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Chapter 1

Introduction and Theoretical
Background

1.1 Outline

The subject of this thesis is the measurement of the density in a plasma undérors
typical of a tokamak nuclear fusion reactor. The diagnostic techniqueidened here is
called microwave reflectometry and is based on the reflection of an electnetimgave
beam. The information about the plasma density is inferred from the detettiom loeam
after reflection by the plasma. For the International Thermonuclear Exgetal Reactor
(ITER), presently under construction, the parameters of the reflectpsyetiem are being
disucussed. In the present work, the optimization of the proposed IT&Ridtd-side
reflectometer system is investigated. Furthermore, this system is analyzeplawtitiular
reference to its performance during the evolution of a typical (simulate@RIplasma
discharge. Chapter 1 introduces the theoretical basics of fusion in em#dkeeactor, of
wave propagation in a plasma and of the diagnostic technique reflectomédtapteC 2
connects this with the current ITER configuration, previous investigagodsthe present
optimization process on low-field-side reflectometers, as well as with the ppartoinity
of investigating the whole evolution of a ITER plasma discharge. Chapteespts the
results of this work.

1.2 Nuclear Fusion

In search of new powerful and sustainable energy sources, a pmgnaigproach is the
controlled realization of nuclear fusion processes on Earth. Basically #ine two ways to
gain energy from a nuclear reaction: nuclear fission and nucleanfusission occurs only
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for nuclei that are heavier than iron. The binding energy per nuclétdreauclear parent
has to be lower than the binding energy per nucleon of the fission prodlicesenergy
difference is released. In fusion, light nuclei join together and form aidreaucleus.
Again the binding energy per nucleon increases through the reactitwothrcases matter
is not conserved but rather converted into energy. Fig. 1.1 illustrategrthigple.
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Figure 1.1: Binding energy per nucleon as a function of mass number A

Nuclear fusion is for example observed in the Sun. The process takiog ptathe Sun,
called proton-proton chain [1], fuses four hydrogen nuclei in sav&eps into one he-
lium nucleus. However, the deuterium-tritium fusion has the highest cextos while
requiring comparatively small particle energies [2]:

2D +3T —4 He(3,5MeV) +3n(14, 1MeV). (1.1)

Each fusion reaction releases 17,6 MeV. When two nuclei fuse theytoerercome the
electric repulsion caused by the Coulomb force. Thanks to the quantunmameahtunnel
effect, this is also possible for energyffédrences smaller than the Coulomb barrier. It
is however not possible to achieve fusion by shooting deuterium ions dtiuattarget
because the cross section for fusion is a lot smaller than it is for elastic codlisib is
essential that the constituents of fusion are at a temperature at whichathi®merate is
high enough and an adequate number of nuclei fuse. This is the casgat&tures above
10 keV where reactants exist in a plasma state, which means that matter is magég.ion

To finally run a fusion reactor that produces usable energy the plassn@ meach, or at
least approach, ignition. Ignition means that the heating byrtparticles is stficient to
maintain the temperature of the plasma against dissipation losses without usgngaex
power input. To reach ignition, a plasma has to fulfill the Lawson criterionghviequires
that the plasma heating throughparticles is larger that the losses due to radiation and
transport. In case of a deuterium-tritium fusion in a tokamak the condition fatiag is

[3]:
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nreT > 3- 107 m3keVs, (1.2)

whererg is the confinement time which measures the rate at which the plasma loses en-
ergy to its environment) is the density and the temperature of the plasma. There are
two concepts accomplishing the condition for ignition. For inertial confinerfiesion,

one achieves a very high density over a short period of time by heatingangressing

a fuel target. In magnetic confinement fusion, fusion is achieved thrtmrger confine-

ment times g ~ 3 s) and lower densitiesi(~ 10°° m™3). The reactor ITER, aiming at
demonstrating the possibility of energy gain through controlled nucleanfuisidbased on
magnetic confinement, which is discussed in the following section.

1.3 Tokamak Physics

As mentioned above, it is essential to confine the plasma in order to achievanittitions

for producing electrical power from thermonuclear fusion. Fusionmpéessare at a temper-
ature above 100 million degrees Celsius 10 keV). As a consequence, it is impossible
to confine the plasma in material vessels without re-cooling the plasma. Irsteaedkes
advantage of the fact that in a plasma matter is ionized and therefore its saréisfnd

to magnetic and electric fields. A homogeneous magnetic field forces chaagiales to
move on helical paths around the field lines. Consequently ions and ekectiarmove
freely alongside the magnetic field lines whereas their motion is restricted radidilgt
idea to confine a plasma using a magnetic field would be to bend a cylinder intosa tor
Thus the axial magnetic field becomes toroidal. Thereby one achievesialgginited
configuration. However, this configuration including only a toroidal mégrield does not
provide a confined plasma. The toroidal magnetic field is inversely propattio the dis-
tance to the symmetry axis of the torus. That causes the field to decreaseing rmmway
from the rotation axis or in other words, the toroidal field possessesigegtalirected to-
wards the torus axis. This gradient together with the curvature of the tbifiett leads to

a vertical drift of the charged particles which is directed up or downsvdephending on the
sign of their charge. Eventually, this charge separation causes a beltictiic field that
makes the electrons and ions drift outwards so that the plasma cannatfireeddoy this
configuration. To #ectively confine a plasma in a toroidal configuration one possibility is
to use a poloidal magnetic field which is generated by a toroidal currentittsidplasma.
Together with the toroidal magnetic field this leads to twisted magnetic field lines which
prevent the plasma from drifting. This configuration is used in a tokamakn(fRussian
'toroidal chamber with magnetic field’), see figure 1.2.

Through this configuration the twisted magnetic field lines set up toroidaldhesgnetic
surfaces. On these surfaces, also called flux surfaces, the plasssangroutwards is com-
pensated by a pressure caused by the magnetic field. On a magnetie spréssure, as
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Figure 1.3: Transverse section of ITER
plasma at the end of burn phase

well as density and temperature are constant. In a tokamak a third, veeldayénerated
by external ring coils fixes the position as well as the form of the plasma.

