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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 under conditions
typical of a tokamak nuclear fusion reactor. The diagnostic technique considered here is
called microwave reflectometry and is based on the reflection of an electromagnetic wave
beam. The information about the plasma density is inferred from the detection of the beam
after reflection by the plasma. For the International Thermonuclear Experimental Reactor
(ITER), presently under construction, the parameters of the reflectometry system are being
disucussed. In the present work, the optimization of the proposed ITER low-field-side
reflectometer system is investigated. Furthermore, this system is analyzed withparticular
reference to its performance during the evolution of a typical (simulated) ITER plasma
discharge. Chapter 1 introduces the theoretical basics of fusion in a tokamak reactor, of
wave propagation in a plasma and of the diagnostic technique reflectometry. Chapter 2
connects this with the current ITER configuration, previous investigationsand the present
optimization process on low-field-side reflectometers, as well as with the new opportunity
of investigating the whole evolution of a ITER plasma discharge. Chapter 3 presents the
results of this work.

1.2 Nuclear Fusion

In search of new powerful and sustainable energy sources, a promising approach is the
controlled realization of nuclear fusion processes on Earth. Basically there are two ways to
gain energy from a nuclear reaction: nuclear fission and nuclear fusion. Fission occurs only
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1 1.2. NUCLEAR FUSION

for nuclei that are heavier than iron. The binding energy per nucleon of the nuclear parent
has to be lower than the binding energy per nucleon of the fission products. The energy
difference is released. In fusion, light nuclei join together and form a heavier nucleus.
Again the binding energy per nucleon increases through the reaction. Inboth cases matter
is not conserved but rather converted into energy. Fig. 1.1 illustrates thisprinciple.

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 taking place on the Sun,
called proton-proton chain [1], fuses four hydrogen nuclei in several steps into one he-
lium nucleus. However, the deuterium-tritium fusion has the highest cross section while
requiring comparatively small particle energies [2]:

2
1D +3

1 T →4
2 He(3, 5 MeV) +1

0 n(14, 1MeV). (1.1)

Each fusion reaction releases 17,6 MeV. When two nuclei fuse they needto overcome the
electric repulsion caused by the Coulomb force. Thanks to the quantum mechanical tunnel
effect, this is also possible for energy differences smaller than the Coulomb barrier. It
is however not possible to achieve fusion by shooting deuterium ions on a tritium target
because the cross section for fusion is a lot smaller than it is for elastic collisions. It is
essential that the constituents of fusion are at a temperature at which the reaction rate is
high enough and an adequate number of nuclei fuse. This is the case at temperatures above
10 keV where reactants exist in a plasma state, which means that matter is mostly ionized.

To finally run a fusion reactor that produces usable energy the plasma has to reach, or at
least approach, ignition. Ignition means that the heating by theα-particles is sufficient to
maintain the temperature of the plasma against dissipation losses without using external
power input. To reach ignition, a plasma has to fulfill the Lawson criterion, which requires
that the plasma heating throughα-particles is larger that the losses due to radiation and
transport. In case of a deuterium-tritium fusion in a tokamak the condition for ignition is
[3]:
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1 1.3. TOKAMAK PHYSICS

nτET ≥ 3 · 1021m−3keV s, (1.2)

whereτE is the confinement time which measures the rate at which the plasma loses en-
ergy to its environment,n is the density andT the temperature of the plasma. There are
two concepts accomplishing the condition for ignition. For inertial confinementfusion,
one achieves a very high density over a short period of time by heating andcompressing
a fuel target. In magnetic confinement fusion, fusion is achieved throughlonger confine-
ment times (τE ≈ 3 s) and lower densities (n ≈ 1020 m−3). The reactor ITER, aiming at
demonstrating the possibility of energy gain through controlled nuclear fusion, is based 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 achieve theconditions
for producing electrical power from thermonuclear fusion. Fusion plasmas are 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. Insteadone takes
advantage of the fact that in a plasma matter is ionized and therefore its particles respond
to magnetic and electric fields. A homogeneous magnetic field forces chargedparticles to
move on helical paths around the field lines. Consequently ions and electrons can move
freely alongside the magnetic field lines whereas their motion is restricted radially. A first
idea to confine a plasma using a magnetic field would be to bend a cylinder into a torus.
Thus the axial magnetic field becomes toroidal. Thereby one achieves a spatially limited
configuration. However, this configuration including only a toroidal magnetic field does not
provide a confined plasma. The toroidal magnetic field is inversely proportional to the dis-
tance to the symmetry axis of the torus. That causes the field to decrease by moving away
from the rotation axis or in other words, the toroidal field possesses a gradient directed to-
wards the torus axis. This gradient together with the curvature of the toroidal field leads to
a vertical drift of the charged particles which is directed up or downwards depending on the
sign of their charge. Eventually, this charge separation causes a vertical electric field that
makes the electrons and ions drift outwards so that the plasma cannot be confined by this
configuration. To effectively confine a plasma in a toroidal configuration one possibility is
to use a poloidal magnetic field which is generated by a toroidal current inside the plasma.
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 tokamak (from Russian
’toroidal chamber with magnetic field’), see figure 1.2.

Through this configuration the twisted magnetic field lines set up toroidal nested magnetic
surfaces. On these surfaces, also called flux surfaces, the plasma pressure outwards is com-
pensated by a pressure caused by the magnetic field. On a magnetic surface, pressure, as
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1 1.4. WAVE PROPAGATION IN A PLASMA

Figure 1.2: Magnet system of tokamak
fusion device

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, vertical field generated
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 case ofITER at the end of
the nuclear burn phase. The thick red line separates closed from open field lines thus limits
the plasma and is called separatrix. The dashed lines represent the magneticsurfaces which
are labeled by the normalized radiusρ. The magnetic axis, i.e. the centre of the plasma
’column’, is identified byρ = 0, whereasρ = 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 steepedge, called
the pedestal region, typical of the high energy/particle confinement H-mode operation.

