 (2.8)

loss

For a DT fusion, the reaction products are heliwnlei (called alpha particles) and neutrons.

In case of magnetic confinement of the plasmaatpka particles, being charged, are trapped
within the magnetic field. They pass their energycollisions to the plasma patrticles thus

heating the plasma. With the rise of temperatueertte of fusion reactions increases and
therefore also alpha particles heating is gred¢gntion is a desired state, when the alpha
particles deliver all the heating power neededtaedeaction is self-sustaining. The criterion

for ignition in magnetically confined plasmas isdar to the Lawson criterion:

12 T
ntrp >——-0H4— -3
E < > Ea [m”.g], (2.9)

wheren is the plasma ion densityg the energy confinement time& ov> describes the
averaged reactivity (the probability of reactiomr pait time per unit density, computed as a
velocity averaged product of reaction cross sedih relative velocity of ions [19]). is the
plasma temperature artel, energy of one alpha particle (B18V). The right side of the
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equation (2.9) is function of temperature only ahs dependence has its minimum near
30keV.
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Figure 2.4The condition for ignition - dependence of the melgproduct of density and
energy confinement time on temperature (for DTofh)sj39]

However, because plasma averaged cross section and also the energy confinement time

e are functions of temperature, the ideal tempeeatarachieve ignition is lower. In the
temperature range of 10428V, the ignition criterion for DT fusion can be weitt as:

nT O >300"m™> keVs (2.10)

The left side of equation (2.10) is sometimes reftagusion triple product[3][4][9]

2.4 Plasma confinement

There are generally two principles of confining Iptdsmas with ambition of achieving the
required conditions mentioned above. These are at@gand inertial confinement.

Magnetic confinement:

Hot plasma contains charged patrticles, therefonebeaconfined by a strong magnetic field.
Charged particles circle around the magnetic figles with a specific radius called Larmor
radius:

5
=

(2.11)

ﬂ
=
1

wherem s the particle massy is the particle velocity perpendicular to the magnkeld, g
is the charge of the particle aBds the magnetic field.
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Plasma is kept in a closed volume and its typieahmeters ar@ ~ 10°- 10’s andn ~ 10°-
10°'m* (lower densities and very high energy confinentienés).

Inertial confinement:

Very energetic laser pulses or particle beams syincally heat a target sphere of DT. The
target implodes and in its centre the conditions dofusion reaction are obtained. This
approaflh features high densitiesnof 163'mi® and very short energy confinement of typically
=~ 10"s

In linear magnetic field devices the end lossepaiticles and energy are too high, so it is
necessary to enclose the magnetic field lines. iflally shaped devices satisfy this condition.
However, in a system with toroidal magnetic fieldlyp the magnetic field curvature and
gradient result in an opposite vertical drift mowsThof ions and electrons and occurrence of

electric current. Resulting electric field cauges B drift in outward direction:

_ExB
=

Ve (2.12)

To avoid the particles quickly drift away, it isagessary to twist the magnetic field lines, so
that the resulting magnetic field is helical. Ther® two main types of magnetic devices
solving this problem: stellarators and tokamaks.

Stellarator uses external coils wound around tlasmph torus to twist the magnetic field.
Tokamak uses induced plasma current in toroid&ction to create poloidal magnetic field
and therefore to twist the magnetic field.

Figure 2.5:Scheme of a classical stellarator. It consistsheftbroidal field coils (red),
independent helical coils (green) and the vacuussei(blue). [9]
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2.5 Tokamak

Tokamak (toroidalnaja kamera s magnitnymi katuSkarsi the most advanced device
confining hot plasma in the present fusion resealtcivas projected in the fifth decade of
20th century in Moscow, USSR. It is generally aotdal shaped vacuum vessel with strong
toroidal field and weaker poloidal field. Toroidi@ld is produced by coils surrounding the
vacuum vessel. Plasma in tokamak acts as secosdagie-turn winding of a transformer.
Strong induced current heats the plasma and cridegmoloidal magnetic field, thus twisting
the toroidal field lines. Resultant helically shdpragnetic field lines cause that each particle
spends similar time both in the high and low toabifleld regions. Therefore the drifts
responsible for charge separation last only fon@tstime before being reversed and in time

average their effect is cancelled. Additional oupetoidal field coils help to shape and
position plasma.

Magnetic Circuil
{iran fransformer core)

Inner Poloidal Figld Coils
(primary transiormer cirouit)

Taoroidal
Field
Coils

Outer Poloidal

Field Cols

{for plasma

positioning

and shaping)

Poloidal field

Toroidal field

Plasma with Plasma Current, |
{secondary transformer circuit)

Resultant Helical Magnetic Field
{exaggerated)

Figure 2.6:Scheme of a tokamak [10]

The vacuum vessel has two symmetry axes, majomandr. These axes characterize two
basic directions: toroidal and poloidal. Basic tokd&k geometrical parameters are major
radiusR and minor radiug. Major radius is a distance between major and maxis and
minor radius is a shortest distance between miriw @nd edge of the vessel (see Fig 2.7).
The helicity of magnetic field in a tokamak is deéised by a parameter callsafety factor g

It is a number of toroidal turns of the magneteidiline needed to encircle one poloidal turn.

14



toroidal direction

major radius, B Tt

Aluidsl

direction

elongation, K = bfa
tiangularity, d
agpectrato, A = Bfa

Figure 2.7.Tokamak geometry [11]

In a tokamak, continuous heat source must existit@lly heat the plasma to the needed
temperatures and then to maintain these tempesatmd balance the energy losses of
plasma. There are several ways of heating the plaentokamak. Initial ohmic heating is
caused by induced toroidal curréptHowever, as the plasma temperature rises, afftgief
this method of heating quickly decreases. Thisaissed by increasing plasma conductivity.
Therefore additional heating methods must be used.

Neutral beam injection (NBl)Tangential injection of energetic neutral pagslinto the
plasma column. lons are accelerated and then figattaso they are not affected by the
tokamak magnetic field and are able to access dgepts of the plasma. There the neutral
atoms are ionized, caught by the magnetic field tr&y pass their energy to the plasma
particles via collisions.

lon cyclotron resonance heating (ICRHDmitted electromagnetic waves of certain freqyenc
(tens of MHz) resonate with the cyclotron motiortlod plasma ions. This method of heating
has the advantage of being localised at a partitatation.

Self-heating of plasmaAs was already mentioned, alpha particles produmedhe fusion
reaction help to heat the plasma by collisions wit,sma particles. The moment when all
heating needed is delivered only by the alpha@astiis calledgnition.

Current research of the tokamak plasmas faces mpashlems. Plasmas are the source of
numerous instabilities which lead to a deterioratod the energy and particle confinement.
Also suitable materials of the components of a itwdda must be developed, to withstand
extreme neutron and particle fluxes and magnegicisi and not to be source of impurities
released into the plasma.

15



2.6 JET, ITER and future

JET (Joint European Torus) is the largest operatingear fusion facility in the world. It is
located in Culham, United Kingdom. JET tokamaktsthto operate in 1983 and was the first
fusion device to achieve a significant productioh eo fusion power. It holds several
experimental records in fusion research, includiBIWof peak fusion power.

The typical parameters of the JET tokamak are showime Tab. 2.1 below:

Plasma major radius 2.96m

2.10m(vertical)

Plasma minor radius 1.00m(horizontal)

Toroidal magnetic field

. <3.45T

(on plasma axis)
Plasma current <4.8MA
Additional heating power <25MW

Table 2.1 Main JET tokamak parameters

Experimental results on tokamaks showed, that tondi needed for ignition could be
achieved by increasing the plasma dimensions (wkmbecially leads to greater energy
confinement time). After successful demonstratibploysical feasibility of fusion by large
tokamaks like JET, the need of a larger device ldepaf demonstrating the technological
feasibility of fusion and provide the necessaryadatdesign and operate the first electricity-
producing fusion power plant has arisen. The ironal fusion community has designed a
next stepdevice, called ITER, to fulfil this task. In Ju@805, it was decided to construct
ITER in Cadarache, France and on 21st November 2006int Implementation agreement
was signed, thus establishing the ITER organizatiorthe year 2007, the construction of
ITER (international thermonuclear experimental tegctokamak has begun. ITER is an
international project of seven participants: Thedpean Union (represented by EURATOM),
Japan, The People's Republic of China, India, thpuBlic of Korea, the Russian Federation
and the USA. The construction costs of ITER arereged as five billion Euro and another
five billion Euros are estimated for its 20-yeandooperation, thus making it one of the most
expensive research projects of our time. Its ohjestare to achieve a steady-state burn of
deuterium-tritium plasma producing 500MW of fusigmower, achieve the power
amplification factor Q = 10 (ratio of fusion power the heating power) and to test the inner
components facing high-heat and neutron fluxeshdtuld start its operation by the end of the
year 2016. The possible success of ITER would leadonstruction of DEMO, a fully
functional prototype of a fusion power plant proihgcelectricity and then to first commercial
devices. [3]
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3 Plasma equilibrium

3.1 From statistics to continuum

Plasma is a system consisting of several typesudicfes (electrons, ions, neutral atoms). Let
us denote them by a subscriptThe probability density of occurrence of partioles:

f,=f,(t%V,), (3.1)
where X and vV are phase space coordinates (vectors of positidrnvalocity). The density
probability functionf, is normalized to the number of particlesn the system:

1, 29,)1%, =n, (%)
, (3.2)
[ f. (%0, d°x @, =N, (t)

wheren, is the particle density and, the number of particleg in the system. The density
probability functionf, changes in time due to collisions of like and ualgarticles:

d f,(t.%.V,)=>S,, (3.3)
dt 5

where the right side terms are called the Boltzmauilision integrals describing the particle
collisions,a and 8 subscripts denoting the particle types. The tirta derivation in (3.3) can
be transcribed and the resulting equation in opefatm written as:

a;: +(\70, Dﬁx)fa +mi(|fa [ﬂ_jv)fa :;Sa , (3.4)

a

where O, = i,i,i and 0O, = i,i,i are gradients in positions and
0x, 0X, 0X, ov, ov, 0v,
velocities, Ifa are the forces affecting the particles amj are the particle masses. The

equation (3.4) is called the Boltzmann equation #&nd the basic equation in statistics of
disequilibrium processes. According to possible svalyexpressing the collision integral, the
altered Boltzmann equation can be called the FeRkanck equation (only binary Coulomb
collisions), Vlasov equation (collisions neglectett).

Usually, the probability function information abdbe whole phase space is not needed and it
is sufficient to know the development of dynamieakriables in position and time only.
Therefore it is possible to average the Boltzmagoagon over velocities. The loss of
information about the variablé, then leads from statistics to the equations ofinaom. Let

us multiply the Boltzmann equation (3.4) by a fumctof velocity ¢, (\70,) and integrate over
velocities. For electromagnetic interaction thecéoF, is the Lorentz force:

17



F, =Q, {E +v, xB), (3.5)

where Q, is the particle chargeE the electric field andB the magnetic field. The result of
integration is then:

0 = v Q, = - =\9%\ _ .
E<na¢a>v +0, Un,@,9, ) _m_a<n” (E +V, X B)Bgv—a>v = J'wa;SaﬁdWa ,  (3.6)

Where< >V = J' f_d*V, . The equation (3.6) is called the Moment equatiod it has a form of

a continuity equation. The first term is a timeidative of density of an additive variable, the
second term is a divergence of the flow of thealdd, the third term describes the source
terms from force fields and the right side of tlypi@ion describes the source terms due to
collisions. Substitutingg, (\7a) in (3.6) by powers of velocity results in gainitige so called

moments of the Boltzmann equatiohe zero moment ¢ (V,)=m, ;Q, 1) is the
conservation of mass, charge and number of pastidlee first momentd, (V,)=m,V,) is

. _ 1 :
the momentum conservation law. The second momw(vg()=§mav§) is the energy

conservation law. Higher moments are not usualhsitered. [8]

3.2 Magnetohydrodynamics

Magnetohydrodynamics (MHD) is an approach to plasnthin the frame of the continuum
mechanics. The basic MHD equations are the monwéritee Boltzmann equation mentioned
above along with Maxwell equations for electromdgndeld. In MHD, the plasma is

considered a conducting fluid (one or more), whiosleaviour is affected dominantly by the
magnetic field. There are more possible optionslaffning the initial presumptions of the
MHD theory; in this text the following are given:

— Plasma can be regarded as a continudrhe collisions in plasma are dominant,
the mean free paths of particles are much shdrter the dimensions of plasma
and the mean collision time of particles is mucbrtdr than the period in which
the plasma is observed.

— Plasma is quasi-neutraln every macroscopic plasma volume, there is #mes
number of positive and negative charge.