The transversal section of a tokamak is shown in figure 1.3 for the cdEERfat the end of

the nuclear burn phase. The thick red line separates closed from efgkimies thus limits

the plasma and is called separatrix. The dashed lines represent the magriaties which

are labeled by the normalized radips The magnetic axis, i.e. the centre of the plasma
‘column’, is identified byp = 0, whereap = 1 indicates the separatrix. Density and
temperature usually attain their maximum value on the magnetic axis, as depicted in Fig
1.4, for the ITER equilibrium of Fig. 1.3. The density profile displays a stshe, called

the pedestal region, typical of the high engmarticle confinement H-mode operation.

1.4 Wave Propagation in a Plasma

Since the propagation of electromagnetic waves in a fusion plasma plays aroiajor
this thesis, some fundamental aspects are summarized here. See [4]datetals.
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Figure 1.4: Density and temperature profile as a function of poloidal réolid$ER at the
end of the burn phase

1.4.1 Basics

The propagation of an electromagnetic wave is described by Maxwellatiegs (here in
Gaussian units), see Eq. 1.3 to Eq. 1.6. A plasma consists of chargedepattiere-

fore its interaction with an electromagnetic wave is very complex. Furtherrado&amak
plasma is an inhomogeneous medium that causes the wave vector to vagyttarprop-
agation through the plasma. For magnetic fields are applied to the plasma in akokama
configuration, it is no longer an isotropic medium but becomes anisotropic.

V-§:4ﬂp (1.3)
V-B=0 (1.4)
108
10E  4r

So, to describe the propagation of an electromagnetic wave in a typicah fplsisma the
equation to solve is given by Eq. 1.7, which is obtained from Eg. 1.5 and Bgassuming
a temporal dependenéoc et
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CVx (VxE) - E=0 L.7)

In this equationg is the dielectric tensor. For its explicit derivation, see [5].

There are two assumptions for a beam propagating through a tokamak pes sianplify
Eqg. 1.7 essentially. First of all, for microwave or mm-wave beams in a typicabifiu
plasma, the condition that the radiation wavelenytti the launched electromagnetic wave
is much smaller than the inhomogeneity schalef the plasma is satisfied. Secondly, the
beam launched into the plasma is localized in a region of widtk L around the beam
axis. Under these assumptions, an approach, called Beam Tracingy,Tireoade to solve
1.7 by approximation which will be discussed in subsection 1.4.3.

Another important consequence of the anisotropy of a tokamak plasma iketilariza-

tion of a launched waveffects its propagation throughout the plasma. For an electromag-
netic wave launched perpendicular to the magnetic field there are two opdiependent

on the possible orientation of the wave field:

0O-mode An O-mode wave is transverse polarized parallel to the magnetic field ap-
plied to the plasma. That means that the particles oscillate in the electric field of the
wave parallel to the magnetic field. Consequently, no Lorentz force is dpgtid

the wave propagates like in an unmagnetized plasma. The refractive hdeky
depends on the frequency of the probing beaand the electron density, and has

the form:

NZ=1- (1.8)
X-mode For the X-mode, polarization is perpendicular to the magnetic field which

means that particles oscillate perpendicular to the magnetic field. In this case, th
refraction index additionally depends on the magnetic field:

2
N2=1- 5 -2 (1.9)

2 2
with A=1- 2 - %

w? "

The plasma density and the magnetic field determine the refractive index lthtbag
plasma frequencype and the cyclotron frequeneyce.

Plasma frequencyA tokamak plasma is a quasi-neutral gas of positively charged
ions and negatively charged electrons. Small displacements of electitbrrespect

6
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to the ions cause a Coulomb force to act between the charged particlededdss
to an oscillation of the electrons with respect to the heavier ions. The fneyus
which electrons oscillate around ions is called (electron) plasma frequepcy=

w/# (ethe electron chargen the electron mass).

Cyclotron frequency In a magnetic field, electrons orbit the magnetic field lines
with a frequencywee = rer—E, which is the (electron) cyclotron frequency.

In the following, an import role is played by the ctitérequency.

Cutoff frequency A wave propagating through a magnetized plasma can encounter
a cutdt, generally defined as the position at which the refractive indeyoes to
zero. Near the cutf the wave is reflected. If an O-mode beam is launched into a
fusion plasma at a fixed frequengy it passes through increasing densities as long
as the frequency of the beam is higher than the plasma frequegcylhe plasma
frequency increases with the density. If it reaches a point whete wpe, thereN
vanishes and the beam is reflected. In the case of an X-mode, the dinpgetation

is more complex and there are two cfiitbequencies ab = /(%2)2 + wje + “5.

In this thesis, the injection of microwave beams for diagnostic purposes istig&td.
That means that the impact of the plasma on the electromagnetic wave is used to ga
information about structure and processes inside a plasma, see sectiarh&réby, the
electromagnetic wave is modeled as a Gaussian Beam. This is further desoriibe
following subsection.

1.4.2 Gaussian Beam

The Gaussian Beam is a concept in ray and wave optics to describe ttoratiedd whose
transverse amplitude profile is a Gaussian curve [6].

The behavior of a Gaussian beam can be described using sevenalgbars which will be
explained in the following with the aid of Fig. 1.5. In the following consideratjons
assumed that the beam propagates parallel ta-thgis and its waist is at the origin of the
z-axis.

The beam widtlw(z), see Eqg. 1.10 below, is defined as the distance from the propagation
axis at which the intensity drops t¢/ & of the maximum value. The minimum of the beam
width is called beam waistp. The formula describing the dependence of the beam width
on the axial distancein vacuum is:

W(z) =Wo,[1+ = (1.10)
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Figure 1.5: Schematic of a Gaussian Beam showing the beam wgittte beam width
w(z) as a function of axial distancg the Rayleigh lengtlzg and the angular divergence

Odiv

The distance along the propagation from the waist tozth@lue where the cross section
of the beam is doubled is called Rayleigh length The Rayleigh length is given by
R = Wgw/Zc and corresponds to the beam widihtzg) = wp V2.