1.4 Wave Propagation in a Plasma

Since the propagation of electromagnetic waves in a fusion plasma plays a majorrole in
this thesis, some fundamental aspects are summarized here. See [4] for more details.
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Figure 1.4: Density and temperature profile as a function of poloidal radiusfor ITER at the
end of the burn phase

1.4.1 Basics

The propagation of an electromagnetic wave is described by Maxwell’s equations (here in
Gaussian units), see Eq. 1.3 to Eq. 1.6. A plasma consists of charged particles, there-
fore its interaction with an electromagnetic wave is very complex. Furthermore,a tokamak
plasma is an inhomogeneous medium that causes the wave vector to vary during the prop-
agation through the plasma. For magnetic fields are applied to the plasma in a tokamak
configuration, it is no longer an isotropic medium but becomes anisotropic.

∇ · ~E = 4πρ (1.3)

∇ · ~B = 0 (1.4)

∇× ~E = −1
c
∂~B
∂t

(1.5)

∇× ~B =
1
c
∂~E
∂t

+
4π
c
~J (1.6)

So, to describe the propagation of an electromagnetic wave in a typical fusion plasma the
equation to solve is given by Eq. 1.7, which is obtained from Eq. 1.5 and Eq.1.6, assuming
a temporal dependence~E ∝ e−iωt.
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1 1.4. WAVE PROPAGATION IN A PLASMA

c2

ω2
∇× (∇× ~E) − ǫ · ~E = 0 (1.7)

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

There are two assumptions for a beam propagating through a tokamak plasmathat simplify
Eq. 1.7 essentially. First of all, for microwave or mm-wave beams in a typical fusion
plasma, the condition that the radiation wavelengthλ of the launched electromagnetic wave
is much smaller than the inhomogeneity scaleL of the plasma is satisfied. Secondly, the
beam launched into the plasma is localized in a region of widthw ≪ L around the beam
axis. Under these assumptions, an approach, called Beam Tracing Theory, is made 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 is thatthe polariza-
tion of a launched wave affects its propagation throughout the plasma. For an electromag-
netic wave launched perpendicular to the magnetic field there are two options,dependent
on the possible orientation of the wave field:

O-modeAn 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 applied and
the wave propagates like in an unmagnetized plasma. The refractive indexN only
depends on the frequency of the probing beamω and the electron densityne and has
the form:

N2 = 1−
ω2

pe

ω2
. (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, the
refraction index additionally depends on the magnetic field:

N2 = 1−
ω2

pe

ω2
− 1

A

ω2
pe

ω2

ω2
ce

ω2
. (1.9)

with A = 1− ω
2
pe

ω2 −
ω2

ce
ω2 .

The plasma density and the magnetic field determine the refractive index through the
plasma frequencyωpe and the cyclotron frequencyωce.

Plasma frequencyA tokamak plasma is a quasi-neutral gas of positively charged
ions and negatively charged electrons. Small displacements of electrons with respect
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1 1.4. WAVE PROPAGATION IN A PLASMA

to the ions cause a Coulomb force to act between the charged particles. Thisleads
to an oscillation of the electrons with respect to the heavier ions. The frequency at
which electrons oscillate around ions is called (electron) plasma frequency, ωpe =
√

4πnee2

m (e the electron charge,m the electron mass).

Cyclotron frequency In a magnetic field, electrons orbit the magnetic field lines
with a frequencyωce =

eB
mc , which is the (electron) cyclotron frequency.

In the following, an import role is played by the cutoff frequency.

Cutoff frequency A wave propagating through a magnetized plasma can encounter
a cutoff, generally defined as the position at which the refractive indexN goes to
zero. Near the cutoff, the wave is reflected. If an O-mode beam is launched into a
fusion plasma at a fixed frequencyω, it passes through increasing densities as long
as the frequency of the beam is higher than the plasma frequencyωpe. The plasma
frequency increases with the density. If it reaches a point whereω = ωpe, thereN
vanishes and the beam is reflected. In the case of an X-mode, the dispersion relation

is more complex and there are two cutoff frequencies atω =
√

(ωce
2 )2 +ω2

pe ± ωce
2 .

In this thesis, the injection of microwave beams for diagnostic purposes is investigated.
That means that the impact of the plasma on the electromagnetic wave is used to gain
information about structure and processes inside a plasma, see section 1.5. Thereby, the
electromagnetic wave is modeled as a Gaussian Beam. This is further described in the
following subsection.

1.4.2 Gaussian Beam

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

The behavior of a Gaussian beam can be described using several parameters which will be
explained in the following with the aid of Fig. 1.5. In the following considerations, it is
assumed that the beam propagates parallel to thez−axis and its waist is at the origin of the
z−axis.

The beam widthw(z), see Eq. 1.10 below, is defined as the distance from the propagation
axis at which the intensity drops to 1/e2 of the maximum value. The minimum of the beam
width is called beam waistw0. The formula describing the dependence of the beam width
on the axial distancez in vacuum is:

w(z) = w0

√

1+
z2

z2
R

. (1.10)
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1 1.4. WAVE PROPAGATION IN A PLASMA

Figure 1.5: Schematic of a Gaussian Beam showing the beam waistw0, the beam width
w(z) as a function of axial distancez, the Rayleigh lengthzR and the angular divergence
θdiv

The distance along the propagation from the waist to thez−value where the cross section
of the beam is doubled is called Rayleigh lengthzR. The Rayleigh length is given by
zR = w2

0ω/2c and corresponds to the beam widthw(±zR) = w0
√

2.