— One fluid modelPlasma can be regarded as a one fluid. If thadrgblectrons
escape from the system, they drag along the he&sr by an electric field
(ambipolar diffusion). The average velocities o #lectron and ion parts of the
plasma are almost equalized, = U;) and they are both approximately equal to

the centre-of-mass velocity:
o 2 Mty
u==—. (3.7)
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The small difference ini, andt;, leads to a current density flowing in the plasma:

i=>Q,n,0, (3.8)

— Non-relativistic plasmaAll kinds of particles have non-relativistic veltes
— Low-frequency plasmaThe plasma phenomena are low-frequency and the
displacement current in the Maxwell equations caméglected.

The complete set of MHD equations then can be emitt

%—? = Ui-lo AB + rot(U x B), (3.9)

%—f+divp|j =0, (3.10)

p%J,p(g M1, i = ~Cip+ i + (¢ +7 /3)0(diva) + ] x B, (3.11)
p=p(p). (3.12)

The equation (3.9) is an equation for the magnigid, (3.10) the equation of continuity,
(3.11) the equation of motion for a viscous magmeti fluid (the famous Navier-Stokes
equation) and (3.12) is some algebraic relation dgssure, which completes the set of

equations. In these equatiomsis the plasma conductivityy, = 4770107 kg3 >A~ is the

permeability of vacuump is the plasma mass densipyis the plasma pressurg,is the first
viscosity and{ is the second viscosity. [8]

3.3 The Grad-Shafranov equation

On short timescales the tokamak plasma shows atyaaf oscillations and turbulent
phenomena. On sufficiently long timescales the mpiadehaviour is governed by gradual
changes in the magnetic configuration, changeleptasma heating, the diffusive losses etc.
Let us consider situations, where there existhtrmediate timescale on which the tokamak
plasma is in equilibrium. In equilibrium, the plasmressure and the forces due to magnetic
field must be equalized. When we start from the Métjpation of motion (3.11) and consider
the equilibrium situation, in which the temporalridatives are equal to zero, and if we
additionally consider zero plasma flow € 0), then the equation (3.11) can be rewritten as:

Op=]xB, (3.13)

which exactly expresses the equalization of themkatendency to extend due to its kinetic
pressure and the Lorentz force binding the pagitdethe magnetic field lines. The ratio of
the kinetic plasma pressure, averaged over thengla®lume, to magnetic pressure:

B=(p)/(B? /2u,), (3.14)
called thebeta parameteris an important characteristics of the plasmdinement.
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For an axisymmetric system like tokamak (independem the toroidal direction) it is
convenient to rewrite the equilibrium equation @.Before it is done, there are several ideas
which should be noted:

— A scalar product of equation (3.13) with curremisiey | or magnetic fieldB vyields:

P

0
, (3.15)
p=0

N
M

m —

which tells us, that both the current density aradynetic field are perpendicular to the
plasma pressure gradient. This implies that etecurrents in equilibrium flow on
surfaces of constant pressure and the magneticliines also lie on that surface. It can
be shown that in axisymmetric case these surfaec®a.

— The flux integralsjé[dé,ﬁé (dS is a vector element of the surface, with a

direction normal to the surface) have a constahtevan thesg=const. surfaces, as
they lie on them and thus any part of the integmalthe surface vanishes. These
surfaces are therefore calltdx surfacesor magnetic surfaceand can be labelled by
the scalar fluxes. Moreovap,is also a function of fluxes only.

- The constraintdivB =0 (the Gauss’s law for magnetism) implies that thegnetic
field lines cannot cross each other. Thereforené dollows a magnetic field line
around the torus, the ratio between the numbetsroidal and poloidal revolutions of
the field line converges to a constaptThe constang is called the safety factor
because of its importance in stability of a widaga of MHD modes. It is related to
the average twist of the helical field on a magnstirface.

On a magnetic surface, there are two topologiddiffgrent types of curves: winding around
the torus-shaped surface in poloidal or toroidegation. If we chose a curve winding around
the magnetic surface in the toroidal direction amegrate the poloidal component of the
magnetic fieldB, over the surfac& enclosed by the curve, we get fhaloidal magnetic flux
W )
W =j|_5,p oS, (3.16)
S

Similarly, if we integrate the poloidal current déiy flowing through that surface, we get the
total poloidal current flowing through the surface:

" =ﬁp @S (3.17)
S

Both these functions are constant on the magnetface. In order to describe axisymmetric
MHD equilibria, the cylindrical coordinateéR,z) are used, wherap is the angle of
symmetry (toroidal angleR measures the distance to the axis of symmetryntger radius)
and z the height over the axis of symmetry (see Fig).34 cylindrical coordinates, the

Gauss's law for magnetismiivB = 0 has the following form:
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-——{R@)ﬁ—§i+—izo. (3.18)

As the poloidal magnetic fluy is constant on the magnetic surfaces, it mussfgagguation:
By =0. (3.19)

Considering the equations (3.18) and (3.19), thgnatic field can be written in cylindrical
coordinates as:

- ,UOI p
Y 2IR
1 oy
=" 3.20
R 271R 0z (3.20)
_ 1y
£ 27R O0R

The poloidal flux functiony is arbitrary to an additive constant, which maycdhesen for
convenience.

: -
magnetic | a
surfaces Ro

Figure 3.1:Coordinates used for the Grad-Shafranov equatiwoth the magnetic surfaces
topology. [9]

Using these equations (3.20), the force balancatemu(3.13) may be rewritten as:
=8y = 1 (2R) ply )+ 51 W) L) (3.21)
where the operatah’ is called the Grad-Shafranov operator and defased
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K = —{Ri(la_‘”j +62_4"} (3.22)
R\RR ) 022

and the prime denotes the derivativaea[/%. The equation (3.21) is called tlad-Shafranov

equationand it is an elliptic second order nonlinear difgial equation for/. To solve it,
one has to specifyp(z//), Ip(l/l) and then compute th¢r(R, z). Usually, one will specify
boundary conditions. If the plasma is surroundedalperfectly conducting vacuum vessel,
the vessel is a flux surfagg = cons.. The tokamak experiments throughout the world use

mainly the so calleEFIT codeto obtain a solution of the equation (3.21) in thkamak
plasma consistent with experimental measurements.

Separatrix

Core Plasma

*-Point

Divertor
Target Plates

Figure 3.2:Typical poloidal cross section of a tokamak ugingertor configuration. The
contours show the poloidal flux functign [9]

From the Fig 3.2, it can be observed that the $lustaces are not centred to one axis, but they
are slightly shifted in the outward direction. Tlsisift is called theShafranov shifand it is
caused due to forces trying to expand the torusligadutward (the kinetic plasma pressure
and the expansion force of a current loop dueeojth B force). The last closed flux surface
is calledseparatrix Plasma particles accessing the separatrix flomgakhe magnetic field
lines onto the material plates at the bottom of wleesel. This configuration is called a
magnetiadivertor. [4][9][21]
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3.4 Flux coordinates

In equilibrium calculations, but also in the modwll of plasma transport and in stability
analyses, the so calldbilix coordinates (19,¢) are of great importance. Hegeis the usual
toroidal angle,r =r(¢) labels the flux surfaces amtis used for the poloidal angle(y) can

be the poloidal magnetic flug itself or it can be chosen to closely resemblentin®r radius
(usually \/E). It is usually normalized to be zero in the plastentre and 1 on the separatrix.

The differences between its definitions are not itaportant. The various definitions @&
however, are each convenient in very specific appbns:

— A proper geometrical angle.
— Coordinates, in which the field lines appear straighe safety factorq(t//)=% is

constant on every flux surface).
- An orthogonal coordinate system (thlis (18 = 0).

____.-"

Figure 3.3:Flux coordinate systems (left: proper poloidal Engentre: straight field lines,
right: orthogonal coordinates). [21]

Most important application of the poloidal fluxtisat it can be used as a generalisation of the
minor radius coordinate. Here the flux is firstmatised so that on magnetic axis it is equal
to 0 and on separatrix equal 10

Y~y (a9 (3.23)

I = ylsen-wlaxs)

Then the normalised minor radius is defined@s /¢, . For plasma with circular cross
section and large aspect ratjo - r/a (where a is the tokamak minor radius). Such
definition is used in our analysis (chapter 7).
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4 Transport in tokamaks

4.1 Transport equations

For a single particle in tokamak the confinementuldobe perfect. However, in reality
collisions, drifts, MHD instabilities and turbulemdead to a radial transport of particles and
energy across the magnetic field lines. This radgdsport determines the particle and energy
confinement times, and 7= and therefore it is one of the most important plaparameters.

We define the particle fluX, as the number of particles (electrons, ions or neutral atoms)

passing through a magnetic surface per unit arddiare. Forfa the following presumption
(the Fick’s law) is made:

r,=-D,0n, -n, i,, (4.1)

which says that it has a diffusive part driven bygradient of particle densityn, and
characterized by the diffusion coefficiddt and a convective part due to directed motign
If the velocity v, is positive, then this term describes an inwaratipi

The equation of continuity says that a change ofilg in any part of the system is due to
inflow and outflow of material into and out of thadrt of the system, no material is created or
destroyed. Mathematically expressed:

dN,, _
dt

[ dS 0.2

a )

0n—e

whereN, is a number of particleg contained in the system ai®is an enclosed surface
encircling the system. We are able to further mothfs equation by using the Gauss’s law:

N, = [n, @V §r, a3 =[(divr, Jav (4.3) (4.4)
\Y S \Y

whereV is a volume enclosed by the surf&& herefore we can write the resulting equation
in a differential form:

on,

= —diVI:a (4.5)

In reality, this equation contains an additionahtewhich describes the change of plasma
density due to ionisation or recombinatign
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al’la = —diVI:a +S, (4.6)

If we put the equations (4.1) and (4.6) together gain the final diffusion equation:

a;t” = div(Dalﬁna )+ div(n, @, )+S, 4.7)

Heat flux g, is defined as the flow of particle kinetic enemr unit of area per unit of time.

It is driven by the temperature gradient and it banexpressed by the following form (the
Fourier’s law):

d, =-x,0T,, (4.8)

where y, is the thermal diffusion coefficient (thermal cometivity) and T, temperature of

the speciexn. Similarly to the previous considerations abouwd trarticle diffusion, a heat
equation can be derived:

0;0 = div(y,0T,), (4.9)

for a case with no internal heat generation inpllasma.

It must, however, be mentioned that the equati@reveld above are but a simplification of
the real phenomena. In reality, both the particid the heat flux are driven by gradients of
more than one thermodynamic quantity (for exampleigle flux may appear due to thermal
or electric potential gradient etc.). The flux o§pecific particle typer is also dependent on

the gradients of thermodynamic quantities of otparticles. Also note that in anisotropic
magnetized tokamak plasma these diffusion coefftsiare tensors themselves. [4][8][9]

4.2 Classical diffusion

In a magnetized plasma we distinguish between panscoefficients parallel and
perpendicular to the magnetic field. Diffusion piaiao the magnetic field lines is unaffected
by the magnetic field and is generally much bigtiemn the perpendicular diffusion. The
magnetic confinement properties, however, are deted by the perpendicular diffusion
coefficient.

The simplest way of computing the diffusion coe#fit comes from the random-walk
assumption. We assume that due to Coulomb colBsieith other particles, the particle
makes a steplx perpendicular to the magnetic field after a tidieThe step can be made in
both directions with equal probability and the dsion coefficient of this process is
following:

AX

~ a

~

VA

a

(4.10)
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To get the diffusion coefficient, it is necessaoydvaluateAx, and At,. Ax,, being the
characteristic step size in the random walk, is gheticle mean free path,,. At, is an

average time which it takes for a particle to cleaitg direction due to collisions ®0°. It is
the inverse value of the particle collision freqexew and it differs for electron-electron (ee),
ion-electron (ie), electron-ion (ei) and ion-ionlsons (ii) (there the first index denotes the
incident, scattered particle and the second indexarget, stationary particle). The difference
between these frequencies comes from the largeevafuion and electron mass ratio.
Assuming approximately the same electron and iompé&gatures90° scattering made up by
many small angle scatterings and purely hydrogeasmpd, the rates of the collision
frequencies can be estimated as follows:

Voo iV 1V, Ve =1:1:(m /m )% (m,/m). (4.11)
ne'
Vee =V U W . (4.12)

In the so-calledlassical approachwe takeAx, to be the Larmor radiug , (2.11).