The parameteR(z), see Eqg. 1.11 below, called radius of curvature, describes the form of
the phase front, i.e. the focusing or de-focusing of the beam. At the stz = 0, the
wave front is flat andR diverges

R(z) = z(l+ ié] (1.11)

At large distanceg > zg, w(z) approaches a straight line. As a consequemc® and
R(z) can be approximated hy(z) ~ ztandqy andR(z) ~ z. The divergence of the beam
O4iv is given by the angle between this straight line an the propagation axis:

Wo
O4iy = arctan — | . 1.12
div r(ZR) ( )

The total angular spread is given @y= 204;,.

1.4.3 Beam-Tracing Theory

In Beam Tracing Theory [7, 8, 9, 10], the propagation of a GausseanBis described
by the propagation of its central axis as well as the evolution of both therue/of the
phase front and the width of the beam. Like in Ray Tracing, the mostly kn@proach
of geometrical optics, Maxwell's equations are reduced to a set of ayddifferential
equations. In Beam Tracing, howeverffdiction dfects perpendicular to the central axis
are explicitly taken into account. This section summarizes the basic idea aitd téghe
Beam Tracing Theory and its relation to the parameters of a Gaussian Beam.

8
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To solve Eqg. 1.7, the electromagnetic wave is expressed in the form:

E(r) = A(r) expli(s(F) +ig(r))]. (1.13)

whereA(F) is the amplitude and(F) = s(P) +i¢(P) is the complex phase of the wa\aF)

is connected with the phase of the beaifT,) > 0 describes its transverse structure, that is
to say its cross section. As mentioned in subsection 1.4.1, for mm-waves in flagmas,
the plasma inhomogeneity is weak and the beam width is limited, soltkatw < L is
satisfied. This allows us to expand the complex pf&sgup to second order around the
central axis of the beam:

S(F) = So(F) + Ko [ = Q] + 35 %~ ] - ] (119

¢(F) = %%ﬁ (X = Q] [% — gl , (1.15)

whereq, are the components of the position vedioe {X,} andK, = Vs are the com-
ponents of the wave vectgk, }, respectively, at the central ray of the Gaussian Beam. The
second-order parameters of Eq.1.14 and Eq.1.15, the so called Beanematgicwhich

is related to the curvatur@ of the phase front, and,z, which is related to the widtiv

of the beam, as well as the quantiti€s andq, are obtained by solving the beam tracing
equations:

dg, oH
o = (1.16)
dK,  oH
& = i (1.17)
dsg ( O°H  &H &°H 8H L H
e\ Towdn  Gxdk, T axdk, P dake T Gk "N
(1.1
%_(_ 6°H 62H ) 6°H 0°H
ar  \ \axeak, T akak )% " \axgak, ko oks ) 0 Y= KoK,
(1.19)

Itis noted that Eq.1.16 and Eq. 1.17, describing the evolution of the ceayalre Hamil-
tonian equations as known from standard geometrical optics. In the psss@uations, the
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Hamiltonian functionH is the dispersion function, which can be deduced by substituting
Eq. 1.13 into Eq. 1.7 and retaining terms to the lowest ordéramly:

H := det [(VEV)2 (K2 + KK) + eh] —o, (1.20)

with €" is the Hermitian part of the dielectric tensor (the anti-Hermitian paetddes not
play any role in the present study).

A beam that is launched into an anisotropic plasma evolves with an anisotropgsec-
tion. It is described as an ellipse. After solving the beam tracing equatioes;an use the
eigenvalues of(r) in a plasma perpendicular to the propagation direction to describe the
principal widths of the beam:

ey () = 2 Woin(r) = -
M\ min (¢1(r), ¢2(1)) M N max(4a(r), ¢2(r))

The orientation of the ellipse also can be calculated from the eigenvaluissshidws that

a launched Gaussian beam gets modified by the tokamak plasma in a way thassts cr
section, called footprint, gets deformed and rotated. This evolution caalt@ated once
the dispersion relation and the initial conditions of the Gaussian Beam avenknAn
example of this process is shown in Fig. 2.3.

(1.21)

This process of solving the beam tracing equations is performed numebyaie TOR-
BEAM code [11]. As an input, experimental magnetic equilibria as well asideand
temperature profiles are used. The code is complemented by a generaiedésl lSaw
to describe the transition from vacuum into the plasma (and vice versa) eahatigistic
mass correction which leads to an approximatéeotive mass in the dielectric tensor [12].
Further through this thesis the c@tovill be of significance. While the approximations,
which led to the beam tracing approach, are satisfied for most of the papinapagation
through a plasma, they break down close to the f€utdowever, comparing positions of
the cutdf in full-wave simulation and beam tracing simulation shows that the beam tracing
solution is close enough to the exact solution [13, 14]. That enables ¢hef IORBEAM
for reflectometric analysis.

1.5 Reflectometry

Reflectometry is a microwave radar based diagnostic which can be used sarmea.
electron plasma density profiles, 2. density fluctuations and structure araksa rotation
via Doppler shifts (for general information on reflectometry, see [1&],nore specific
disquisitions, see [16, 17, 18]).

10
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Fig. 1.6 shows a schematic of a simple microwave reflectometer circuit. A beamnchied
into the plasma from a transmit{) horn antenna, reflected at the plasma ffutike on a
mirror, and received by a second anteriRg ( The received signal is mixed with a reference
signal (derived from the launched signal) to produce a 'video’ sigwtalsg, whereg is the
relative phase shift related to the propagation path length d.

Oscillator T Plasma
f X
Mixer
RX
Acos @ d

Figure 1.6: Schematic illustration of a microwave reflectometer curcuit

In a radar, the phase delay is directly proportional to the distance of tbf.cdowever,
in the case of plasma, the wave propagates through a medium whosévefiradexN #
congt, see Fig. 1.7.

Cut Off Probing
Beam

Figure 1.7: Principle of reflectometry, with n as density and N as refraictilex

Based on geometrical optics, the phase delay of a beam propagating eebetwpoints
A and B is given by

B
5 6(B)= & ¢(A) = %fA N(r) dr, (1.22)

whereN(r) is the refractive index as a function of the radial coordimata the case of an
O-mode beam the phase delay between the forward and reflected beaemiby

11
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A¢:§f ‘/wZ—w%(r)dr—g, (1.23)

which includes the phase changerg® at the reflection layer. By sweeping the launch fre-
guencyfy, different cutdf layers can be probed and the density profile can be reconstructed
using an Abel inversion algorythm.