The parameterR(z), see Eq. 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 beamwaist,z = 0, the
wave front is flat andR diverges

R(z) = z













1+
z2

R

z2













. (1.11)

At large distancesz ≫ zR, w(z) approaches a straight line. As a consequencew(z) and
R(z) can be approximated byw(z) ≈ z tanθdiv andR(z) ≈ z. The divergence of the beam
θdiv is given by the angle between this straight line an the propagation axis:

θdiv = arctan

(

w0

zR

)

. (1.12)

The total angular spread is given byΘ = 2θdiv.

1.4.3 Beam-Tracing Theory

In Beam Tracing Theory [7, 8, 9, 10], the propagation of a Gaussian Beam is described
by the propagation of its central axis as well as the evolution of both the curvature of the
phase front and the width of the beam. Like in Ray Tracing, the mostly known approach
of geometrical optics, Maxwell’s equations are reduced to a set of ordinary differential
equations. In Beam Tracing, however, diffraction effects perpendicular to the central axis
are explicitly taken into account. This section summarizes the basic idea and results of the
Beam Tracing Theory and its relation to the parameters of a Gaussian Beam.

8



1 1.4. WAVE PROPAGATION IN A PLASMA

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

~E(~r) = ~A(~r) exp[i(s(~r) + iφ(~r))] . (1.13)

where~A(~r) is the amplitude ands(~r) = s(~r)+ iφ(~r) is the complex phase of the wave.s(~r)
is connected with the phase of the beam,φ(~r) ≥ 0 describes its transverse structure, that is
to say its cross section. As mentioned in subsection 1.4.1, for mm-waves in fusion plasmas,
the plasma inhomogeneity is weak and the beam width is limited, so thatλ ≪ w ≪ L is
satisfied. This allows us to expand the complex phases(~r) up to second order around the
central axis of the beam:

s(~r) = s0(~r) + Kα [xα − qα] +
1
2

sαβ [xα − qα] [xβ − qβ] , (1.14)

φ(~r) =
1
2
φαβ [xα − qα] [xβ − qβ] , (1.15)

whereqα are the components of the position vector~r = {xα} andKα = ∇s are the com-
ponents of the wave vector{kα}, respectively, at the central ray of the Gaussian Beam. The
second-order parameters of Eq.1.14 and Eq.1.15, the so called Beam matrices,sαβ, which
is related to the curvatureR of the phase front, andφαβ, which is related to the widthw
of the beam, as well as the quantitiesKα andqα are obtained by solving the beam tracing
equations:

dqα
dτ

=
∂H
∂kα

(1.16)

dKα
dτ

= − ∂H
∂xα

(1.17)

dsαβ
dτ

=

(

− ∂
2H

∂xα∂xβ
− ∂

2H
∂xβ∂kγ

sαγ −
∂2H
∂xα∂kγ

sβγ −
∂2H
∂kγ∂kδ

sαγsβδ +
∂2H
∂kγ∂kδ

φαγφβδ

)
∣

∣

∣

∣

∣

∣

xα=qα,kα=Kα
(1.18)

dφαβ
dτ

=

(

−
(

∂2H
∂xα∂kγ

+
∂2H
∂kγ∂kδ

sαβ

)

φβγ −
(

∂2H
∂xβ∂kγ

+
∂2H
∂kγ∂kδ

sβδ

)

φαγ

)
∣

∣

∣

∣

∣

∣

xα=qα,kα=Kα

.

(1.19)

It is noted that Eq.1.16 and Eq. 1.17, describing the evolution of the centralray, are Hamil-
tonian equations as known from standard geometrical optics. In the previous equations, the

9



1 1.5. REFLECTOMETRY

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 order inλ

L only:

H ≔ det

[

( c
w

)2 (

−k2Î +~k~k
)

+ ǫh
]

= 0, (1.20)

with ǫh is the Hermitian part of the dielectric tensor (the anti-Hermitian part ofǫ does not
play any role in the present study).

A beam that is launched into an anisotropic plasma evolves with an anisotropic cross sec-
tion. It is described as an ellipse. After solving the beam tracing equations,one can use the
eigenvalues ofφ(r) in a plasma perpendicular to the propagation direction to describe the
principal widths of the beam:

wma j(r) =

√

2

min (φ1(r),φ2(r))
wmin(r) =

√

2

max(φ1(r),φ2(r))
. (1.21)

The orientation of the ellipse also can be calculated from the eigenvalues. This shows that
a launched Gaussian beam gets modified by the tokamak plasma in a way that its cross
section, called footprint, gets deformed and rotated. This evolution can be calculated once
the dispersion relation and the initial conditions of the Gaussian Beam are known. An
example of this process is shown in Fig. 2.3.

This process of solving the beam tracing equations is performed numericallyby the TOR-
BEAM code [11]. As an input, experimental magnetic equilibria as well as density and
temperature profiles are used. The code is complemented by a generalized Snell’s Law
to describe the transition from vacuum into the plasma (and vice versa) and arelativistic
mass correction which leads to an approximated effective mass in the dielectric tensor [12].
Further through this thesis the cutoff will be of significance. While the approximations,
which led to the beam tracing approach, are satisfied for most of the path thepropagation
through a plasma, they break down close to the cutoff. However, comparing positions of
the cutoff 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 the use of TORBEAM
for reflectometric analysis.

1.5 Reflectometry

Reflectometry is a microwave radar based diagnostic which can be used to measure: 1.
electron plasma density profiles, 2. density fluctuations and structure and 3. plasma rotation
via Doppler shifts (for general information on reflectometry, see [15], for more specific
disquisitions, see [16, 17, 18]).