The Iocationlia of the guiding centre of the gyro-orbit is followg:
_ r) X B
R, =@
a qa BZ ’ 'Ig)

where P, is the particle momenturrB is the magnetic field and, is the charge of the

particle. In a collision, momentum balance requegsality of Aﬁa = —Alﬁ/; . Therefore for

collisions of like particles (ions-ions, electrostectrons)AR, = —AR; and these collisions

do not contribute to particle transport (only theat transport, as a hot particle may change
place with a cold one). The situation changes fectson-ion collisions, whereg, = —q, (for

a purely hydrogen plasmafp, = —AP, and soAR =AR.. The diffusion isambipolar
because in a collision the electrons and ions naadtep of equal magnitude and direction:

_ kBTe,D me v

D i,class ez Bz ei, (4.14)

_ 2 _ 2 _
eclass — I/ei |]‘L,e - I/ie U'L,i =D
where kg =138110°m’kg$”K™ is the Boltzmann constant and,, electron

temperature perpendicular to the magnetic field.
Similar arguments can be applied for the thermatloativities y,, to derive a relation:

1/2

Xi class = (m /me) Xe = 40Xe,class' (415)

However, experimentally determined diffusion coméints are larger by a factor of
approximately 18 Also, the electron heat conductivity is foundb® comparable to that of
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ions. Therefore the classical diffusivity cannot the dominant transport process in the
tokamak plasma. [4][8][9][20]

4.3 Neoclassical diffusion

In aneoclassical approacto transport, the effects of toroidal geometry @masidered. There
are two main differences to classical transporbyre

- ‘B‘ is not constant along a magnetic field line. Plagarticle which does not have a

sufficient ratio ofv//v,, wherevy;and v, denote the particle velocity components
perpendicular and parallel to the magnetic field| be reflected back. Therefore we
distinguish between two types of particles: trapmedl passing. The electrical
conductivity of plasma is lowered in a neoclassitt&ory, because the trapped
particles do not contribute to the toroidal current

— [B and curvature drift cause that a trapped partideiates from the magnetic
surface and its orbit projected into a poloidalngldhas a banana shape. These orbits
are therefore callebanana orbit{see Fig 4.1).

The fraction of the trapped particles on a fluxface isN, /N = J2e , wheree =1 /R is the
inverse aspect ratio of the flux surfaceaqidR are the minor radius and major radius).

The width of the banana orbit is given bé/=ﬂ, whereq is the safety factor. For trapped

Iz

particles, an effective collision frequency is aducedv, =—, wherev is any of the

2
collision frequencies from (4.12). An important paeter is the ratio. =v, /v, , wherev,

is the inverse of time, which it takes for a pdetito transit the banana. Therefare tells us
whether the trapped particle is able to complete ianana orbit between two consequent
collisions.

Figure 4.1:Banana orbits in toroidal devices [9].
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According to the parameter, , the neoclassical transport can be divided inteetiegimes:

— Pfirsch-Schluter regimev, >1, the trapped particles are scattered before tlagy c
complete the banana orbit. The diffusion coeffitisrihen determined as:

Do =9°rv =q°D (4.16)

class*

As the safety factag value ranges usually frolto 5, the diffusion is increased.

- Banana regimeyv. < £¥2, the trapped particles are able to follow theindoza orbit

several times before they are scattered. Thus fracion +2¢ of particles, the
characteristic step ig, and collision frequency I8, :

LY
N
N

r
Dy =+2erivy, = 32 v="_p

(4.17)

For example for values =1/3 andq =5 this yieldsD; =130D

class®

- Plateau regimes®? <y, < 1he diffusion coefficient in this region is indeent on

the collision frequency . The diffusion coefficient is between the two rags above.

D Plateaue
ef
‘_,.-—"
_._._.-'-
P _.-.._I L J-
5312 1 s

Figure 4.2\Neoclassical diffusion coefficients [4].
These neoclassical effects can increase the diffusbefficient by a factor df0”. But it still

cannot explain the experimental results. The neaisport is calle@nomalousand it is the
result of turbulences in plasma [4][9].

4.4 Transport coefficients
The typical diffusivities measured on tokamaks are:
X Xe~ 1nfs?
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D~Yixe

whereD is a diffusion coefficient (same for both spedcissthe diffusion is ambipolar). The
typical neoclassical values for diffusivities aengrally much lower:

myneo -~ 03 TT?S_l
Xe,neo"' Dneo - (rne/mi)llz/“,neo

Therefore generally

m -~ 1'10/“’neo
Xe - 102 Xe,neo
D ~ 10-16 Dyeo

In experiments, the values Bf, y; can approach the neoclassical values in the plasrea
region or during a high confinement operation (Hdeanternal transport barrier...), bytis
almost always anomalous. [4]

4.5 Anomalous transport

The turbulence-driven anomalous transport is caumefluctuations in the plasma. These
fluctuations may be electrostatic or electromagnatid are supposed to be an effect of one or
more microinstabilities of the tokamak plasma. Macopic MHD instabilities like sawteeth,
magnetic islands or ELMs are also an important@s®of the anomalous transport.

In the following text, to simplify the equationsdaavoid confusion, the subscripts denoting
the different species are omitted if not necessary.

For a fluctuating quantitfywe may write:

f:<f>+d, (4.18)

where( ) means averaging over a flux surface. The turbdlectuations result irE x B drift
velocity dv, perpendicular to the flux surface:

&, =&, 1B, (4.19)

where & is the electric field fluctuation perpendicular ttee flux surface an®r is the

toroidal magnetic field. This velocity combines hvitlensity fluctuationson to produce a
convective particle flux :

M =(dv,an), (4.20)

Where< > means again averaging over a flux surface. Thecfaflux (4.20) must be then

averaged also in time as the fluctuations are ttse-dependant. The time average must be
done over a time interval higher than all charastiertimes in the plasma (electron and ion
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plasma frequency, electron and ion cyclotron fregye.). Therefore the time and space
correlation between fluctuations plays an importavie. For a turbulent heat flux the
temperature fluctuationdl play a role:

q = 3/2nkg (AT ), (4.21)

wheren is the equilibrium density on the flux surface.dase of magnetic fluctuationd
associated with a change in magnetic topology, piaurbed velocitydv, parallel to the

magnetic field and the perturbed radial compondrthe magnetic fielddB, give rise to a
particle flux:

r="(,as,). 4.22

The fluctuationson, JT, and the electric potential fluctuatiadg at the edge of plasma can

be measured by Langmuir probes and the magnetitufition B can be measured by the
Mirnov coils. In experiments is observed that/n, JT, /T, and edp/k,T, rise quickly

towards the plasma edge, where they can reachs/ab@®®4a On the other hand, the edge
plasma value o8B/ B is usually small, typically-10*. The internal density fluctuations can
be much lower falling to~1% The plasma potential fluctuations in the corelofel
approximately a relatioedg/ kT, =n/n.

It is usual to perform a spatial Fourier transfasfrthe fluctuations and observe their wave
numbersk, and k, perpendicular and parallel to the magnetic fidlde spectrunﬁ(ku) is

dominated by wavelengthsA(=2n/k) greater than the ion Larmor radiug,. In the
azimuthal (poloidal) direction, the spectrum is lghin the regiork, [p, < 03whereps is
the ion Larmor radius at the electron temperatéa@. spectrumS(k,) of wave numbers
parallel to the magnetic field, the typical valua® k, (L = 1, whereL is the connection

length around the torus_ (= gR, whereq is the safety factor an® the major radius). The
characteristic frequencies of the fluctuations-afé®0kHz [4]

Transport due to electrostatic fluctuations

As was mentioned in the previous paragraph, isiglto perform a Fourier transform of the
fluctuations & (t, X) dk(w,k);
&(t,%)=Y d el (4.23)
k

whereKk is the wave number (wave vector) amds the angular frequency. If the electrostatic
potential fluctuationdg is present, it cause€ x B drift velocity &v. For a particular
componentdg, this velocity may be written as:
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& =i %R (4.24)
and its component perpendicular to the magnetid & as:

kxB
N,y =-i 52

3, . (4.25)

If this particle velocity persists for a so calledrrelation time 7, it leads to a radial
displacement of the particlé, = ov, ;7. A random walk estimate for the turbulent diffusio

driven by electrostatic fluctuations is then givaen

D:z(fkkz):z(kﬂgﬂj r,. (4.26)

k k

The correlation time is determined by the procebglvmost rapidly limits the radial drift
velocity dv, ;. The main possible processes determinjraye:

— The time variation of the fluctuation determinedday 7 ~ 1/c.
— The time for a particle to move along a parallev@langth of the fluctuationz ~
1/k,v,.

— The time for magnetic drifts (drifts of magnetielfi lines) to carry the particle along a
perpendicular wavelength of the fluctuatian> 1l/ay.

— The time for collisions to change the particle trlgi ~1/v, wherev is the collision
frequency of particles.

- The time for a turbulent velocityv, to carry the particle along a perpendicular

wavelength:r ~ 1/, whereQ, =Kk, dv, .

Therefore for a low level fluctuation®, << w,,,, where w,,, = max{w,,k,v,,@,,v), the
equation (4.26) can be rewritten as:

D= ZL(MJZ (4.27)

k a)ef'f,k B

and DD(J(&)Z. For higher level of fluctuation€d, > w,;, the equation (4.26) can be
rewritten as:

D= Zk:% (4.28)

and D [ d¢ .[4]
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Transport due to magnetic fluctuations

Magnetic fluctuationsdB affect the structure of the magnetic surfaces emd produce
ergodic magnetic fields. The motion of plasma phet along these magnetic field lines may
then lead to their radial transport and lossesadial magnetic field perturbatiodB, at a

rational surface at radius,,, where the safety factar= m/n (m, nare identified as poloidal
and toroidal mode), leads to a creation of a magmstand of width:

= | B

mn m B 1 ( : )
2

where L, = qu Is called the magnetic shear lendg®is the major radius andis the minor
ri
dr

radius. With increasing level of the magnetic fliattons, an increasing part of the regions
between resonant surfaces becomes ergodic. Thawioein is quantified by a parameter.

g=m (4.30)

where the sum is over all modes n with rational surfaces in interval of radlr. When
a» 1, many islands overlap and the behaviour of the ntagfield lines becomes stochastic.
In this case a radial diffusion of the field linean be described by a magnetic field line
diffusion coefficientDy. If the radial field perturbation remains in theexge direction over a
so calledcorrelation lengthL, then the field line takes a radial step:

B
& ==L (4.31)

A random walk estimate for the magnetic field lchBusion coefficient can be made:

&) B, \’
Dy =Z( ) =Z(—rkj L. (4.32)
v Ly B
For a weak turbulence the correlation length~1/k,~Rq and D,, 0 (3B, )*.

Assuming collisionless plasma, where the mean ffegth | ., exceeds the correlation length
| > Lc, @ particle can move freely along the radiallyfudiing magnetic field line with

velocity v, for a collision timez. So it makes a radial stea =,/Dy, I, . The diffusion
coefficient for particles can then be estimated as:
2 Dyl
D= (@) _ Dl =v,D,, . (4.33)
r T

Cc Cc
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For a more collisional plasma, wherg, <L, the particle collisionally diffuses along the

magnetic field lines with a radial stefs ~(dB, /B)Imfp in a collision timer.. The diffusion
coefficient for particles can in this case be eated as:

Bl N 2
D:( fmpr i:Dﬂ(dBrj , (4.34)
B T B

C

where D, :(Inifp/rc) is the collisional diffusion coefficient parallédb the magnetic field
lines. [4]

In this chapter, information mainly from [4] and \®ere used. Especially [4] contains a very
profound information about the transport in tokasak
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5 Pellet fuelling

5.1 Introduction

The magnetic confinement of plasma in tokamaksois perfect, as the particles are lost
continuously and the plasma particle content walddrease on a characteristic timescale
called the particle confinement tinw, if the fuel is not replaced. The most common and
simplest method of plasma refueling is external gaffing. It is a way of edge plasma
fuelling. The neutral gas of deuterium and/or unti is simply pumped into the vacuum
vessel. This leads, however, to particle sourcdilpsoconcentrated around the plasma
boundary. In this region, there is a strong outwdiftlsion and consequently low particle
confinement time and therefore fuelling efficienatfained by gas puffing is quite low. In
larger devices and hotter and denser plasmas aosityall fraction of neutral gas particles will
be able to penetrate across the separatrix andl ihot be possible to use gas puffing as a
primary fuelling method. Neutral beam injection diger heating tokamak plasmas delivers
very energetic neutral particles into the plasmaroo. These particles are usually deuterium
atoms, therefore this heating method provides alsep plasma refueling. However,
attempting to refuel the plasma by NBI injectionviery energy inefficient. The power
required for sufficient refueling rate is enormousherefore for present day and future
devices, so called pellet injection has becomeadiig technique for plasma fuelling. Pellet
injection will also be crucial for ITER performance

Solid pellets of frozen deuterium and tritium wdtameters ofl-6mmare used to refuel the
plasma. Pellets are injected at high speeds (hdadysE meters per second) into the plasma
column and they deposit fuel preferentially in Hudter, denser central plasma regions, where
is the highest evaporation rate of the hydrogen idee deep deposition of particles is
beneficial and brings several advantages. Generilliakes a longer time for a deeper
delivered particle to escape from the toroidal togpa diffusive way, simply because of the
longer distance it has to go, and therefore partadnfinement time increases. In pellet
experiments undertaken at several toroidal deviemsrgy and particle confinement
improvement has been observed associated alsognetiter thermonuclear reactivity. The
pellet injection also allows us to operate at higtensities, both in L and H-mode regimes,
and to better control the shape of the plasma tepsifile. [12][13]

5.2 Pellet shielding and ablation

When a pellet is injected into the tokamak plasine exposed to energy fluxes carried by
plasma electrons and ions and it erodes or abl@hesablation rate is defined by the balance
between the energy flux available and the flux eée® remove the particles from the pellet
surface, to dissociate, ionize and accelerate tidmse particles create a large cloud of cold
and dense neutral gas surrounding the pellet, wbachbe up td 00 times larger than the
pellet itself. The outer edge of the cloud intesaditectly with plasma, is heated and ionized.
This cloud effectively protects the pellet frometit interaction with plasma particles and thus
prolongs its lifetime and increases the pellet patien depth. There are three main
mechanisms of shielding provided by the neutralianized gas around the pellet.