Open-ended corrugated waveguides serve as antennas. In IFEgRefficy ranges about
18 to 80 GHz for the O-mode and 120 to 160 GHz for the X-mode are planiedvoid
great losses and to cover the aimed frequency ranges, antenna digoteteed for ITER
are:Dp = 63.5 mm for the O-mode aridyx = 31.75 mm for the X-mode [19]. The beam
launched by the antenna is modeled as a Gaussian Beam, see Fig. 1.8 (\@hietyigood
approximation for the real beam), with the following initial conditions: the wawatfis
flat and the cross section circular, given\gy = 0.32D. Again the width of the beam as
well as its curvature evolve in vacuum according to Eq. 1.10 and Eq. Itsldivergence

is given by Eq. 1.12. This shows thag, o w—lD, which means that the lower the frequency
w and the smaller the diametBrthe more the beam expands.

corrugated waveguide

Figure 1.8: Radiation of the beam from the antenna in vacuo

The signal power is as well expressed in terms of the antenna gain [21]:
45
G= ﬁAe” (1.24)

2. : . -
whereAgss o n(%) is the dfective antenna area andhe probing radiation wavelength
(with 2 = %’).

After propagating through the plasma, the reflected beam hits the reesitesrna. The
signal power depends on how well the beam couples with the recelercdupling coef-
ficient T, depends on the size of the footprint as well as on its incidence &pgkend the
offset of its central ray, see Fig. 1.9. To obtain good coupling, the footpiritie reflected
beam has to be big enough to overlap with the antenna radiation pattermédlluesough

12
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so that the intensity is not spread too much. Furthermore, for good coupérghase front
should be parallel to the receiver antenna waveguide front. As sabwe @gcident angle is
bigger than the beam divergence, see Eg. 1.12, the power, couplgéderdaatenna, drops
abruptly. Thus, the alignment of the antenna line-of-sight with thefEigtarucial for good
performance of the diagnostic.

Receiver
Antenna

T 1]

Figure 1.9: Schematic illustration of the incident reflected beam into the sxciNenna

An explicit evaluation of the couplingfigciency T, can be performed within the frame of
the beam tracing theory according to the formula derived in [20].

13



Chapter 2

Overview of Previous Results

The aim of this thesis is to investigate: 1. the degree of antenna tilting rangeeedo
compensate the vertical plasma column movements and 2. the degree of beamneatig
variation during the plasma ramp-up. This chapter summarizes previouts r@sd gives
an introduction to the subject investigated in chapter 3.

2.1 ITER Configuration

For ITER, various reflectometer systems are planned. Fig. 2.1 illustrat@gidal cross
section of the ITER tokamak (with the majBy = 6.2 m, the minor radiua = 2.0 m,
the toroidal magnetic fiel = 5.3 T, and the plasma currely = 15 MA) including
proposed positions for the reflectometer systems [22]. For this thesispitd-ield-Side
(LFS) systems are of interest (LFS-O, LFS-XR). The port-plug ohsat.ow-Field-Side
Reflectometer is showed in Fig. 2.2.

Since several dierent diagnostic devices will share a port, it is important to consider the
alignment and placement of the systems well. The investigated LFS antenica tev
expected to operate over frequency ranges of 18-80 GHz for the d@-palarization and
over 120-160 GHz for the X-mode polarization and allow, principally, arestigation

of the edge plasma density region. Respectively, the low frequencyngrbleams, 18
GHz and 120 GHz, are reflected in the scrafielayer of the plasma, while the probing
frequencies at 60 GHz and 140 GHz are reflected in the middle of thetpeded the 80
GHZ and 160 GHz frequency beams at the top of the pedestal.

For the design, there are several degrees of freedom available:

e Monostatic or bistatic: In a monostatic configuration, the launch antennadsasse
receiver, too. A bistatic system has separate antennas for launchdngaaiving.

14



2 2.1. ITER CONFIGURATION

PP-O, HFS-0, HFS-XL

Figure 2.1: Poloidal cross section of ITER showing locations of reflediemsystems:
Plasma Position (PP) and High Field Side (HFS) systems (purple), PP ané&ie@vSide
(LFS) systems (green). The LFS-O and LFS-XR are discussed here.

Diagnostic

Passive Shielding
Blocks inside drawer

Rear Vacuum Closure Plate )
And Port Plug Flange Flf.Sf I.‘I.Iaﬂ' and
Port Plug Body is Hidden Shielding Block

Figure 2.2: Port plug design for a LFS system for ITER
Both systems do have advantages and disadvantages that are difoussedple
in [24].

e Number of antennas: In general, the more antennas available the better,s3s-
tem is more robust and more flexible. However, one has to bear in mind that the
port is used by other diagnostic devices as well and consequently ispiaoéed.

15
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Furthermore, the number may be restricted by economic reasons.

e Antenna position: Basically, it is possible to position the antennas vertically any
where in the port space, as well as to recess them, as far as the pos illdvne
limits, in this case, are with respect to the couplifigcéency.

e Antenna diameter: The antenna diameter defines the antenna gain. Tdubtigh
thesis, the diameters were fixed at the current design values [19].

e Antennatilt: The antenna can be tilted in toroidal and poloidal directions to ineprov
the coupling by changing the incidence angle of the beam on the plasntilayéo.