10



1 1.5. REFLECTOMETRY

Fig. 1.6 shows a schematic of a simple microwave reflectometer circuit. A beam is launched
into the plasma from a transmit (Tx) horn antenna, reflected at the plasma cutoff, like on a
mirror, and received by a second antenna (Rx). The received signal is mixed with a reference
signal (derived from the launched signal) to produce a ’video’ signalA cosφ, whereφ is the
relative phase shift related to the propagation path length d.

Figure 1.6: Schematic illustration of a microwave reflectometer curcuit

In a radar, the phase delay is directly proportional to the distance of the cutoff. However,
in the case of plasma, the wave propagates through a medium whose refractive indexN ,
const, see Fig. 1.7.

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

Based on geometrical optics, the phase delay of a beam propagating in between to points
A and B is given by

△ φ(B)− △ φ(A) = ω
c

∫ B

A
N(r) dr, (1.22)

whereN(r) is the refractive index as a function of the radial coordinater. In the case of an
O-mode beam the phase delay between the forward and reflected beam is given by

11



1 1.5. REFLECTOMETRY

△ φ =
2
c

∫ a

rc

√

ω2 −ω2
p(r) dr − π

2
, (1.23)

which includes the phase change ofπ/2 at the reflection layer. By sweeping the launch fre-
quencyf0, different cutoff layers can be probed and the density profile can be reconstructed
using an Abel inversion algorythm.

Open-ended corrugated waveguides serve as antennas. In ITER, frequency ranges about
18 to 80 GHz for the O-mode and 120 to 160 GHz for the X-mode are planned.To avoid
great losses and to cover the aimed frequency ranges, antenna diameters planned for ITER
are:DO = 63.5 mm for the O-mode andDX = 31.75 mm for the X-mode [19]. The beam
launched by the antenna is modeled as a Gaussian Beam, see Fig. 1.8 (which isa very good
approximation for the real beam), with the following initial conditions: the wave front is
flat and the cross section circular, given byw0 = 0.32D. Again the width of the beam as
well as its curvature evolve in vacuum according to Eq. 1.10 and Eq. 1.11.Its divergence
is given by Eq. 1.12. This shows thatθdiv ∝ 1

ωD , which means that the lower the frequency
ω and the smaller the diameterD the more the beam expands.

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]:

G =
4π
λ2

Ae f f (1.24)

whereAe f f ∝ π
(

D
2

)2
is the effective antenna area andλ the probing radiation wavelength

(with λ = 2πc
ω ).

After propagating through the plasma, the reflected beam hits the receiverantenna. The
signal power depends on how well the beam couples with the receiver. The coupling coef-
ficient Ta depends on the size of the footprint as well as on its incidence angleθinc and the
offset of its central ray, see Fig. 1.9. To obtain good coupling, the footprintof the reflected
beam has to be big enough to overlap with the antenna radiation pattern, but small enough

12



1 1.5. REFLECTOMETRY

so that the intensity is not spread too much. Furthermore, for good couplingthe phase front
should be parallel to the receiver antenna waveguide front. As soon asthe incident angle is
bigger than the beam divergence, see Eq. 1.12, the power, coupled intothe antenna, drops
abruptly. Thus, the alignment of the antenna line-of-sight with the cutoff is crucial for good
performance of the diagnostic.

Figure 1.9: Schematic illustration of the incident reflected beam into the receiver antenna

An explicit evaluation of the coupling efficiencyTa 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 range required to
compensate the vertical plasma column movements and 2. the degree of beam alignment
variation during the plasma ramp-up. This chapter summarizes previous results and gives
an introduction to the subject investigated in chapter 3.

2.1 ITER Configuration

For ITER, various reflectometer systems are planned. Fig. 2.1 illustrates a poloidal cross
section of the ITER tokamak (with the majorR0 = 6.2 m, the minor radiusa = 2.0 m,
the toroidal magnetic fieldBt = 5.3 T, and the plasma currentIp = 15 MA) including
proposed positions for the reflectometer systems [22]. For this thesis, the Low-Field-Side
(LFS) systems are of interest (LFS-O, LFS-XR). The port-plug of such a Low-Field-Side
Reflectometer is showed in Fig. 2.2.

Since several different diagnostic devices will share a port, it is important to consider the
alignment and placement of the systems well. The investigated LFS antenna device is
expected to operate over frequency ranges of 18-80 GHz for the O-mode polarization and
over 120-160 GHz for the X-mode polarization and allow, principally, an investigation
of the edge plasma density region. Respectively, the low frequency probing beams, 18
GHz and 120 GHz, are reflected in the scrape-off layer of the plasma, while the probing
frequencies at 60 GHz and 140 GHz are reflected in the middle of the pedestal and the 80
GHZ and 160 GHz frequency beams at the top of the pedestal.

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

• Monostatic or bistatic: In a monostatic configuration, the launch antenna is used as
receiver, too. A bistatic system has separate antennas for launching and receiving.
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2 2.1. ITER CONFIGURATION

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

Figure 2.2: Port plug design for a LFS system for ITER

Both systems do have advantages and disadvantages that are discussedfor example
in [24].

• Number of antennas: In general, the more antennas available the better, asthe sys-
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 spaceis limited.
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Furthermore, the number may be restricted by economic reasons.

• 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 port allows it. The
limits, in this case, are with respect to the coupling efficiency.

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

• Antenna tilt: The antenna can be tilted in toroidal and poloidal directions to improve
the coupling by changing the incidence angle of the beam on the plasma cutoff layer.