1) Magnetic shieldingPlasma at the outer edge of the gas cloud didtwtd magnetic
field, causes its partial expulsion from the clonirior and thus reduces the incident
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heat flux. The rate of shielding by this phenomemm@lmost negligible in present
experiments.

2) Electrostatic shieldingOwing to the difference in the thermal velocitidsetectrons
and ions, the pellet surface first gains a negateess charge. Therefore it reduces
the incident electron flux and increases the iox,funtil they are equalized. During
the shielding period, the net energy flux may uoed approximately by a factor of
2.

3) Neutral gas and/or plasma dynamic shieldiiitne dense neutral gas and plasma from
the cloud of ablated particles shield the surfatéhe pellet from direct interaction
with flux of energetic plasma particles via colliss with these particles. For hydrogen
pellets, this process is by far the most importént.this shielding phenomenon, the
most widely used neutral gas shielding (NGS) atatathodel is based.

The magnitude of these shielding effects then deters what fraction of the energy flux,
carried by the tokamak plasma particles reachesutface of the pellet and consequently the
pellet ablation rate, pellet penetration depth peliet lifetime.

As the cloud of ablated particles evolves arouredpéllet on a timescale of the order p1

or less, it is elongated and expands because bigkspressure (abodiD times higher than
the surrounding plasma). The ionized part of tlraidlforms a cigar shaped plasmoid, which
expands along the magnetic field lines by ion atowlocity in plasma. It also conducts a
drift motion due to inhomogeneous magnetic fielde®lectrons and ions are separated due
to combined effect ofIB drift and magnetic field curvature drift and tHasal electric field

is created, which causdsx B drift motion in the outward direction (in the dit®n opposite
to magnetic field gradient, towards the so caltaa field side, LFS, of the vessel). This drift
motion lasts for approximateBOus until the short circuiting of charge separationdbgctron
current along the magnetic surfaces. The ionizedig@ghen confined to local magnetic flux
surfaces. When the pellet exits from its old maigady confined cloud, a new cloud
develops around it and the process is repeatef{1R]2

5.3 Fuelling efficiency

The expected enhancement of particle fuelling ifficy was the first motivation for injecting
pellets into the tokamak plasma. The fuelling é#ficy is defined as the proportion of the
deposited material that remains effectively indischarge or in the case of pellet injection as
the step increase of the plasma particle conteattayellet injection divided by the number
of particles in the injected pellet. The injectioha solid pellet enables placement of the fuel
particles deeper into the plasma, and so fromgbmnetrical effect alone one would expect a
significant improvement in fuelling efficiency. This indeed proven in experiments, where
the fuelling efficiency of the pellet injection relatively high. It can be in a range 50-
100% which is much more than maximally a few percdfitiency of the gas puffing. It has
been observed, that the main parameters, whicheindle the pellet penetration depth and
consequently also the fuelling efficiency, are gedlet size, injection velocity and also the
trajectory. Performed experiments confirmed, tinggation of the pellets from the magnetic
high field side (HFS) leads to a more efficientlling and lower confinement degradation
with additional power, despite a limited pellet agty. This is due toE x B drift of the
ablated material. The cloud of ionized ablated nmtes displaced against the magnetic field
gradient, as was described before. This leads épeatepenetration of particles for pellets
injected from the HFS compared to the pellet faglirom the LFS.[12][13][14]
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Even a pellet acceleration towards the LFS wasrebdein a range ofl-510°ms?, which

can be explained also as the effect®k B drift. Due to the ExB drift, a part of the
shielding cloud drifts towards LFS and thus causédsiced pellet shielding at HFS compared
to its LFS. Increased ablation at the HFS of peléetses pellet rocket acceleration.[15]

The experiments have revealed that, as a resulieep pellet fuelling, not only does the
efficiency increase, but on timescales long congaveh the pellet ablation itself also the
plasma performance improves. This improvement @ught to be caused by unusually
peaked electron density profiles, which imply imgd particle transport properties in pellet
fuelled plasmas. The improved transport has theamtdge of reduced energy loss by
convection and conduction and reduced particle [Ossthe other hand, a problem may occur
with impurity accumulation accompanied with stroragliation cooling. Improved particle
transport could also potentially create a probleitth wemoval of the helium ash in burning
plasmas. However, in reactor-grade plasmas evengel&s will penetrate onlky15-20%of
the minor radius, due to high plasma temperatutethex plasma edge. This motivates
development of superfast pelleikm/$ but this is far from practical application yet.

Apart from the energy and particle confinement ioyement on longer timescales, rapid
transport and enhanced energy and particle loseesometimes observed on the timescale of
the pellet ablation itself. This could be possillyributed to markedly enhanced electron
pressure and density gradients and to modified-pel#t magnetohydrodynamic (MHD)
activity of the plasma, especially to so calledesttizalized modes (ELMs). Along with pellet
mass losses during the pellet acceleration andedgl|ithese prompt post-pellet particle losses
are the most significant factor reducing the fugjlefficiency and so they influence also the
design and parameters of the pellet injection systself (hamely the particle throughput
which must be provided by the pellet injector toimtein the plasma density). Therefore the
aim of this work was to try to quantify this inceeal post-pellet transport.[12][13]

5.4 Pellet production, acceleration, injection

Pellet injection concepts share common technolbgicdblems associated with the properties
of solid hydrogen. The hydrogen isotopes, (B, and T,) freeze in the temperature range of
14-20K which leads to a necessity to use liquid heliuwoled components for the pellet
production. Also high vacuum and low heat loss méples must be applied and suitable
materials strong enough in these low temperaturalitons must be used. Moreover, the
physical properties of solid hydrogen play an int@ot role with respect to its acceleration to
high velocities. The densities of the solid hydmgee low 0.20-0.31g/crhfor D, and T)
and so the necessary acceleration forces are mpthugh. For example, a 6mm deuterium
pellet with a mass d85mgcan be accelerated to speeds aldobkm/s in acceleration path
less than a metre long with a light gas gun injeciperating at propellant gas pressure of
60bar. On the other hand, the yield strength of thedsblidrogen is also low (ranging from
~2bar for H, at8K to~10barfor T,) and places a low limit on possible acceleratmmads.

Solid hydrogen pellets may be produced generallynoymethods:

1) Hydrogen gas condenses and solidifies in a smatl gfanarrow tube and then is
ejected by high pressure gas (MAST)
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2) Hydrogen gas is liquefied and pushed through theudgr, where it solidifies, and
then is cut mechanically. (JET).

For pellet acceleration, a variety of ways havenbemnsidered. The most important ones are
given below:

1) Centrifuge acceleratorsPellets are constrained to move in a track onga Bpeed
rotating disc. The radius of the accelerator iywvay between tens of centimeters and
the order of a metre. The performance of the degei is limited by the speeds
achievable by the accelerator and the ability & pellet to withstand the forces
during the acceleration process. A centrifuge tgjecs capable of operating at high
repetition rates. The pellet velocity achievablethig way is limited by the arm and
pellet strength to velocities less th&km/s This is for example the way of
accelerating the pellets on JET.

2) Light gas guns:A pellet is put into a tube and subjected to anliagppressure
imbalance and is therefore accelerated. In a sirapigle stage light gas gun, the
driving force is provided by a high pressure ggpi¢ally < 100bar admitted behind
the pellet by fast electromagnetic valves. Singégyes gas guns operate usually with
hydrogen or helium propellants at a room (or littigher) temperature. These devices,
show, however, saturation in velocity at ab@um/sdue to the fact that the pellet
surpasses the local sound speed. To overcome rbidep, a two stage guns are
developed. It is also difficult for these guns tme high repetition rates.

3) Electromagnetic:Electromagnetic accelerators have been proposestdelerate a
carrier holding the pellet. The pellet will thententhe plasma and the carrier will be
caught.

4) Ablation: A laser or electron beam incident on one sidehef pellet would ablate
away a part of its surface and thus acceleratepdiiet by a rocket effect. This
acceleration must be done gradually to avoid fraeguthe pellet by shock waves.

The accelerated pellet then travels through a gtubdle and is injected into the plasma. In
order to access the vacuum vessel from the HFSguide tube needs to be curved. The
curvature radius then determines the maximal plesgiéllet velocity (because of the stress
experienced by the pellet in the curved sectiofsis is an issue also for ITER.[12][13]

5.5 Pellet fuelling at JET

Two pellet injectors are currently available at tHeT tokamak. The older JET centrifuge
injector, operational from 1995 and new HFPI (Higbquency pellet injector) installed in
2008.

The centrifuge injector is capable of produci#mnt cubic pellets (containing 3.840°* D
atoms) and delivering them into plasma at spd&@s300n&". Maximal repetition rate of the
system isLOHz Pellet size, velocity and repetition rate aredixvithin one plasma discharge.
However, repetition rate can be reduced in thehdige by omitting single pellets.

The HFPI is based upon a screw extruder technolothygreat pellet production rate (up to

1500mn¥s and light gas gun acceleration (short pulse ofurelpropellant gas20ban. It is
capable of producing small pellets injected at uagh repetition rate for ELM pace making
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and mitigation and larger pellets at still high egfoon rate for deep plasma fuelling. Its
operational parameters are in the Tab 5.1 below:

Pellet volume
- Vol.l Adjustablel-2mnd
- Vol.2 Adjustable35-70mm
Injection frequency 10-60Hzfor Vol.1
< 15Hzfor Vol.2
Pellet material Hydrogen, deuterium
Pellet velocity Adjustable50-200ns™ for Vol.1
Adjustable100-500n&" for Vol.2

Table 5.1.JET HFPI parameters [23]

There are three injection paths on JET tokamakih @aector being equipped with a fast
selector allowing to select the flight tube, by @hithe pellet will be injected into plasma.
These are the low field side (LFS), vertical higgld side (HFS) and high field side (HFS)
flight tubes. LFS injection is horizontal, HFEEI° with respect to midplane and VHFR&°
with respect to midplane (see Fig. 5.2). [23][24]

Figure 5.1:Photograph of a pellet in flight.[10]
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Figure 5.2:Poloidal cross section of JET with depicted pealgtction tracks for a typical
JET plasma discharge (separatrix is shown). [24]

5.6 Pellet fuelling at ITER

Pellet fuelling from the HFS will be the primaryreglasma fuelling technique on ITER. The
provided core plasma fuelling is necessary foreahg high fusion gain. The proposed ITER
fuelling system consists of two pellet injectordhwmultiple inner wall guide tubes and one
guide tube for outer wall injection. The inner wallide tubes will provide high throughput
fuelling, while the outer wall guide tube is meaattrigger frequent smaller ELMs. As an
edge fuelling method, set df manifolds near the top of the vessel and threeigastion
tubes in the area of divertor will provide gas fmgl. The gas fuelling rate will be up to
240Pai®S", the pellet fuelling rate will be maximally0OPam®&" and the NBI system will
provide less thatPam®§". The ITER pellet injection system must be ablsupply0.23g5

! (=1.0cm&* solid DT) to the plasma (if the production and #ecgion losses are not
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considered), which is significantly more than tmesent devices are capable to supply. In the
present time, a light gas gun with continuous aldrus considered for the pellet acceleration.
The technology to achieve the needed high througipgmilet fuelling is still under
development, but is expected to be available wittnneeded ITER time scale.

The ITER pellet injection system will be limited layguide tube curvature to a velocity of
300ms™ for injection from the HFS. Despite this limitatiothe injection from HFS will still
lead to a deeper pellet penetration due to a nagaigls drift in the major radius direction, as
was discussed before. The modelling of pellet stesidhows that injected pellets will have
the capability to fuel the plasma well inside tleparatrix, providing a significant level of
fuelling beyond the expected ELM affected edgeaegilhe fuelling efficiency is predicted
to be nearlyl00% It seems however, that it will not be possiblegemerate strongly peaked
density profiles on ITER by this pellet scenarideTlimited pellet velocity will lead to a
pellet penetration of about5-20% of the minor radius. If the strong density peakisg
needed, then technologies providing deeper peatle¢ation will need to be developed.[16]
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Figure 5.31TER cross section showing the locations of palhet gas injectors. The dashed
pellet trajectory shows proposed LFS pellet injesiatended for ELM triggering [16].