2.2 Previous Results

The parameters above have already been subject to several investigaBefore dis-
cussing the previous results, the figure below will help to illustrate, how tahenk@op-
agation and reflection within the ITER tokamak works.
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Figure 2.3: a) Polodial cross section of the ITER tokamak with propagafiar60 GHz
O-mode beam at the end of the burn phase. b) Cutout of the area cticefleeen in a).

c¢) Toroidal view on the launched (green) and reflected (black) beatprint. d) Cutdéd
frequency profile of the plasma as a function of the radRu the height of the magnetic
axis. The upper curve is the upper X-mode ¢ijtitie second one is the cyclotron frequency,
the third one is the O-mode cufdplasma frequency) and the fourth one the lower X-mode
cutaf (black: non-relativistic, green: including relativistic corrections).
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2 2.2. PREVIOUS RESULTS

In Fig. 2.3, a 60 GHz O-mode beam is launched from the middle of the pagiat=
0.82 m,Ryy = 8.6978 m andlyy = 0° at the end of the burn phase. Subfigure a) shows
the poloidal cross section of the ITER tokamak and illustrates that the beafieisted
right after entering the plasma at the relativistic ¢titayer (blue). Subfigure b) shows the
area of interest in a zoomed cutout. It can be seen, how the centrad vegilaas the beam
width w evolve. Subfigure c) gives a toroidal view on the footprint of the laeddheam
in green as well as the footprint of the reflected beam in black. The redHim@s how the
central ray propagates looking at it from the position of the antennaghou the whole
propagatiofreflection process. The value given in this subfigure is the coupftigjesncy
Ta. Itis given in the units of dB, which is the logarithmic (to base 10) ratio of thegvo
received to the power launched. Subfigure d) illustrates the relatividtf dcequencies
(green) of the plasma as a function of the radius at the height of the magristidhe red
line gives the frequency of the launched beam. It can be seen that irat@glee beam is
reflected at the middle of the pedestal.

In the following, some results of previous investigations (see as well R2%]) are men-
tioned:

Due to the varying refractive index, the beam drifts from its vacuum padtgats displaced.
However, there is an antenna height where the propagation of the beam is purely radial.
It was determined that this no-drift-height iszat; = 0.62 m [26, 20]. Also, there are
vertical displacements of the plasma column during the plasma discharge. €Fticsiv
height variation of the magnetic axis is abd#t = Zy, — Zany = +£20 cm [27]. The planned
antenna designs are supposed to be able to handle these height vari&tiotiger result
of former examinations is that higher frequencies lead to gre#itgets because the beam
propagates further into the plasma before it is reflected. In generakbamexpress this
as: the longer the path length the more the beam expands and is displacr@forii
recessing the antenna, as well, leads to a further spread of the retbeatedfootprint.
Current designs suggest a 20 cm recess of the antenna into the bfeodke for thermal
shielding [19]. ThereforeRy: = 8.6978 m will be used as the initial point in this thesis.

Coupling is best for perpendicular launching without drift. Placing therar@etz, =

0.62 m during the burn phase, consequently, provides the best cowflicigncy. In

[26, 20], several dferent antenna systems including various antennas of fixed toroidal and
poloidal tilt angles have been tested for their couplifficeency in relation with their com-
pensation of the plasma column height variation. It is important to notice thadraleir
investigations were based on one equilibrium and that the vertical plasmarcaleight
variations were simulated by moving the antenna slightly up and down relative fixdal
equilibrium. Also, all results up to now were performed for a configuratmmesponding

to the ITER plasma at the end of the burn phase.
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2 2.3. SUBJECT OF THIS THESIS

2.3 Subject of this Thesis

The results of this thesis extend the work summarized in the previous secti@reasub-
divided into two parts. The first part is concerned with the ability of a sintderable
antenna system to handle vertical plasma movements rather than the prepioysiged
vertical array of fixed tilt (i.e. horizontally aligned) antennas.

E E
EE
o~
O
oﬂ
=1-)

waveguide

R=8.4978m

Figure 2.4: Schematic illustration of a possible implementation of a steerable arstgsin
tem

Fig. 2.4 shows a possible implementation of a poloidally steerable antenna sy#tes).
the corrugated waveguide antenna points downwards onto a steeraloleatgiment (flat or
focusing), which deflects the beam radially inwards. Such a design & wodsideration
for the upper port ECRH steerable launcher [28]. The horn anteareaghielded within the
blanket module to allow a degree of thermal shielding (as for previous pegpantenna
systems [20]). In the design considered here, the mirror pivot pointcisssed 20 cm
from the blanket face and the horn some 15 cm vertically above. To simukateotim-
mirror geometry in the beam tracing, we replace the mirror with a tilted hornssede
by an equivalent 35 cm. As well, it may also be possible for smaller tilt angleisnialys
mechanically tilt the waveguide at a 20 cm recess. Both options of steerdblaa designs
are technically feasible and will be considered in section 3.1.
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2 2.3. SUBJECT OF THIS THESIS

In the second set of results, LFS reflectometry for ITER is investigatesidering several
points in time during the plasma discharge. To this goal, we employ a new seEBf IT
equilibria® generated so as to cover the plasma discharge from current rampugltthe
flattop until the current ramp-down (see Fig. 3.8). This allows a study ofdbpeabilities
of the ITER reflectometers during the whole evolution of the pladmé&irst scans are
performed with a steerable antenna system, as in part one, to examine hova ixeth
height, but steerable antenna system, as it is used for reflectometry aictiod the burn
phase, would need to be tilted to track the evolution of the plasma during theujaunifie
results are presented and discussed in section 3.2.

IThese equilibria were produced under Grant 255 (Self-consistentation of plasma scenarios for ITER)
issued by Fusion for Energy, which is here warmly acknowledged &kimg them available to us.

2The simulated discharge refers to a so-called ITER 'standard’ soema: the scenario which should
demonstrate the feasibility of controlled fusion with an energy gain (ratiodmiviusion energy and energy
injected to heat the plasma) equal to 10
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Chapter 3

Results and Assessment

3.1 Part One: The Steerable Tilt Antenna System

The design shown in Fig.2.4 could have toroidally separated transmit agidgentennas
(e.g. a bistatic configuration) or a single combined launch and receiverenfe.g. a mono-
static configuration). In the following assessment, we consider, for simplibgysimple

monostatic configuration. However, the general behavior and conskigrawn will apply

equally to a bistatic configuration. As a starting point, the horn antenna dianfpter to

the mirror) were chosen to H8p = 63.5 mm for the O-mode andy = 31.75 mm for

the X-mode, based on the proposed optimal antenna gains for the fixeshafigononcept
[19].

To access the critical issue for the reflectometer’s sensitivity to vertigalbdisments of the
plasma column during the plasma discharge, which can lead to undesiraitnesWwewming,
the relative vertical displacemeniz = zy, — Zy¢ IS Simulated by moving the antenna up
and down, relative to the fixed equilibrium.