2.2 Previous Results

The parameters above have already been subject to several investigations. Before dis-
cussing the previous results, the figure below will help to illustrate, how the beam prop-
agation and reflection within the ITER tokamak works.

Figure 2.3: a) Polodial cross section of the ITER tokamak with propagation of a 60 GHz
O-mode beam at the end of the burn phase. b) Cutout of the area of reflection seen in a).
c) Toroidal view on the launched (green) and reflected (black) beam footprint. d) Cutoff
frequency profile of the plasma as a function of the radiusR at the height of the magnetic
axis. The upper curve is the upper X-mode cutoff, the second one is the cyclotron frequency,
the third one is the O-mode cutoff (plasma frequency) and the fourth one the lower X-mode
cutoff (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 port atzant =

0.82 m,Rant = 8.6978 m andϑant = 0◦ at the end of the burn phase. Subfigure a) shows
the poloidal cross section of the ITER tokamak and illustrates that the beam is reflected
right after entering the plasma at the relativistic cutoff layer (blue). Subfigure b) shows the
area of interest in a zoomed cutout. It can be seen, how the central ray as well as the beam
width w evolve. Subfigure c) gives a toroidal view on the footprint of the launched beam
in green as well as the footprint of the reflected beam in black. The red lineshows how the
central ray propagates looking at it from the position of the antenna throughout the whole
propagation/reflection process. The value given in this subfigure is the coupling efficiency
Ta. It is given in the units of dB, which is the logarithmic (to base 10) ratio of the power
received to the power launched. Subfigure d) illustrates the relativistic cutoff frequencies
(green) of the plasma as a function of the radius at the height of the magneticaxis. The red
line gives the frequency of the launched beam. It can be seen that in this case the beam is
reflected at the middle of the pedestal.

In the following, some results of previous investigations (see as well [23, 24, 25]) are men-
tioned:

Due to the varying refractive index, the beam drifts from its vacuum path and gets displaced.
However, there is an antenna heightzant where the propagation of the beam is purely radial.
It was determined that this no-drift-height is atzant = 0.62 m [26, 20]. Also, there are
vertical displacements of the plasma column during the plasma discharge. This vertical
height variation of the magnetic axis is about∆z = zma − zant = ±20 cm [27]. The planned
antenna designs are supposed to be able to handle these height variations. Another result
of former examinations is that higher frequencies lead to greater offsets because the beam
propagates further into the plasma before it is reflected. In general, onecan express this
as: the longer the path length the more the beam expands and is displaced. Therefore,
recessing the antenna, as well, leads to a further spread of the reflectedbeam footprint.
Current designs suggest a 20 cm recess of the antenna into the blanketmodule for thermal
shielding [19]. Therefore,Rant = 8.6978 m will be used as the initial point in this thesis.

Coupling is best for perpendicular launching without drift. Placing the antenna atzant =

0.62 m during the burn phase, consequently, provides the best couplingefficiency. In
[26, 20], several different antenna systems including various antennas of fixed toroidal and
poloidal tilt angles have been tested for their coupling efficiency in relation with their com-
pensation of the plasma column height variation. It is important to notice that all former
investigations were based on one equilibrium and that the vertical plasma column height
variations were simulated by moving the antenna slightly up and down relative to the fixed
equilibrium. Also, all results up to now were performed for a configuration corresponding
to the ITER plasma at the end of the burn phase.
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2.3 Subject of this Thesis

The results of this thesis extend the work summarized in the previous section and are sub-
divided into two parts. The first part is concerned with the ability of a single steerable
antenna system to handle vertical plasma movements rather than the previouslyproposed
vertical array of fixed tilt (i.e. horizontally aligned) antennas.

Figure 2.4: Schematic illustration of a possible implementation of a steerable antenna sys-
tem

Fig. 2.4 shows a possible implementation of a poloidally steerable antenna system.Here,
the corrugated waveguide antenna points downwards onto a steerable mirror element (flat or
focusing), which deflects the beam radially inwards. Such a design is under consideration
for the upper port ECRH steerable launcher [28]. The horn antennasare shielded within the
blanket module to allow a degree of thermal shielding (as for previous proposed antenna
systems [20]). In the design considered here, the mirror pivot point is recessed 20 cm
from the blanket face and the horn some 15 cm vertically above. To simulate the horn-
mirror geometry in the beam tracing, we replace the mirror with a tilted horn, recessed
by an equivalent 35 cm. As well, it may also be possible for smaller tilt angles to simply
mechanically tilt the waveguide at a 20 cm recess. Both options of steerable antenna designs
are technically feasible and will be considered in section 3.1.
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In the second set of results, LFS reflectometry for ITER is investigated considering several
points in time during the plasma discharge. To this goal, we employ a new set of ITER
equilibria1 generated so as to cover the plasma discharge from current ramp-up through the
flattop until the current ramp-down (see Fig. 3.8). This allows a study of thecapabilities
of the ITER reflectometers during the whole evolution of the plasma2. First scans are
performed with a steerable antenna system, as in part one, to examine how mucha fixed
height, but steerable antenna system, as it is used for reflectometry at the end of the burn
phase, would need to be tilted to track the evolution of the plasma during the ramp-up. The
results are presented and discussed in section 3.2.

1These equilibria were produced under Grant 255 (Self-consistent simulation of plasma scenarios for ITER)
issued by Fusion for Energy, which is here warmly acknowledged for making them available to us.