5.7 Other pellet functions

There are also other functions which may be peréariny the injection of pellets. Recently
the pellets are studied for their capability of EltMtigation. Edge localized modes (ELMS)
are MHD instabilities in the pedestal region typiéar H-mode scenarios. They provide
outbursts of energy and particles from the plasma quasi-periodic way. They are followed
by a phase of pedestal pressure rebuilding. Pé#atsto trigger ELMs automatically. These
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pellet induced ELMs are responsible for a signiiidass of the deposited material, however,
it can be used to our benefit. It has been showat increasing the ELM frequency by
external pace making using pellet injection resuftsa reduced ELM energy, which is
essential for the target lifetime of ITER and aufet fusion reactor. For example on ITER,
small pellets with 20-40Hzfrequency injected from the LFS are supposed tsuficient to
lock the ELM frequency to pellets, thus keeping #iee of ELMs much lower than they
would be at a natural frequency [16][17].

Another function, which may be performed by thelgieinjection system in future fusion
reactors, is fast plasma termination. This functiol be required in future fusion reactors,
because in a case of loss of control of the plasmalibrium at high performance, the
damage caused to first wall materials could be hah. One of the possible ways for
mitigation of the plasma disruption is injection afkiller — pellet of medium Z impurity.
The pellet radiation would then decrease the plasraamal energy and thus limit the heat
flux onto the divertor plates.

The injection of a pellet or a series of pelletalso a technique for triggering of an Internal
Transport Barrier (ITB). ITB is a region of steeggsure gradient inside the plasma. Plasmas
with ITB belong to so called “advanced tokamak” rem#os, which are desirable for high
performance operation because they exhibit higlbefimement compared to the usual H-

mode [13][18].
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Figure 5.4 Plasma pressure profile for L-mode, H-mode andmeggwith ITB [18]
For this chapter | used information mainly from the review papers available concerning

pellets [12][13]. More information about the ITERIet system can be found in [16].
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6 Experimental settings and data

6.1 Experimental settings

In this work, data from JET pulst3212have been evaluated. The basic parameters of this
discharge are summarized in Tab. 6.1:

Plasma currerit, 2.5MA

Toroidal magnetic fieldr (on magnetic axis) 2.4T

Major radiusR 3m

Minor radius a 1m
Elongationk 1.7

Edge safety factayos 3.2

Plasma volum/, 8on?
Additional plasma heatinB; 17MW NBI, 1MW ICRH

Table 6.1:Summary of the basic plasma parameters of JET pi3212

This pulse was a part of experiments undertakeFEdt aimed to develop optimized pellet

refuelling scenarios (in 2001). Pellet injectiongqsences were optimized for long pulse
fuelling to high densities, while maintaining thenkbde and good energy confinement and
keeping the impurity level low. These experimertodried to combine positive effects of

deep pellet refuelling and high plasma triangwarithe pellets were injected by the JET
centrifuge injector and their parameters are inTthle. 6.2 below.

Pellet size 4mn?, 3107 atoms
Composition deuterium
Repetition rate 3Hz 6Hz
Injection speed 160ms™

L from HFS along a trajectory tilted l8y° to the
Injection path horizontal plane. (see Fig. 4.2)

Table 6.2.Summary of the basic pellet parameters for JETegp#&3212.

For this pulse, there were three sequences of tpeiigected into the plasma column:
sequence of five, six and seven pellets. The $esfuence starts at tinhe= 57.87s pellets
injected at a preset repetition rate of approxitgadélz Then two single pellets are omitted
and the next sequence of six pellets is injectathat = 58.98sat halved repetition rate of
approximately3Hz Then three single pellets are omitted before I#s pellet injection
sequence starts it 61.22salso with reduced repetition rate of approximagHiz
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6.2 Plasma diagnostics

The following data for JET sha#53212 were downloaded from the JET database and
considered in this work:

— Temporal evolution of line averaged electron dgnsieasured by interferometers
along8 different lines (see figure 6.1).

— Temporal evolution of electron density profile m@asl by LIDAR (see Fig. 6.1).
— Temporal evolution of electron temperature pratfileasured by LIDAR.
— Temporal evolution oD, emission measured by visible spectroscopy.

— Temporal evolution of total plasma energy contéfif measured by two diamagnetic
colils.

LIDAR

interferometer
(chord 1-8)
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2 5
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Figure 6.1:JET tokamak poloidal cross section with shown titgees of LIDAR (red) and 8

chords of interferometer (green). Blue lines shba/magnetic surfaces for the considered
shot #53212.

43



LIDAR (LIght Detection And Ranging)

LIDAR diagnostics measures plasma electron temperand density. It uses a laser pulse
projected into the plasma. The laser light is statt via Thomson scattering process, which
is an elastic scattering of electromagnetic radimby a charged particle. The incident wave
accelerates the charged particle due to its etefitid component. The particle moves in the
direction of the oscillating electric field of theave and emits electromagnetic dipole
radiation. The monochromatic laser light is scatleand Doppler shifted by the fast moving
plasma electrons (for ions, the scattering is Uguaéglected due to large ion mass),
producing a broad spectrum of scattered light. Bgasaring the width of this scattered
spectrum the velocity distribution and hence trectebn temperaturé. can be determined
and by measuring the total intensity of the scatidight the density of the electronscan be
deduced. In order to get the spatial resolutiotheke quantities, a very short laser pulse is
sent into plasma0(3nswhich is~10cmlong) and a fast detection and recording system is
used to observe the time evolution of the backtsead spectrum. From this time dependence
and the LIDAR principle the local values of electtemperature and density can be deduced.
A 1J ruby laser (wavelengt894nn) is used at JET as the light source, with a fraqueof
4Hz The trajectory of the pulse can be seen at Fig[1®][29]

Interferometry

The idea of this diagnostics is to superpose twoore waves travelling along a different
path and observe their phase shift. Typically glsimcoming beam of laser light is split into
two identical beams by a partial mirror. One of beams passes through the plasma. These
two beams are then made to interfere. The patkrdiite and the change of refractive index
in the path of the beam crossing the plasma creatiease difference between them and an
integrated electron density along the path of teanb can be deducef.different paths are
used at JET (see Fig. 6.1).

The D, emission measured is the light of a waveler@inmemitted by a deuterium atom
during an electron transition from the third to #ezond energy level. When the plasma gets
in contact with the walls, neutral hydrogen paesclpreviously deposited on the wall) are
knocked out. They interact with the edge plasma,excited and emit line radiation. One of

the lines iD,,.

6.3 Plasmaresponse to the pellet

The main intention of the series of pellet expentseat JET including pulsg53212was to

access densities in the vicinity @reenwald densityﬂé3W (Greenwald density is an

experimentally determined limit of plasma densityhile keeping the confined energy high.
During these experiments several critical issugeared:

» Excessive increase of the plasma edge density
» Trigger of central MHD activity
* ELM bursts following pellet injection

Each of these effects connected with pellet inpgcttan cause severe energy losses and
therefore attempts were made to minimize them.
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The excessive increase of the edge density coulonited by lowering the maximum pellet
injection rate tc6Hz The pellet induced increase of neutral gas pressen did not reach
such high values to be able to deteriorate theimemfent. The MHD activity, namely so-
called neoclassical tearing mode (NTM), triggergdtémperature reduction due to pellet,
could be avoided by increasing the external plabeting. Confinement losses caused by
enhanced ELM activity were reduced by adaptingptket injection cycle. Omitting single
pellets leads to reduction of ELM activity and ceqsently to recovery of the plasma energy
content.

As you can see on Fig. 6.2, the averaged electeosity strongly increases for a short time
after each pellet injection, reaches its maximurd #ren drops down again, until the next
pellet is injected. The first short phase of stramhgnsity increase describes the pellet
evaporation. The outer atoms of the pellet ablatéhe hot plasma and are ionized. The
moment of total pellet evaporation can be seenign@2 as the time of local maximum of

electron density. The prompt post pellet particdeses can be explained by transiently
increased plasma radial diffusivity because ofeased density gradient. Also pellet induced
ELMs may carry out immediately a very large fraotaf the pellet delivered particles.

The frozen pellets injected into the plasma coluastordingly decrease the plasma
temperature. This decrease is proportional to temstrease and product of plasma density
and temperature (plasma pressure) remains appretimghe same during the pellet

injection. Injection of each pellet also resultsgimck energy loss, mainly due to a triggered
ELM. However, in phases between the injected pelbetd especially in longer periods

between two pellet sequences, the energy managesaeer.

Evolutions of essential plasma parameters for #ezmbed JET pulse are shown on Fig. 6.2.
We can clearly observe that initial quiékiz pellet sequence caused significant energy drop
due to enhanced ELM activity (which can be ideetlfifrom increased intensity of
D, emission) To allow the energy to recover, two pellets were omittecbitgethe onset of
second pellet injection. The first pellet sequemmuding the following pause transformed
plasma to a higher density state and was able totavathe energy content still high. The
second pellet sequence at halved repetition rat8Haf was able to achieve even better
refuelling performance. This could be caused byf#og that colder and denser plasmas are
more suitable for deep particle deposition. The lajection rate also enabled the energy,
which transiently dropped after each injected pelie be almost fully recovered before
injection of the next pellet. Therefore the plastemsity was able to surpass the Greenwald
level with about6.1MJenergy content. Finally, this high performanceggheas terminated
by a growing NTM. The next pellet sequence thentstiaom a low density level with low
confined energy and is not able to achieve theipusvhigh confinement level. [25]
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7 Data processing

7.1 Boxcar method

The plasma diffusivity can be estimated from theletwon of the density profile after the
pellet injection. For this purpose, the download#mta from LIDAR (electron density
profiles) were used. The aim of this work was tp t quantify the transiently increased
outward diffusion at the edge of plasma after thjection of a pellet. As can be seen from
Fig. 6.2, the length of the pellet evaporation psscis aboutOmsand the consequent phase
of increased patrticle losses is also of the orfiéeres of milliseconds. Unfortunately, LIDAR
diagnostics measures the density profiles witheguency of4dHz, which means it is not
capable to record fast changes in the electronitggm®file due to pellet injection. There are
one or maximally two LIDAR measurements during theporation of the pellet and the
consequent fast particle losses, which is not @efit for calculations of the diffusion
coefficient. Interferometers, on the other handasoee electron density with a relatively high
repetition rate of approximately33Hz However, these densities are line averaged aml th
does not provide the needed information about émsitly profile. One way how to get a more
detailed picture of the time evolution of electiensity profile after injection of a pellet is to
make aboxcar analysi®f the LIDAR data. The idea of the boxcar analysi®llowing:

— In this method, every injected pellet is assumedbdathe same and its injection is
assumed to have always the same impact on eleddrmsity profile evolution.

— The LIDAR measurement comes for every post-pekgtsiy evolution in a different
time. For each LIDAR measurement, its relative tbméhe moment of injection of the
last pellet is calculated.

— These measurements with assigned relative timesthame put together and an
“average post-pellet electron density profile etioll" is gained.

For the calculations performed in this thesis, lb&car analysis of the first and third pellet
sequence from the JET pul#B3212(starting at time$ = 57.87sandt = 61.229 was done.
The post-pellet line averaged electron density wan is approximately equally shaped for
these sequences and the pellets are injected m»apyately equally dense plasma (see Fig.
6.2). The procedure of assigning the relative tinoethe LIDAR measurements can be seen
on the following Fig. 7.1 and 7.2. On these figutks top red graph shows the density
evolution measured by LIDAR fdrR = 3.6m(major radius), the bottom graphs show line
averaged electron density measuredlohords of interferometer. The point of intersectod

the black vertical lines (in the times of LIDAR nse@ement) with the interferometer data
shows us, in which part of the pellet-induced dgnevolution the LIDAR measurement is
located. From the downloaded interferometer daté ipossible to determine the pellet
injection times (which correspond to the placeshveiidden strong increase of density) and
with the aid of Fig. 7.1 and 7.2 it is then possibd assign relative times to each LIDAR
density profile measurement. Therefore the “averguest-pellet temporal evolution of
electron density profile is gained.
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Figure 7.1The boxcar analysis of the first sequence of fsefirting att = 57.87s
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Figure 7.2The boxcar analysis of the third sequence of [ge#tdrting at t = 61.22s

From the analysis, only¢ most reliable post-pellet electron density prafiwere chosen
(profiles after pelletd, 2 and4 from the first sequence and one profile afterga@lfrom the
third sequence) along with three pre-pellet prefibefore the first sequence of pellets. Graph
containing these profiles and a graph of the gaensgtage post-pellet density evolution at
two different outer edge plasma radii are showowebr illustration (Fig. 7.3 and 7.4).
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Figure 7.3Electron density profiles from the boxcar analygith a legend of their relative
times.
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Figure 7.4Dependence of the post-pellet electron densityetative time to the injection of
pellet (gained from the boxcar analysis) for twdues of major radius 3.6m and 3.7m.