The antenna is aligned in the middle of the porzgt = 0.62 m. Around this position, the
plasma column height variation é&fz = £0.2 m [27] is simulated in steps of 0.1 m. At
each fixed height, the poloidal angle is varied and the optimal poloidal tilt anglethe
angle with the maximum couplingficiencyT,, is determined. This was performed for the
O-mode frequencies 18, 60 and 80 GHz, as well as for the X-modedneigs 120, 140
and 160 GHz. The results are presented in Fig. 3.1 and Fig. 3.2. Theweamperformed
for both a 0.2 m recess, i.&;t = 8.6978 m, and a 0.35 m recess, iRy = 8.8478 m,
for the 60 GHz O-mode and the 140 GHz X-mode case.

In Fig. 3.1, the optimal poloidal tilt angk, is plotted as a function of the height variation
Az for the 60 GHz O-mode beam for both recesses. The results for the t&@dHhe 80
GHz O-mode beam are practically identical to those of the 60 GHz beam. At thegt,
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3 3.1. PART ONE: THE STEERABLE TILT ANTENNA SYSTEM
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Figure 3.1: Optimal poloidal tilt anglé.p: as a function of the height variatiake for the
60 GHz O-mode beam at the middie= 0.62 m), the bottomz = —0.28 m) and the top
(z = 1.52 m) of the port for 0.20 m and 0.35 m recess antennaRiy¢.= 8.6978 m and
Rant = 8.8478 m

differ only about-0.2°. Also, the optimal tilt angles for the height variatidsz = +0.2 m

all lay between -3and+3° and the dependence is roughly linear (for this equilibrium). To
check the extent of this linearity, the height variation was increasédzte +0.5 m. In
principle, the antenna system could be placed anywhere within the po#.sfacheck the
effect of the antenna placement, the exercise is repeated with the antenea tewards

the top atz;y = 1.52 m, and towards the bottom of the porizgt = —0.28 m. Height
variation scans aboutz = +0.2 m were performed for the 60 GHz O-mode beam and the
results are presented in Fig. 3.1. Fig. 3.2 shows the results for the dhseX6imode beam

at 140 GHz. Fig. 3.2, also, shows the optimal poloidal tilting behavior of tile@idz and

the 160 GHz X-mode beam cases at the middle of the port.

Fig. 3.1 and Fig. 3.2 reveal various features: first, it is observed teatdh variation

with Azfor all three antenna positions are parallel, i.e. the optimal tilt angle reactior to th
height variationAz is independent of the antenna placement. This is due to the fact that
the flux surfaces in front of the port, in which beams are reflected in thisaso, are only
slightly, evenly curved. The general behavior is the same for all frezieermdependent

of the polarization. There is also no significantfelience between the 0.2 m and 0.35 m
recess. The optimal poloidal tilt angle range for height variationdof +0.2 mis -3

to 3 at the middle of the port, 9950 15.5 at the top of port and -15250 -9.5 at the
bottom of the port (-’ means tilting the antenna upwards,rheans tilting it downwards).
This means that, for each position of the antenna inside the port, the optimatit ua
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Figure 3.2: Optimal poloidal tilt anglé.p: as a function of the height variatiake for the

140 GHz X-Mode beam at the middle £ 0.62 m), the bottomz = —-0.28 m) and the

top (z = 1.52 m) of the port, as well as for the 120 and 160 GHz X-mode beam only at
the middle of the port, for 0.20 m and 0.35 m recess antennaRiyg.= 8.6978 m and

Rant =8.8478 m

between at3° range around the optimal tilt angle of tde = 0 position. In each case,
the optimal tilting angle is reached when the central ray of the beam strikesttitelayer
perpendicular, so that the central ray of the reflected beam hits tHeaeaatenna centre.

At the optimal poloidal tilt, the toroidal tilt was also varied. However, it shovileak
toroidal tilting with this antenna design does not improve the couplifigiency signif-
icantly. Therefore, toroidal tilting was not considered further in this study

The magnitude of the couplingfeiency T,, its dependence on the antenna tilt and the
sensitivity of the optimal tilt angl&, are investigated next.

Fig. 3.3 shows the dependence of the couplifiggiency T, on the poloidal tilt angle 4
for the O-mode beam frequencies 18, 60 and 80 GHR.at = 8.6978 m andz, =
0.82 m. The same was done in Fig. 3.4 for the X-mode beam frequencies42and 160
GHz. The total value of the power coupling is -17.6 dB to -7.4 dB in O-mode-h6
dB to -13.1 dB in X-mode. These values are comparable to those obtainedvioys
studies [20]. Furthermore, especially for the O-mode polarization, ther linedrequency
the less sensitive the coupling is to the tilt angle. This is due to the size of theifdofs
explained in section 1.5, at small frequencies the beam expands widelyg daestronger
divergence. Since the intensity is spread over a large area, a goddpoigereached also
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Figure 3.3: Coupling ficiency T, as a function of the poloidal tilt angl&,; at Rayny =
8.6978 m andzyy = 0.82 m (i.e. Az = 40.20 m from the middle of the port) for the
O-mode frequencies 18, 60 and 80 GHz
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Figure 3.4: Coupling ficiency T, as a function of the poloidal tilt angl@y at Rany =
8.6978 m andzyy = 0.82 m (i.eAz = +0.20 m from the middle of the port) for the
X-mode frequencies 120, 140 and 160 GHz
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3 3.1. PART ONE: THE STEERABLE TILT ANTENNA SYSTEM

at a large tilt angle range but with a lower coupling. Comparing the two figsimes/s
that the coupling dependence on the poloidal tilt angles is more sensitiighat IX-mode
frequencies.

10
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Figure 3.5: Range of the poloidal tilt anghgy;, in which the coupling fiiciency T, stays
within a 3dB bar around the optimal coupling, as a function of the frequah&,; =
8.6978 m andyt = 0.82 m

In order to quantify the sensitivity of, on the tilt angle, Fig. 3.5 shows th®, range
whereT, drops by 3 dB as a function of the frequency Ry = 8.6978 m antzyyy =
0.82 m (i.e. Az = 4+0.20 m from the middle of the port). A drop by 3 dB equals a
reduction of the power received by the factor 2 and would be considertge adequate for
height variation compensation. Depending on polarization and frequtec$ dB width

is betweemAy = 2° and 12. The behavior of Fig. 3.3 and Fig. 3.4 is emphasized: the
lower the frequency, the less susceptible the coupling is to tilt angle variatitmsever,
even for higher frequencies as 80 GHz O-mode and 160 GHz X-maoflé,a 2° range
provides acceptable performance for this antenna gain.