2The simulated discharge refers to a so-called ITER ’standard’ scenario, i.e. the scenario which should
demonstrate the feasibility of controlled fusion with an energy gain (ratio between fusion 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 and receive antennas
(e.g. a bistatic configuration) or a single combined launch and receive antenna (e.g. a mono-
static configuration). In the following assessment, we consider, for simplicity, the simple
monostatic configuration. However, the general behavior and conclusions drawn will apply
equally to a bistatic configuration. As a starting point, the horn antenna diameters (prior to
the mirror) were chosen to beDO = 63.5 mm for the O-mode andDX = 31.75 mm for
the X-mode, based on the proposed optimal antenna gains for the fixed alignment concept
[19].

To access the critical issue for the reflectometer’s sensitivity to vertical displacements of the
plasma column during the plasma discharge, which can lead to undesirable beam swinging,
the relative vertical displacement∆z = zma − zant is simulated by moving the antenna up
and down, relative to the fixed equilibrium.

The antenna is aligned in the middle of the port atzant = 0.62 m. Around this position, the
plasma column height variation of∆z = ±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 angle, i.e. the
angle with the maximum coupling efficiencyTa, is determined. This was performed for the
O-mode frequencies 18, 60 and 80 GHz, as well as for the X-mode frequencies 120, 140
and 160 GHz. The results are presented in Fig. 3.1 and Fig. 3.2. The scans were performed
for both a 0.2 m recess, i.e.Rant = 8.6978 m, and a 0.35 m recess, i.e.Rant = 8.8478 m,
for the 60 GHz O-mode and the 140 GHz X-mode case.

In Fig. 3.1, the optimal poloidal tilt angleϑopt is plotted as a function of the height variation
∆z for the 60 GHz O-mode beam for both recesses. The results for the 18 GHz and the 80
GHz O-mode beam are practically identical to those of the 60 GHz beam. At most,they
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Figure 3.1: Optimal poloidal tilt angleϑopt as a function of the height variation∆z for the
60 GHz O-mode beam at the middle (z = 0.62 m), the bottom (z = −0.28 m) and the top
(z = 1.52 m) of the port for 0.20 m and 0.35 m recess antenna, i.e.Rant = 8.6978 m and
Rant = 8.8478 m

differ only about±0.2◦. Also, the optimal tilt angles for the height variation∆z = ±0.2 m
all lay between -3◦ and+3◦ and the dependence is roughly linear (for this equilibrium). To
check the extent of this linearity, the height variation was increased to∆z = ±0.5 m. In
principle, the antenna system could be placed anywhere within the port space. To check the
effect of the antenna placement, the exercise is repeated with the antenna centred towards
the top atzant = 1.52 m, and towards the bottom of the port atzant = −0.28 m. Height
variation scans about∆z = ±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 case ofthe X-mode beam
at 140 GHz. Fig. 3.2, also, shows the optimal poloidal tilting behavior of the 120 GHz 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 that the ϑopt variation
with ∆z for all three antenna positions are parallel, i.e. the optimal tilt angle reaction to the
height variation∆z 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 this scenario, are only
slightly, evenly curved. The general behavior is the same for all frequencies independent
of the polarization. There is also no significant difference between the 0.2 m and 0.35 m
recess. The optimal poloidal tilt angle range for height variations of∆z = ±0.2 m is -3◦

to 3◦ at the middle of the port, 9.5◦ to 15.5◦ at the top of port and -15.5◦ to -9.5◦ at the
bottom of the port (’-’ means tilting the antenna upwards, ’+’ means tilting it downwards).
This means that, for each position of the antenna inside the port, the optimal tilt varies in
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Figure 3.2: Optimal poloidal tilt angleϑopt as a function of the height variation∆z for the
140 GHz X-Mode beam at the middle (z = 0.62 m), the bottom (z = −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 antenna, i.e.Rant = 8.6978 m and
Rant = 8.8478 m

between a±3◦ range around the optimal tilt angle of the∆z = 0 position. In each case,
the optimal tilting angle is reached when the central ray of the beam strikes the cutoff layer
perpendicular, so that the central ray of the reflected beam hits the receiver antenna centre.

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

The magnitude of the coupling efficiencyTa, its dependence on the antenna tilt and the
sensitivity of the optimal tilt angleϑopt are investigated next.

Fig. 3.3 shows the dependence of the coupling efficiencyTa on the poloidal tilt angleϑant

for the O-mode beam frequencies 18, 60 and 80 GHZ atRant = 8.6978 m andzant =

0.82 m. The same was done in Fig. 3.4 for the X-mode beam frequencies 120,140 and 160
GHz. The total value of the power coupling is -17.6 dB to -7.4 dB in O-mode and-16.8
dB to -13.1 dB in X-mode. These values are comparable to those obtained in previous
studies [20]. Furthermore, especially for the O-mode polarization, the lower the frequency
the less sensitive the coupling is to the tilt angle. This is due to the size of the footprint. As
explained in section 1.5, at small frequencies the beam expands widely dueto its stronger
divergence. Since the intensity is spread over a large area, a good overlap is reached also
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Figure 3.3: Coupling efficiencyTa as a function of the poloidal tilt angleϑant at Rant =

8.6978 m andzant = 0.82 m (i.e. ∆z = +0.20 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 efficiencyTa as a function of the poloidal tilt angleϑant at Rant =

8.6978 m andzant = 0.82 m (i.e.∆z = +0.20 m from the middle of the port) for the
X-mode frequencies 120, 140 and 160 GHz
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at a large tilt angle range but with a lower coupling. Comparing the two figuresshows
that the coupling dependence on the poloidal tilt angles is more sensitive at higher X-mode
frequencies.
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Figure 3.5: Range of the poloidal tilt angleϑant, in which the coupling efficiencyTa stays
within a 3dB bar around the optimal coupling, as a function of the frequencyat Rant =

8.6978 m andzant = 0.82 m

In order to quantify the sensitivity ofTa on the tilt angle, Fig. 3.5 shows theϑant range
whereTa drops by 3 dB as a function of the frequency forRant = 8.6978 m andzant =