However, the boxcar method is an approximate methocilg many problems and there are
more possible error sources. The pellets’ mass srape can slightly differ after the
production. Also during the injection and pelleglfit through the guide tube, the pellet mass
losses occur, which are different for each pelléese losses may be up to abdd¥% of the
total pellet mass. The major error may arise frw@ fact that electron density profiles in
different injection times differ. For the boxcaradysis performed in this thesis, the error in
electron density caused by this effect may be riyugstimated from the interferometer data
as~10% The computations based on the data processduehyoixcar analysis thus provide
rather qualitative than exact quantitative estimaitplasma parameters. Nonetheless, with
respect to the mentioned error estimates, thesepuations can still be meaningful and
provide useful information.

The problem with insufficiently time-resolved infoation about the electron density profile
can be solved also by inverse integral transfornthefinterferometry data. The problem of
deducing spatial resolution of some function, witktta about its integrated values along
different trajectories are given, is in fact arus®f tomography. At the JET tokamak, these
methods are applied to combine the LIDAR spatial emerferometer temporal information
about the plasma electron density [30]. This isydwer, beyond the scope of this work.
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8 Calculations

8.1 Bessel functions analysis

In the following text, the subscript denoting thartgcle species is omitted because all the
computations are performed for plasma electronee Tbmputed edge plasma diffusion
coefficient is, however, valid both for electronadaions as the diffusion is expected
ambipolar.

For the calculation of the diffusion coefficierdatf, a simplified version of diffusion equation
(4.7) can be used. In real experiments, it is \difficult to distinguish between patrticle
diffusion and convection. Therefore so-called dffecdiffusion coefficient, which describes
both these phenomena, can be introduced andefiised as:

[ =-D,, n, (8.1)
and the equation (4.7) can be written as:

% = div(D,;[In) + S (8.2)

In the following text, D will always denote the effective diffusion coeffint D, .
Calculation ofSis also very difficult. It can be expressed as:

S = diVI:ionisationa :{B

where T',..., is the particle flux caused by the souef particles due to ionisation or

recombination. The equation (8.2) can then be evwri#s:

on = div(

o (8.4)

|onisation)

DON+T,
According to [28],M = 05m$™ for r/a = 0.8. This value is approximately ten times
n

n I
lower than Dﬂj— and as a result we can neglect the contributiols cbmpared to the
n

diffusion and convection terms. The resulting sifigd equation can be written as:

9N _pan=o0. (8.5)
ot

The simplified diffusion equation (8.5) is a parabgartial differential equation, which is
very important in the mathematical physics. Gemgrah equation of this particular shape is
called the heat equation, as the same equatiogseid 10 describe a distribution of heat in a
given region over time. The general form of thetheguation in n-dimensional Euclidean
spaceE™" is following:
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on  &atn
N> o 0= t(xt) 8.6)

wherea is a constant, f (%,t) is the source term amiX,t) is the mass density. This equation
(8.6) together with an initial condition:

n(%,0) = a(X) (8.7)

is calledthe classical Cauchy problem for the heat equatibcan be generally solved by
transforming it to @eneralized Cauchy problem for the heat equation:

n

——ai— = 6(t)f (x,t)+ 3t)a(x), (8.8)

where @(t) is the Heaviside step function of time aifl) is the Dirac delta function of time.
Another step is finding the fundamental solutidri,t) for the heat conduction operatar

L=—-ald (8.9)

in a spaceE™*. The general solution of the classical Cauchy lerotfor the heat equation is
then determined by a convolution of the fundameswéltion £(%,t) and the right side of the
generalized equation (8.8):

t z ] 2 i
n(x,t) = { anz;%fe“a(”)dfdr+ ! %e s dg (8.10)

This equality (8.10) is sometimes calkb@ Poisson formul§31][32]

In our particular case, the diffusion equationasnogenous, without the source terhﬁi,t),

and the constard is equal to the diffusion coefficie®@. The initial condition (8.7) is the
density profile just after the pellet injection anthe plasma, at the beginning of the decay
process of pellet induced perturbation. The fornthefgeneral solution (8.10) is then reduced
to the second term only (the first integral beiregozbecause of the lack of the source tBrm
This form of the solution of our diffusion equatie however still rather difficult. For the
further described analysis, solution of the sinmgdifform of the diffusion equation in axial
symmetry was used.

According to [33], a Bessel functions analysis waed in this work to estimate the post pellet

diffusion coefficient. If we assume only a radispéndence of plasma electron density
n= n(r,t), the simplified diffusion equation (8.5) in cylincal geometry can be written as:

@— D a_2n+£@
ot or® ror) (8.11)
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This equation, along with a general initial cormti(8.7) and with boundari€s<r <L has a
general solution of a form [34]:

n(r,t) = [a(€)G(r, &,t)dE, (8.12)

Oy

whereG(r, &,t) is the Green's functioftf a boundary conditiom =0 for r = L is prescribed,
then the Green's functida can be written with use of Bessel functions as:

0 o Dyt
G(r,f,t):erilu)\]o(ﬂn{j\]o(ﬂnéjGX{— on J, (813)

whereJp andJ; are the first order Bessel functions, defineddds [

JIn(x)= ik,(“km),(xjmm, (8.14)

k=0

and y, is the n-th positive zero of the Bessel functigpiwhich means]o(,un) =0).

Figure 8.1: The first three first order Bessel functiogs J

The data used for calculation were the three pd&tp#ensity profiles in relative times (to

the time of pellet injection), which come out frahe boxcar analysis in previous chapter (see

Fig. 7.3). It is possible to estimate the diffusamefficientD from the evolution of post pellet
density perturbatiorh(Rt):

xM(Rt)=n(Rt)-n(R0), (8.15)
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whereR is the major radius and(R,O) is the density profile before the pellet injectidior
n(R0), the electron density profile at relative tinfe2375sfrom the boxcar analysis is used
(see Fig. 7.3).

To justify the use of axial symmetric diffusion edjon, the three post pellet density
perturbation profiles were averaged with respedhetokamak minor (plasma) axis Rt
3m Then these averaged profilés(r,t) (for 0 <r < @) were mapped on a 1-dimensiomal

grid varying betwee andl. dﬁ(x,t) in a new variablex was then fitted for each tintevith
a fourth degree polynomi‘dﬁ(x,t) to regularize the profile [33]. Then dﬁ(x,t) is the initial

condition at time, with use of equations (8.12), (8.13) a solutibtirae t+ & may be written

as:
1

AN(X,t+ &) = zi ‘Loz(l(u,unx)) exp(— D,uf&)j Jo (14, x)A(x, t)xdx (8.16)

The terms of the series on the right side of equaf8.16) fall down to smaller and smaller
values with increasing, therefore it is possible to cut off the seriesmfimization is then
applied with respect tb of the term:

2

> (@(x, t+ &)~ -+ ) =i+ ) - dilxt+ )| (8.17)

i=1

where &A(x,t +&) is a function ofD and is calculated from (8.16) aid(x,t + &) is the

fourth degree polynomial fit of the density pertatibn in timet+ &. The fitting was done by
using MATLAB 6.5 curve fitting tool.

%10

4.5

density [m'3]
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Figure 8.2:The density perturbation&(x,t) plotted in times t=12.5ms (blue), t=25ms (red)

and t=32.5ms (magenta) in the new x coordinate ¢#{s) and their appropriate fourth
degree polynomial fits in the same times (solidd)n

The fitted fourth degree polynomidﬁ(x,t) can be written in the following form:

F(xt)= px* + p,x° + pyx° + pX+ s,

(8.18)

with constant coefficientp; — ;. The results of the fitting are given in the T&Hl below
(fitted values are given with 95% confidence bognds

Time [ms] p [10%] p2 [10%) p3[107Y p4 [107] ps [10%)
12.5 3.57 £ 3.96 -9.47 £ 7.99 6.90£5.2 -1.1625 0.17 £0.09
25 8.07 £1.99 -16.19 + 4.02 940+ 2.6 -1.59a30. 0.30+0.04
32.5 1.89 + 3.80 -3.74 + 7.6¢ 2.05+5.0 -0.46191 0.32+0.08

Table 8.1:Results of the fourth degree polynomial fit of dieesity perturbation’fn(x,t) in
times t=12.5ms, t=25ms and t=32.5ms.
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Figure 8.3:The resultsan(x,t + &) of summation (7.16) for different considered nunmbef
the series for times t=12.5ms and&=25ms and with use of an expected value of D=Im
The fourth degree fit of the density perturbai &ﬁ(x,t + &) in time t+&=25ms is given to
compare (blue).
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On Fig. 8.3are given the resulton(x,t + ) of summation (8.16) for different considered

numbern of the summed terms for timés12.5ms and t+ &=25ms and with use of an
expected value db=1m?s™. It can be seen, that there is not an observafitzehce between
functions, which come up from the series in (8.t6) off atn > 3. For this particular
calculation, the series was cut off for L& This can be defended by the fact that for values
of D not too near to zero the contribution of the lasirtin the sum was reduced to less than
1% (more precisely the value of maximum differencesaen the functions, which come up
from the series cut off at=11 andn=10, was reduced to less th&#o of the average value of
the function fom=10). The minimization process was then performed0fer D < 10 nfs™.

The results of the Bessel functions analysis arergin Tab. 8.2 below:

Time window D [mis™]
12.5ms - 25 ms 3.295
25ms —-32.5ms 2.872

Table 8.2Diffusion coefficients calculated by the Bessetfioms analysis

The computed post-pellet diffusion coefficients Tiab. 8.2 seem rather big compared to
calculations in the previous bachelor thesis [1§l aimilar studies on the MAST tokamak
[27][33]. This may be caused by several reasons.rajor problem of the analysis is the use
of cylindrical coordinates and therefore the asdionpof circular plasma shape. This is not
true, as can be seen from Fig. 6.1 with depictedn@atc surfaces. The plasma centre is
shifted in the major radius direction and the plasras an elongated triangular D shape.

8.2 Mapping of LIDAR data to magnetic surfaces

The total plasma pressure including the energyla$rpa rotation is constant on magnetic
surfaces. It can be deduced from the Grad-Shafragmation (3.21) valid in MHD
equilibrium. Due to the large parallel thermal coaiivities along the magnetic field lines, the
electron and ion temperatures are also constamiaflee magnetic surfaces. The plasma
pressure can be calculated as:

p=nk.T, +nk,T =nky(T,+T), (8.19)

where T, and T, is the electron and ion temperature dqdthe Boltzmann constant. This
means that also the electron density is approxignatestant on magnetic surfaces n(t//).
Therefore it is convenient to introduce the fluwordinates(p,8,¢), where p is the square
root of the normalized poloidal flux, defined by43). 8 and ¢ coordinates are the poloidal
and toroidal angles. Their closer definition is netessary, as the plasma denaityn(,o) is

assumed to be the function of the magnetic fluxdioate only.

With use of the EFIT code mentioned in chapteh8, rhatrix oft//(R, z,t) values for a grid

65x65in spatial(R, z) coordinatesR is major radiusz height over the midplane, see Fig. 3.1)
and for 130 time slices for the JET sha@t53212was downloaded. The LIDAR electron
density was then mapped on the magnetic surfau:ea/@. This was done via 2D spatial
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spline interpolation ofp(R, zt) in the points of LIDAR measuremen(R oar: Zpar:t);
interpolation in the times of LIDAR measurement vpasformed consequently. Thus values
n(,o,t) of the electron density on magnetic surfagesere obtained. With use of the boxcar

analysis, post-pellet electron density profile enioin n(p,trel) was obtained. The smoothing
spline function was then used to smooth rﬂ(np,trel) function in p. Two n(,o) profiles (with
relative times0.2375sand0.01253% before and after spline smoothing are shown gn&i.

19
1p¥10° . . .

N
o

Q0

electron density [rn'3]

0 L L L HHHHHH
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Figure 8.4Electron density profiles at relative timds, = -0.2375 (ldue) and
t, =0.0125 (red) (before and after the first pellet injectiahtime t=57.87s). The '+’
points denote the profiles before smoothing andl $imles show the smoothed dependence.

In order to be able to calculate the temporal deitre of n(p,t,,, ), its spline interpolation in
time was conducted. All of the interpolation andosithing techniques were conducted with

use of MATLAB 6.5 spline toolbox 3.1.1. More abailtese techniques is provided in
Appendix A.

The resultingn(p,t,,,) function is shown on Fig. 8.5.

rel
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Figure 8.52D contour plot showing the electron density e\iohm(p,t,e,) due to pellet. The
colorbar on the right side shows the relation betweolour and density (in

On Fig. 8.5, it is possible to clearly observe suglden increase of plasma electron density
after the relative timé=0s indicating the pellet injection and also a greangity peak at the
pellet penetration radius arounm= 0.8.