Fig. 3.6 and Fig. 3.7 replicate the behavior of Fig. 3.3 and Fig. Rs4 (= 8.6978 m
andz;; = 0.82 m) in more general terms. Hef®, is plotted as function of the poloidal
tilt angle ¥4 for a 60 GHz O-mode beam at= zy; + Az = 0.62 m (middle of the port
with Az = 0),z = 1.72 m (top of the port witiAz = +0.20 m) andz = —0.48 m (bottom
of the port withAz = -0.20 m), and folRyy = 8.6978 m (0.20 m recess), as well as
for the mirror equivalent geomettgyy = 8.8478 m (0.35 m recess) in Fig. 3.6 and for
the 140 GHz X-mode beam in Fig. 3.7. In this exercise,zhgositions of the antenna
where chosen to demonstrate the cases of the maxifmineight variation at the top and
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Figure 3.6: Coupling ficiency T, as function of the poloidal tilt angl@,; of a 60 GHz
O-mode beam at = 0.62 m (middle of the port witildz = 0), z = 1.72 m (top of the
port with Az = +0.20 m) andz = —0.48 m (bottom of the port witthz = —0.20 m), and
Rant = 8.6978 m (0.20 m recess) as wellRg; = 8.8478 m (0.35 m recess)

the bottom of the port. The middle of the port serves as reference to theysdigures.
Recessing the antennaRgy; = 8.8478 m (mirror configuration) leads to a decrease of the
power coupling within a range of 2.5 dB in comparisorRig: = 8.6978 m. The decrease
is due to the longer path lengths which result in the beam expanding more exetbtie

a spreading of the reflected power. As well, the optimal tilt is roughly &8s with the
0.35 m recess. As discussed above, coupling is best for an incoming feraendicular

to the cutdf layer. Therefore slightly smaller tilt angles are needed at larger recésse
achieve optimal coupling.

Fig. 3.6 and Fig. 3.7 show that, apart from absolute values, the strudtilne dependence

of the coupling &iciency on the poloidal tilt angle is the same at all positions and recesses
at each frequency. With the aid of Fig. 3.3 and Fig. 3.4, this tendency eaxtended

by other frequencies. Together with Fig. 3.1 and Fig. 3.2, this leads toexalbpicture,
where the 3 dB sensitivity width is independent of antenna placement, eight laed
recess.
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Figure 3.7: Coupling ficiency T, as function of the poloidal tilt angl@, of a 140 GHz
X-mode beam ar = 0.62 m (middle of the port witihz = 0), z = 1.72 m (top of the
port with Az = +0.20 m) andz = —0.48 m (bottom of the port withz = —0.20 m), and
Rant = 8.6978 m (0.20 m recess) as wellRg; = 8.8478 m (0.35 m recess)

3.2 Part Two: Time Evolution of the Plasma

Previous investigations of the performance of ITER reflectometers vesedon a single
time slice of an ITER discharge, usually corresponding to the end of timeghase. How-
ever, it is crucial to assess the potentiality for the reflectometry system gifiaiang the

whole time evolution of the discharge. To achieve this, equilibria for the whialenm

discharge are required. For this thesis, the required equilibria wellataeafor the first

time.

To calculate the equilibria, the MHD-equations (MHDMagnetoHydroDynamics) are
used. As mentioned in section 1.3, the plasma is confined due to a magneticrfitids |
case, the equilibrium of forces is given by the modified MHD equation:

Vp=[xB, (3.1)

which means that the pressure gradient in the plasma is balanced by tetsamd mag-
netic fields in the plasma according to the Lorentz force. Solving this equdloywsahe
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Figure 3.8: Evolution of the maximum electron densityand the plasma curremp as
functions of the time over ramp-up and burn phase of the plasma discl@angke top, the
poloidal cross sections illustrate, how the separatrix and the flux saréaoéve at dierent

time steps.

determination of the flux surfaces. With the aid of assumptions about th@trandensity
and temperature profiles are calculated such as to satisfy the ideal gasdawgT .
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3 3.2. PART TWO: TIME EVOLUTION OF THE PLASMA

The equilibria used are generated with the aid of the equilibrium solver CEEAL
[29], which is coupled to the transport solver JINTRAC [30].

Fig. 3.8 shows the time evolution of the central electron density and the plasnestcu
during the ramp-up and the burn phase for the equilibria time poirt0, 40, 55, 70,
85, 100, 170, 270, 370, 470 and 520 s. Above the figure, the poloids$ section of the
ITER tokamak is shown for the selected time points sf 10, 40, 170 and 520 s. From this
figure, it can be seen that the final form of the plasma (as it is alreadyrkfrom the end
of the burn phase (see Fig. 2.3 a) ) is achieved fairly quickly during the+ap phase. The
X-point is already formed at 40s. After this, the main modification with resjoeitte form

is given by the flux surfaces being pushed outwards. However, ffaratit parameters
evolve at diferent rates. The core electron density rises a lot slower and onlyegésh
constant maximum at about 170s, while the plasma current is constar@zdtethereafter
the burn phase starts. Thdfdring pace of the parameter evolutions is important for the
discussion of reflectometry results.
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Figure 3.9: Time evolution of the electron density profile as a functiopygffrom the
beginning of the ramp-up to the end of the burn phase

In Fig. 3.9, the time evolution of the density profile during the ramp-up and plase is
shown. The density profiles have been extrapolated at the edge of #megpla provide a
smooth monotonic profile for the beam tracing. The profiles have been fittecavianh
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(hyperbolic tangent) function to have a first guess of the scréiplesger density. The build
up of the density profile, which is in accordance to Fig. 3.8, starts quickdy) ghows
down. In between 170 an 470s, the density profile is constant and stéatisagain at the
end of the burn phase. The form of the density profile begins from atoaoth L-mode
profile and evolves into the H-mode (see Fig. 2.3 d) ) profile with the steep peliestal
and almost constant flat core, at around 85s.
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Figure 3.10: a) Evolution of the plasma magnetic axis position, given by itdrwies

Rma andzy,, and b) optimal height of a horizontal aligned antemgafor 9, = 0° and

Rant = 8.6978 m for 60 GHz O-mode beam as functions of time during the ramp-up and
the burn phase of the plasma discharge
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In Fig. 3.10 a), the evolution of the plasma magnetic axis is shown with the catediRi,
andz, plotted as a function of time. The magnetic axis moves rapidly during the ramp-up
and continues to evolve during the burn phase. Particularly, the heigfe afiagnetic axis

still increases significantly.