0.82 m (i.e. ∆z = +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 considered to be adequate for
height variation compensation. Depending on polarization and frequency, the 3 dB width
is between∆ϑ = 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 variations. However,
even for higher frequencies as 80 GHz O-mode and 160 GHz X-mode, a∆ϑ = 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. 3.4 (Rant = 8.6978 m
andzant = 0.82 m) in more general terms. Here,Ta is plotted as function of the poloidal
tilt angleϑant for a 60 GHz O-mode beam atz = zant + ∆z = 0.62 m (middle of the port
with ∆z = 0), z = 1.72 m (top of the port with∆z = +0.20 m) andz = −0.48 m (bottom
of the port with∆z = −0.20 m), and forRant = 8.6978 m (0.20 m recess), as well as
for the mirror equivalent geometryRant = 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, thez−positions of the antenna
where chosen to demonstrate the cases of the maximum∆z height variation at the top and
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Figure 3.6: Coupling efficiencyTa as function of the poloidal tilt angleϑant of a 60 GHz
O-mode beam atz = 0.62 m (middle of the port with∆z = 0), z = 1.72 m (top of the
port with ∆z = +0.20 m) andz = −0.48 m (bottom of the port with∆z = −0.20 m), and
Rant = 8.6978 m (0.20 m recess) as well asRant = 8.8478 m (0.35 m recess)

the bottom of the port. The middle of the port serves as reference to the previous figures.
Recessing the antenna toRant = 8.8478 m (mirror configuration) leads to a decrease of the
power coupling within a range of 2.5 dB in comparison toRant = 8.6978 m. The decrease
is due to the longer path lengths which result in the beam expanding more and therefore
a spreading of the reflected power. As well, the optimal tilt is roughly 0.5◦ less with the
0.35 m recess. As discussed above, coupling is best for an incoming beam perpendicular
to the cutoff layer. Therefore slightly smaller tilt angles are needed at larger recesses to
achieve optimal coupling.

Fig. 3.6 and Fig. 3.7 show that, apart from absolute values, the structure of the dependence
of the coupling efficiency 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 can be extended
by other frequencies. Together with Fig. 3.1 and Fig. 3.2, this leads to an overall picture,
where the 3 dB sensitivity width is independent of antenna placement, e.g. height and
recess.
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Figure 3.7: Coupling efficiencyTa as function of the poloidal tilt angleϑant of a 140 GHz
X-mode beam atz = 0.62 m (middle of the port with∆z = 0), z = 1.72 m (top of the
port with ∆z = +0.20 m) andz = −0.48 m (bottom of the port with∆z = −0.20 m), and
Rant = 8.6978 m (0.20 m recess) as well asRant = 8.8478 m (0.35 m recess)

3.2 Part Two: Time Evolution of the Plasma

Previous investigations of the performance of ITER reflectometers were based on a single
time slice of an ITER discharge, usually corresponding to the end of the burn phase. How-
ever, it is crucial to assess the potentiality for the reflectometry system of diagnosing the
whole time evolution of the discharge. To achieve this, equilibria for the whole plasma
discharge are required. For this thesis, the required equilibria were available for the first
time.

To calculate the equilibria, the MHD-equations (MHD= MagnetoHydroDynamics) are
used. As mentioned in section 1.3, the plasma is confined due to a magnetic field. In this
case, the equilibrium of forces is given by the modified MHD equation:

∇p = ~j × ~B, (3.1)

which means that the pressure gradient in the plasma is balanced by the currents and mag-
netic fields in the plasma according to the Lorentz force. Solving this equation allows the
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Figure 3.8: Evolution of the maximum electron densityne and the plasma currentIp as
functions of the time over ramp-up and burn phase of the plasma discharge.On the top, the
poloidal cross sections illustrate, how the separatrix and the flux surfaces evolve at different
time steps.

determination of the flux surfaces. With the aid of assumptions about the transport, density
and temperature profiles are calculated such as to satisfy the ideal gas lawp = nkBT .
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The equilibria used are generated with the aid of the equilibrium solver CREATE−NL
[29], which is coupled to the transport solver JINTRAC [30].

Fig. 3.8 shows the time evolution of the central electron density and the plasma current
during the ramp-up and the burn phase for the equilibria time pointst =10, 40, 55, 70,
85, 100, 170, 270, 370, 470 and 520 s. Above the figure, the poloidalcross section of the
ITER tokamak is shown for the selected time points oft = 10, 40, 170 and 520 s. From this
figure, it can be seen that the final form of the plasma (as it is already known from the end
of the burn phase (see Fig. 2.3 a) ) is achieved fairly quickly during the ramp-up phase. The
X-point is already formed at 40s. After this, the main modification with respectto the form
is given by the flux surfaces being pushed outwards. However, the different parameters
evolve at different rates. The core electron density rises a lot slower and only reaches its
constant maximum at about 170s, while the plasma current is constant after85s whereafter
the burn phase starts. The differing 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 function ofρpol from 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 burnphase is
shown. The density profiles have been extrapolated at the edge of the plasma to provide a
smooth monotonic profile for the beam tracing. The profiles have been fitted with a tanh
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(hyperbolic tangent) function to have a first guess of the scrape-off-layer density. The build
up of the density profile, which is in accordance to Fig. 3.8, starts quickly, then slows
down. In between 170 an 470s, the density profile is constant and starts tofall again at the
end of the burn phase. The form of the density profile begins from a low smooth L-mode
profile and evolves into the H-mode (see Fig. 2.3 d) ) profile with the steep edge pedestal
and almost constant flat core, at around 85s.