This smoothed and interpolated functiafjo,t,,,) is computed ir200 magnetic surfacep
and 150 relative times. Using numerical techniques, facheeelative timet,, and magnetic
surface o the number of electrons contained inside the serM(p,t,el), the surface volume
V(p.t,,) and the surface are®(p,t,,) was computed. On the following Fig. 8.6, the time
evolution of the number of electron particles comdd in plasma I(\I(,o,t ) for separatrix

p =1) can be seen.

rel
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Figure 8.6Time evolution of the total electron particle conten plasma during the average
post-pellet electron density evolution.

From the increase of the number of particles dfterpellet injection at,,, = Oms till its peak
at aboutt,, =13ms (denoting the total pellet evaporation) shown an B.6 it can be clearly

deduced that the number of deuterium atoms cortaimehe pellet isN = 2410, This
numbered roughly corresponds to the expected \Gfl@eL0* deuterium atoms quoted in the
paper [25]. The difference between this calculadeliet size and the expected value is quite
good. The difference can be easily attributed to:

1. the imperfection of measurement of the pellet size
2. losses in guide tube between the measurement @ainthe plasma

From the equation (4.2) it can be deduced, thattehgporal derivative of the number of
plasma electrons contained inside a magnetic ®ufacs proportional to the electron particle

flux flowing inside through the area of the magaostirrfacep :

ON (p,
(g’t be) = _r(p,t,) B5(00ty) . 6.20)

The time derivative in (8.20) can be replaced igrevard difference:
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aN (lo’trel) ~ N (lo’trel +Atrel )_ N(lo’trel)
ot At '

rel

(8.21)

where At is the difference between two times of the discme{p,t,,) data. The particle
flux (p,t,,) is then computed as:

N(p’trel +Atrel)_N(10’trel)D 1
AtreI S(IOltreI )

Mo te) =- (8.22)

and it is shown on Fig. 8.7 fg =0.8; 0.9and 1.0 (for the region impacted by the pellet
ablation and evaporation at the edge of plasma).

particle flux [m'2 3'1]

0.02 0.03
relative time [s]

Figure 8.7The temporal evolution of electron particle flukahgh magnetic surfaces
£ =0.8, 0.9 and 1.0. The negative value means inwiaedtibn of the flux.

0 0.01

Fig. 8.7 allows us to clearly observe negative tedec particle flux during the pellet
evaporation. This is attributed to the particlerseuomitted in the equation (8.20). Focus of
our study is however the time interval after peldeevaporated, when the particle source can
be neglected. This part corresponds to the intetyab13ms. In this time interval the

direction of the flux is positive due to partictestes.

Using equation (8.1) along with the knowledge tho,t,e,) it is possible to compute the

effective diffusion coefficient. It is however nesary to evaluate the density gradiéh.
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As was mentioned in chapter 3.4, tjpecoordinate for large aspect ratio tokamaks sassfi
approximately the relatiop = r /a (wherea is the tokamak minor radius). The linear relation
between minor radius and can be clearly observed on Fig. 8.8 (left plot)Ze0. For every
relative timet,,, the minor radiug =r(p) for z=0 is computed as (o) =|R(0) - R,|, where

R is the major radius an, is themajor radius of the plasma centre (which can beuced
from the minimum of,o(R, z= O)). The dependence(,o) is then fitted by a line =kl p+q
(Fig. 8.8, right plot).

257

minor radius [m]
(@) —_
o) - N

o
(o))

0.4}
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-0.5¢ 0
-1 -0.2
25 3 35 4 04 06 08
Major radius [m] p(z 0)

Figure 8.8 Dependencep = ,o(R) for midplanez =0 (left); fitted dependence=klp+ (q
for midplanez =0 (right). The fitting was done by using MATLAB 6.5 curvefjttool.

For all relative timesk was in a rangé&.05-1.16 which well corresponds to the plasma minor
radiusa =1m. The value ofj ranged from0.28t0-0.18

The gradient in general orthogonal coordina(nﬁsqz,qg) can be computed as:

1
h

B, o . 10
O==—@§ +———
o, =" h

Q+ii
, 00, ~ h

g, (8.23)
, 00,

where( , i=1,2,3 are unitvectors of the base of these coordinates and casftsh , i=1,2,3
are the so callescale factorg36]:
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h =g = i(%j , (8.24)

=\ 0q,
k=1 i
where g; is the metric tensor ang, i=1,2,3 are the Cartesian coordinates. In our case, the

coordinates are modified cylindrical coordina(¢zs¢, z), whereg is the poloidal angle ard
measures the distance in toroidal direction:

x=rcos¢=(kEb+q)E:os¢
y=rsing = (kEb+q)E$in¢ : (8.25)
2=2

The scale factors can therefore be calculated (athof (8.24, 8.25)) as:

, =k
, =kp+q (8.26)
=1

[ R g
1

And the gradient i{p, 8, Z) is:

0, 10 . 1 0 0 .
— 7= p+———P+—7Z.
0 kdp" kCp+qo¢g 0z

1
, 00 h, 0¢ h, 0z

N

(8.27)

If we assume that the electron density is a functd magnetic surfaces (and time) only,
n=n(p.t,, ), the size of its gradient in new coordinates ugingas a very simple form of:

On==— 8.28
Kop (8.28)

and using the forward difference to replace théigaderivative again:

1 n(p+0p)-n(p)
k(trel ) AIO (829)

Dn(p!trel ) =

The diffusion coefficient can thus be calculated us

D(p,ty)= _k(trel)Eﬂ_(patre|)Dn(p+AA15)_ n(p)’ (8.30)

The temporal evolution of the computed diffusiomféisient D(o,t,,) for £=0.8, 0.85, 0.9,

0.95and1.0is shown on Fig. 8.9 below.

rel
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Figure 8.9:Temporal evolution of the computed diffusion coieffit D(o,t,,) for £=0.8,

Interpretation

0.85, 0.9, 0.95 and 1.0.

The diffusion can be derived from the Fig. 8.9. Tieevant part of the plasma is
r/a=08-10, i.e. the region between the maximum of pelletod#pn and plasma edge
(see Fig. 8.4). It is the particle diffusion inghiegion which determines the post-pellet losses
and then consequently the requirements on pekdiirig system.

The relevant time interval tg;= 0.016 - 0.022sThis selection of time interval is dictated by
two considerations:

(2) 1t is well after the initial rise of the plasma a&#y duringt,e = 0.-0.15sdue to the

pellet injection (the particle source is large, Beg 8.6)

(2) It is before the time ~ 0.03s when the total particle content temporarily irages,

which gives negative flux (Fig. 8.7). The likelyason for this increase is that it is the
artifact of boxcar analysis, as we assumed thatedliéts and their post-pellet transport
are identical, which is clearly not the case.

In conclusion, from the Fig. 8.9 the effective dgfon coefficient is:

- Deft ~ 0.25-1.35 fis. (r/a~0.8-1)
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This value is consistent with the previous analirsid], where a value 0.8nfs* was found.

8.3 Pellet particle confinement

In parallel with the local transport analysis préded we can perform global particle
confinement analysis.

As the pellets are injected into the plasma andhrefeeper regions of the plasma column
before total evaporation, they greatly affect theesma confinement and transport, especially
at the edge. The local density increase can beder @f tens of percent (for ITER it can be up
to 50% depending on the penetration) and the plasmansstationary, responding to these
perturbations. The main parameters of the pellbichvaffect the post pellet transport, are the

pellet deposition radius ., (or its value normalized to the minor radips, =r,/a) and

thepost pellet particle confinement tinjeellet retention timey ., . These two parameters are

very important, because they determine the partibleughput provided by the pellet
injection system, which is necessary to maintagnglasma density [35]:

q)pel = r]e |:Slﬁ'[(n'_lopel)/ Tpel’ (831)

wherene is the electron density averaged in time (ovetep®l and in normalized radius
P < P <1, Sis the plasma surface.

The pellet deposition radiuss a radius, where the major part of the pelletieposited. It
depends on the injection speed, pellet size, pallettion path and additional effects like
pellet [IB drifting and plasma turbulence. The pellet evaponafor JET sho#53212lasts
usually abouttlOms For our case, the normalized pellet depositiahusacan be determined
from the post pellet electron density profile afj.F8.4, as it was assumed that the magnetic

surface coordinate/ﬁ = p=r/a. Therefore:

- P =0.80

The pellet injection induces a strong perturbatbnhe plasma and affects the confinement
significantly. The development of the edge plasraadport after the pellet is described by the
post pellet particle confinement tintg,. It can be determined from the post pellet evohuti
of plasma density at a fixed radius (the pelletod#pon radius was chosen in our case):

Ne(t, Bhe) L7 eXP[-(t-be)/ Tpel, (8.32)

wheretpe is the time of total pellet evaporation (deposijiocrom the equation (8.32) it can
be seen, thatpe represents a characteristic time of the perturtbedssity evolution. The
calculation can be made by taking a logarithm efelquation (8.32) and doing a linear least
square fit of the data.
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Figure 8.10Exponential fit of the post-pellet density evolatad the normalized pellet
deposition radiug,e~0.80. The data used ane(p,t,,,) from the numerical analysis in
chapter 7.2. The fitting was done by using MATLABcdGIrve fitting tool.

With use of the pre-processed da(a),trel) from the previous chapter 8.2, the exponential fit

was done for the relative time intervBbms-22mswhich was considered most relevant in
order to compute the immediate quick losses ofpteema particles and with,,, =13ms as

the time of the pellet total evaporation (estimatedthe time of maximal plasma particle
content on Fig. 8.6). The fitted density-time degemce is:

N(trel, Bpel) = 1.0340°° exp[-10.1 T er-tpel)] (8.33)

Therefore the value afe, along with its error (95% confidence bound) frora thg-linear fit
is:

- Tpe| = 98.315.3”]8

This value corresponds with the typical values eflgt retention time during the JET
discharges, which is abobi®-100ms

A possible error of this calculation arises frone flact, that the density evolution need not

have an exponential shape and thatzga@s not a constant, but changes in time and is lsual
shorter immediately after the pellet than later Bo.minimize this, only a short time interval
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of fast particle losses was chosen for the calicnaiThe error may be also enhanced by the
error of the boxcar method itself.

If we carry out a dimensional analysis of the sifrgad diffusion equation (8.5), whei@ is
the particle diffusion coefficient, and we assuneharacteristic time of the density evolution
to be erand a characteristic length to be pellet penematiepth, which i = a — rpe, We
get:

n
— O—
X (8.34)

and we can expregse in the following form:

Tnei= cONst:(4° 1 D), (8.35)
or in a form more suitable for scaling purposes:

Tne1= const:a®( (1-0pe)® / D), (8.36)
whereppel = rpefa is the pellet deposition radius normalized torthiror radius. The constant
in (8.35), (8.36) depends on the exact shape ofiéimsity profile. From the knowledge Df

and 1 it is possible to approximately determine the tamsfor our experiment and gain a
useful and simple formula:

- e~ (0.61-3.07(4°/ D)
(the computed valuB=0.25 — 1.35rfs™ found in the previous chapter 8.2 was used).

To be able to predict the pellet retention timg to next step devices such as ITER, the
experimental values are usually normalized to ¢ii@ £nergy confinement time, for which
there exists an energy confinement scaling. Theggneonfinement time is defined as the
total energy content of the plasma divided by thaltpower input. For JET shé#3212
during the pellet operatidg=5-6MJ,P~18MWand sor=~0.28-0.33sTherefore

Tpel/TEzO.SO '035
The pellet retention time is normalized to the ggeconfinement time because of an
assumption, that the two processes of particleegueagy transport are bounded and both heat

and patrticle transport after the pellet is drivgrtiie same turbulence. Moreover, the diffusion
coefficientD and the thermal diffusion coefficiepusually follow a relatiod = (0.2-0.6)y.
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Figure 8.11 Comparison of the ratigpe/ 7 for JET shot #53212 (green) and for pellet
experiments on MAST tokamak [35]

On Fig. 8.11can be seen, that the estimated rafig 7= for the JET sho#53212corresponds
well to similar measurements made for the MAST mé&k.

In this chapter 8.3 information from [35] were ugegerform a similar analysis as on MAST
tokamak.

8.4 Fuelling requirements for ITER

The expected parameters of a nominal ITER dischargéollowing: minor radius = 2.0m,
electron density is), =10*m™, plasma surfac& = 683n° and the energy confinement time

re = 3.7s. The pellet deposition radius expected on ITER i/ a= 08— 085. With use of

the previously found relation of pellet retentiomé and energy confinement time
T,/ Te =030-035 it is possible to estimate , for ITER as7, =111-130s. The

particle throughput provided by the ITER pelletectjon system, which is necessary to
maintain the plasma density can then be computed (8.31) as approximately:

Dper~ (160-250010°°s™ or in more usual unit@ye = 30 — 50P&M’s .