Fig. 3.10 b) shows the optimal (horizontally alignégy = 0°) antenna height, as

a function of time for the 60 GHz O-mode beamRat; = 8.6978 m. This essentially
simulates the required performance of a vertical array of fixed tilt anseriteere are two
main points: firstly, as the density is too low, there is no reflection befere55 s and
secondly, the bend of the curve with the minimunt at 100 s, due to the shape change of
the edge flux surfaces up to 100 s and then the vertical movement of thesptatumn.

As discussed in section 3.1, the antenna system can be placdféedrdipositions. How-
ever, the middle of the port as initial position for examination is reasonablee, @
antenna with steerable tilt was placedzgt = 0.62 m andRyy = 8.6978 m. The devel-
opment of the plasma was traced by varying the poloidal tilt angle from thid firsition
instead of moving the antenna up and down as it was done before. Figsi®tks the
optimal poloidal tilt angle as a function of time for the O-mode frequencies A&n@ 80
GHz and the X-mode frequencies 120, 140 and 160 GHz. It is seerottelt frequencies,
except for the 18 GHz O-mode, the beams are not reflected at the bepwiine dis-
charge. As Fig. 3.9 shows, the density and consequently the plasmarioggs too low at
the beginning of the plasma discharge. As the fiutondition for the O-mode i&p = w,
for each frequency there is a minimum density for reflection. Howevé¢offotonditions
for X-mode polarization are as well dependent on the magnetic field. Coastlyg al-
though the probe frequencies are higher than for O-mode, reflectits stalier. Another
distinctive feature of Fig. 3.11 is the bendtat 70 s for all investigated frequencies. This
is probably a consequence of the fact that shape changeamffects are in opposite di-
rections.op Shows a dierent evolution t@an,opt Since it can follow the cut®inclination
more closely than with a pure horizontal antenna.

As a consistency check, it is important to compare the overall coupltiiemcy T, val-

ues using the new equilibria, with the original equilibrium in section 3.1. Gégetiae
coupling valuesT, for the later burn phase (100 s to 520 s) are consistent between both
equilibria. However, in some cases during the ramp-up, the coupling dateably.

This may be due to the flat density profile leading the beam to being reflectesldorh of

the plasma, and thus a longer path length, greater beam spread anguemtlyereduced

Ta.

It should be noted that there were problems with the beam tracing codesfda6thGHz
X-mode, i.e. very long propagation path lengths resulting in the absenasris$ for the
160 GHz X-mode case fdr< 170 s in Fig. 3.11.

Unfortunately, due to time constraints, it was not possible to fully assessiBa@nsitivity
range of the optimal tilt during the plasma evolution. Nevertheless, the fnegue.g.
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Figure 3.11: Optimal poloidal tilt angk&, as a function of the time for the O-mode beam
frequencies 18, 60 and 80 GHz, as well as the X-mode beam freqadrifie 140 and 160
GHz atRyt = 8.6978 m andzny = 0.62 m

antenna gain) dependency, shown in Fig. 3.5, will apply, namely the tilttiariés less
critical for lower frequencies since they cause wider beam diveggenc

3.3 Summary and Conclusions

The simulation exercises conducted throughout this work had the aim afigatng two
main questions. The first one was to examine the ability of a steerable mirromer a
chanically tiltable antenna configuration to handle the plasma column verticahmeowe

It was determined that th&8z = +20 cm vertical plasma variation can be compensated by
A9 = £3°, irrespective of the antenna placement in the port, the launch freqaeuiche
polarization of the beam. Furthermore, it was shown that the half poweB(d8) sensi-
tivity is in the range ofA9 = 12° to 2° from the bottom to the top of the frequency bound
for the investigated low gain antennas. The second aim was to investigatenbolwv a
steerable antenna needs to move to accommodate changes in the plasma equitibfa
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and position during the plasma formation ramp-up and burn phase. Twosaby@s were
considered here. It was examined how much a horizontally aligned antesda to move
from z = 0.62 m and how much a fixed antennaat 0.62 m needs to be tilted in order
to track the evolution. In the first case, the plasma evolution is accommodatethiadn
Azyy = 7 cm and 12 cm (ramp-up) amslizyy = 13 cm and 7 cm (burn phase). In the
second case, the optimal antenna tilt is betwggp = 3.5 and 0.8, i.e. AY = 2.7
(ramp-up) andlyy = 2.0° and 0.7, i.e. A9 = 1.3 (burn phase).

This leads to the conclusion that a steerable antenna system could easignsatepboth
vertical displacements during the burn phase and equilibrium variatiofsgdine ramp-

up and burn phase of the plasma discharge. This study, as with pretinlisss confirm
that a+20 cm vertical plasma column movement could be accommodated with a single
antenna system of fliciently low gain (e.g. 'wide beam divergence’). However, there are
significant benefits to be gained by using a high gain (less divergentrentdor example
core plasma probing at higher frequencies and overall hiheoupling values. Here,

a single steerable high gain antenna has many advantages over a vettcalaaarray,
including a saving in cost, hardware and space, but at the expensklitbaal antenna
sophistication. For deeper core probing, using only a single antennia wenerally not

be possible without tilting. Throughout this thesis, two possible steerablensysvere
considered: one, based on mechanical tilting of the waveguide at & i@ cm, and the
other, more realistically, via a mechanically controlled reflector element (e.conniBoth
options are technically realizable and could achieve the desirsdaitt range and accuracy
with suficient timgdynamic control, consistent with the slow (e.g. 100 ms) time evolution
of the equilibrium.
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