Figure 3.10: a) Evolution of the plasma magnetic axis position, given by its coordinates
Rma andzma, and b) optimal height of a horizontal aligned antennazant for ϑant = 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 coordinatesRma

andzma 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 height ofthe magnetic axis
still increases significantly.

Fig. 3.10 b) shows the optimal (horizontally alignedϑant = 0◦) antenna heightzant as
a function of time for the 60 GHz O-mode beam atRant = 8.6978 m. This essentially
simulates the required performance of a vertical array of fixed tilt antennas. There are two
main points: firstly, as the density is too low, there is no reflection beforet = 55 s and
secondly, the bend of the curve with the minimum att = 100 s, due to the shape change of
the edge flux surfaces up to 100 s and then the vertical movement of the plasma column.

As discussed in section 3.1, the antenna system can be placed at different positions. How-
ever, the middle of the port as initial position for examination is reasonable. Here, an
antenna with steerable tilt was placed atzant = 0.62 m andRant = 8.6978 m. The devel-
opment of the plasma was traced by varying the poloidal tilt angle from this fixed position
instead of moving the antenna up and down as it was done before. Fig. 3.11shows the
optimal poloidal tilt angle as a function of time for the O-mode frequencies 18, 60 and 80
GHz and the X-mode frequencies 120, 140 and 160 GHz. It is seen that for all frequencies,
except for the 18 GHz O-mode, the beams are not reflected at the beginning of the dis-
charge. As Fig. 3.9 shows, the density and consequently the plasma frequency is too low at
the beginning of the plasma discharge. As the cutoff condition for the O-mode isωp = ω,
for each frequency there is a minimum density for reflection. However, cutoff conditions
for X-mode polarization are as well dependent on the magnetic field. Consequently, al-
though the probe frequencies are higher than for O-mode, reflection starts earlier. Another
distinctive feature of Fig. 3.11 is the bend att = 70 s for all investigated frequencies. This
is probably a consequence of the fact that shape change andzant effects are in opposite di-
rections.ϑopt shows a different evolution tozant,opt since it can follow the cutoff inclination
more closely than with a pure horizontal antenna.

As a consistency check, it is important to compare the overall coupling efficiencyTa val-
ues using the new equilibria, with the original equilibrium in section 3.1. Generally, the
coupling valuesTa 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 drops noticeably.
This may be due to the flat density profile leading the beam to being reflected in the core of
the plasma, and thus a longer path length, greater beam spread and consequently reduced
Ta.

It should be noted that there were problems with the beam tracing code for the 160 GHz
X-mode, i.e. very long propagation path lengths resulting in the absence of points for the
160 GHz X-mode case fort < 170 s in Fig. 3.11.

Unfortunately, due to time constraints, it was not possible to fully assess the 3dB sensitivity
range of the optimal tilt during the plasma evolution. Nevertheless, the frequency (e.g.
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Figure 3.11: Optimal poloidal tilt angleϑant as a function of the time for the O-mode beam
frequencies 18, 60 and 80 GHz, as well as the X-mode beam frequencies 120, 140 and 160
GHz atRant = 8.6978 m andzant = 0.62 m

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

3.3 Summary and Conclusions

The simulation exercises conducted throughout this work had the aim of investigating two
main questions. The first one was to examine the ability of a steerable mirror or ame-
chanically tiltable antenna configuration to handle the plasma column vertical movement.
It was determined that the∆z = ±20 cm vertical plasma variation can be compensated by
∆ϑ = ±3◦, irrespective of the antenna placement in the port, the launch frequencyand the
polarization of the beam. Furthermore, it was shown that the half power (i.e.3 dB) sensi-
tivity is in the range of∆ϑ = 12◦ to 2◦ from the bottom to the top of the frequency bound
for the investigated low gain antennas. The second aim was to investigate howmuch a
steerable antenna needs to move to accommodate changes in the plasma equilibrium shape
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and position during the plasma formation ramp-up and burn phase. Two approaches were
considered here. It was examined how much a horizontally aligned antennaneeds to move
from z = 0.62 m and how much a fixed antenna atz = 0.62 m needs to be tilted in order
to track the evolution. In the first case, the plasma evolution is accommodated in between
∆zant = 7 cm and 12 cm (ramp-up) and∆zant = 13 cm and 7 cm (burn phase). In the
second case, the optimal antenna tilt is betweenϑant = 3.5◦ and 0.8◦, i.e. ∆ϑ = 2.7◦

(ramp-up) andϑant = 2.0◦ and 0.7◦, i.e. ∆ϑ = 1.3◦ (burn phase).

This leads to the conclusion that a steerable antenna system could easily compensate both
vertical displacements during the burn phase and equilibrium variations during the ramp-
up and burn phase of the plasma discharge. This study, as with previous studies, confirm
that a±20 cm vertical plasma column movement could be accommodated with a single
antenna system of sufficiently low gain (e.g. ’wide beam divergence’). However, there are
significant benefits to be gained by using a high gain (less divergent) antenna - for example
core plasma probing at higher frequencies and overall higherTa coupling values. Here,
a single steerable high gain antenna has many advantages over a vertical antenna array,
including a saving in cost, hardware and space, but at the expense of additional antenna
sophistication. For deeper core probing, using only a single antenna would generally not
be possible without tilting. Throughout this thesis, two possible steerable systems were
considered: one, based on mechanical tilting of the waveguide at a recess of 20 cm, and the
other, more realistically, via a mechanically controlled reflector element (e.g. mirror). Both
options are technically realizable and could achieve the desired tilt/scan range and accuracy
with sufficient time/dynamic control, consistent with the slow (e.g. 100 ms) time evolution
of the equilibrium.
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