The value50Pam’s® is about50% of the present ITER design value for steady-state
operation. To supply particles at this rate usihg targest fuelling pelletsd(,, =5mm,

6.2010°" atoms) implies the pellet frequency ®f., = 4Hz. This would mean that the time
interval between pelletd/ f ., = 025s would be4-5 times shorter than the pellet retention

time 7, . Such situations are rare in present pellet-fdefiasmas and thealues ofr , in

such conditions are not known. Another uncertaseriges from the fact that the proposed
ELM mitigation techniques enhance the edge partidasport and could result in shorter
pellet retention time, which would in turn incredbe needed pellet throughput (8.31). The
assumed pellet penetration depth in ITER,/a= 08~ OBbalso uncertain as it relies
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fully on the existence of drift of the ablated pelparticles. Without the drift, the ablation
models predict the penetration just up to the patlesd thus the pellet retention time would
be negligible due to the ELMs. Therefore to be abl@redict the plasma density on ITER
and the needed throughput (8.31), a better scdlngboth fuelling parameters: pellet
deposition radius and pellet retention time is eeed35]

8.5 Post pellet plasma fluctuations estimate

The post pellet diffusion coefficient is anomaloas, it reaches valueslnfs®. A simple
estimate was therefore made to roughly determiree dlze of the plasma turbulent
fluctuations, which would cause this enhanced amhausaransport after the pellet injection.

The effective diffusion coefficienD_, from the equation (8.1) was determined-~&525-

1.35nfst in Chapter 8.2 for the edge of plasma and deswyilihe fast post pellet losses.
From Fig. 8.7, the edge plasma particle flux duthngfast post-pellet losses reaches values

© [=0.3-7.810"m%s!
Electrostatic fluctuations
At first let us assume this flux to be caused tBctic field fluctuation (perpendicular to the

magnetic field) (4.19),(4.20). The typical dengltictuations at the edge plasma anén~0.1
For the fluctuation of the electric field we mayiter

& = grad op, (8.37)
where dgis a fluctuation of the plasma electric potentialthe equation (8.37) the gradient

operation can be approximated by multiplying by t§mcal wave number of the fluctuations,
perpendicular to the magnetic fiekd, . This wave number is related to the ion Larmoiusd

rei, as itis usuallyk, -r_; ~ 0.4 The equation (8.20) may be rewritten in the folloy form:
M= (o) = v nleoss, (8.38)

where the right side shows the sizes of the flumna andf is the phase shift between those
two fluctuations. Assumingosé = 05 we may write with use of (8.37), (8.38), (4.19):

5¢=5Elﬁr : (8.39)

%)

The ion Larmor radius,_; is determined by a formula:

_ MVg;
., =

T em (8.40)
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wherev,; is the ion velocity perpendicular to the magnétdd, e is the ion electric charge

andm is the ion massBy assuming the velocity to be thermal and theteanperature to be
approximately equal to the electron ohe T, we may write:

Vv, = KeTe andop=5——— ka , (8.41) (8.42)
)

where Te is the electron temperature ahg is the Boltzmann constant. For a numerical
calculation, following values were uset=3.3310%’kg is the mass of deuteron (assuming
deuterium plasmakgTe = 1.3keVis the plasma electron temperature for tie57.88s just
after the first pellet and for radiys,,,, €=1.610"°C is the elementary charge~ 10°°m* is
the plasma electron density for the same time addis as the temperaturé)/n~0.1.The
resultant potential fluctuatiodpcausing the maximum fluk = 7.8[10°°m’s™ therefore is:

- =20V

It is usual to relatedgto ksTe, asedgis usually a small part of the electron temperakdig,.
For our case:

_ edp= 1.500°ksTe
Magnetic fluctuations

From Fig. 6.2 which shows the interferometer lineeraged plasma density and the
D, emissionduring the pellet operation it is obvious, that Ed.ldlay crucial role and are the
major reason for post pellet fast particle los€8sM's are magnetohydrodynamic (MHD)
instabilities, which affect the magnetic field. Rrothis it is possible to deduce that the
anomalous transport due to magnetic fluctuatiorts disturbance of the magnetic field may
be more relevant than the anomalous transportmihyeelectrostatic fluctuations.

The value of radial magnetic field fluctuatiéB,, which would cause the post pellet transport
of particles may be roughly estimated using equati@.32), (4.33) (note that it can be used
only when assuming collisionless plasma, wHgke> Lc). We assumey, = c,, wherecs is

the speed of sound for ions in plasma [8]:

c = A8 (8.43)

wherey is the polytrophic index for ions. Equation (4.838n be then written in the following
form:

(8.44)
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With use of estimatek. ~ qR ~ 10mT; =~ T. and using following valuesn=3.3310%’kg,
B=2.4T, )y~ 5/3, keTe~ 1.3keV D =~ 0.25-1.351fs7, the radial magnetic field fluctuatiodB;,
which would cause the post pellet particle transpaais roughly determined as:

- Br=0.7-1.3mT

Relatively small values of fluctuating electrostatiotential and fluctuating magnetic field
required to explain the post pellet particle logsdfcate, that both processes can be at work.
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9 Summary and conclusions

Plasma refuelling is one of the most important art the tokamak research. The most
important technology of tokamak plasma fuelling fioture devices like ITER would be the
pellet injection. High speed injection of frozerefpellets provides efficient refuelling by
deeper particle deposition. The efficiency of pdileslling determines how much of fuel has
to be injected into the plasma in order to keepplasma density at the level necessary for

given

fusion power. The question of refuelling isely connected with the particle

confinement and transport in plasma, which is thgexct of this thesis.

The results of this work can be summarised asviaio

1)

2)

3)

The post-pellet effective diffusion coefficienttae edge plasma was calculated using
simplified solution of the diffusion equation in iak symmetry. The diffusion
coefficient was estimated a3 = 3.295m’s™ for a time intervall2.5-25msafter the
pellet injection andD = 2.872m’s™ for a time interval5-32.525msafter the pellet
injection. This value is rather large compareditailar studies on the MAST tokamak
[27],[33] and in the bachelor thesis [1]. The er®rsupposed to be caused by the
wrong assumption of circular-shaped plasma. Inni part of the chapter 7 a more
profound analysis was made using the magnetic ®idaordinates. The LIDAR data
were mapped on the magnetic surfaces, where thsitgeis assumed constant.
Spatially and time resolved effective diffusion ffmgent was then computed. For the
edge pIasma,oD(O.S;L.O) and the post-pellet time interval6-22ms it was

D = 025-135m° 3. This range of values is consistent with previoakulations
in [1], where the diffusion coefficient was estimétas D = 0.8+ 04m*s™ and also
with pellet experiments on the MAST tokamak, whigrgcally D = 0.7 - 1.8m*s™.

The pellet size was estimated from the growthlaéma particle content due to the
pellet asN, = 24[10* deuterium atoms. This is consistent with pelleé sheasured
at pellet injector.

The pellet retention time and the pellet depositiadius were estimated. The pellet
retention time is a characteristic time of the postiet density evolution, the pellet
deposition radius is a radius, where the major péarthe pellet evaporates and is
deposited. These two parameters are very imporéanthey determine the particle
throughput provided by the pellet injection systevhjch is necessary to maintain the
plasma density. They were determinedi@as= 98.3 + 5.3msand g,.=0.8. The pellet
retention time was then normalized to the energyfinement time and found to be in
good agreement with similar results from the MASKamak.

4) The particle throughput provided by the ITER pellgection system necessary to

maintain the plasma density was estimated todqg <50Palin’s™. This value is

about50% of the present ITER design value for steady-stgieration, however, the
estimate is far from reliable and better scalingdellet deposition radius and pellet
retention time is needed.

5) The last task was to estimate the post pellet @afioctuations which drive the

anomalous transport. Assuming the post pellet pango be caused by electrostatic
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fluctuations it was possible to roughly determihe plasma potential fluctuations as
edp=15007k,T,.. Assuming that the particle transport is topolalyiven by the
perturbation of the magnetic field topology (due EMs), radial magnetic field
fluctuationdB, was roughly determined a8, = 0.7 -1.3mT.

Measurements and understanding of post pelletcgamitonfinement in present tokamaks is
far from complete. Further improvements are cleadgessary in order to design the fuelling
systems for future fusion reactors.
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A Appendix

A.1 Cubic spline interpolation

In the numerical analysis, interpolation is a mdtbb constructing new data points within the
range of a discrete set of known data points. hieaes function interpolation uses piecewise
polynomial function of a degrem called spline as interpolant. This function is generally
continuous on its domain along with its derivativesthe orderm-1 and its m-th order
derivative is square integrable. In technical aggtlons, the most useful spline functions are
piecewise third degree (cubic) polynomials.

In the following text, the explanation of the medhwill be constrained to real functions of
one variable only for simplification and better enstanding of the sense of the method.

On interval(a, b> of a real axix is given a grida = x, < x; <...< X, =b and in its knots are
given values{fk}E:O of a function f(x) defined on(a, b>. Let us formulate the problem of

piecewise cubic interpolation. On inter\@, b> we are looking for a functiom(x), which is
in agreement with the following requirements:

(1) g(x) belongs to the group of functior®?(a,b) continuous with derivatives to the
second order.

(2) On every intervalx,_;, %), g(x) is a cubic polynomial of a shape:

g(x)sgk(x):iafk)(xk ), k=1...n. (A1)
(3) In the knots of the gri({xk}zzo It_r(:e following equalities are accomplished:
g(x.)=f,, k=01..,n. (A.2)
4) g”(x) fulfils the boundary conditions:
g"(a)=g"(b)=0. (A-3)

It can be shown that the outlined problem of figdihe interpolation piecewise cubic
function g(x) has only one solution. Let us outline its caldokat

Because the second order derivatigé(x) is continuous (1) and linear (2) on every
interval <xi_1,xi ), i =1,...,n of the grid, we can write for_, < X< X:

g%ﬁ=mﬂxgx+mx_xﬂ, (A.4)
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whereh =x —x_,, m_=g"(x,). After double integration of (A.4) over

_ 3 _ 3 _ —
(Xi X) (X Xi—]_) + A Xi X + Bi X Xi_l , (AS)
6h, h h

where A and B, are integration constants. They can be calculateoh fconditions
a(x_,)=f_, g(x)=f, (3). By applyingx = x, and x = x_, on (A.5) we get:

h?
4 +B =f
m 6 1 |
h?
n1—1€+ A=fy

Therefore (A.5) can be rewritten as:

g(X) =m,, (Xi _X)3 +m (X_Xi_1)3 +(fi—l — m—lhinxi _X+(f. —m—hlzj X=X, , (A6)

6h 6 h ' 6 h

Y _ 2 _ _
(Xi X) +m (X Xi—l) + fi = fia -Mm-m., h,. (A7)
2h 2h h 6

With use of the presumption (1) about the continwit functions g'(x) and g"(x) on
<a, b> and with use of (A.3) it is possible to gain asklinear algebraic equations for the
unknownsm,,m,,...,m.. The matrix of this set of equations is regulad #merefore there
is only one solution of;](x) given by (A.6).

The high effectiveness of the cubic spline funciiaerpolation is caused by its following
characteristics: Let us assume a group of functitiiga, b) on the intervala,b), which

have square integrable second order derivativeusesearch an interpolation function:
uOW; (a,b), u(x )= f,, k=0L...n, (A.8)

which minimizes a functional
b
®(u) = j(u"(x))2 dx (A.9)

It can be shown that it is exactly the cubic splimection g(x). Therefore an alternative

definition of the piecewise cubic spline functi@nthat it is such function fror; (a, b),
which has the prescribed values in the knots ofgifig and it minimizes the functional
(A.9). This characteristic can be physically inteted: Since the total energy of an elastic
strip is proportional to its curvature, the splisghe configuration of minimal energy of
an elastic strip constrainedngoints.
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A.2 Piecewise cubic smoothing spline function

Let us solve the same problem of searching a smaqgthoximation of a function defined by
values on a grich = X, < X, <...< X, =b as before. This time the functional valugsare not
accurate and contain an error. In this case ibistjess to construct an interpolation function,
which has the same values dgs in the knots of the grid. It is necessary to cardta
function, which will be near these values, but stheothan the interpolant. These functions
are not called interpolation functions, but smaoghiLet us demand, that the smoothing
function g, is fromW?(a,b) and minimizes the following functional:

0,0)= ) axs 3 p o)~ 1) A1)

where p, are certain positive numbers. In this functiomallQ), the interpolation conditions

that the function passes near the knot valuestanddndition of minimal “undulation” of the
function are connected. The greater are the wetgkfficients p,, the stronger are the
interpolation conditions and the nearer would t®athing function be to the knot values. It
can be shown that the solution of (A.10) is a cudpiline function, i.e. function which agrees
to the conditions (1), (2) and (4) in the previahspter A.1. The solution of this problem can
be found for example in [37], along with other nuit& problems concerning the spline
functions. The text in this chapter was writtenhause of [37] and [38].
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