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Abstract

In this thesis visible spectroscopy is developed and used for two applications.

Studies of motional Stark effect spectra for diagnosing the current distribution in the
fusion plasmas with two different spectroscopic diagnostic systems: ratiometry and inter-
ferometry. Both systems provide non-invasive method for diagnosis of the internal plasma
properties, e.g. magnetic field. Pitch angle of magnetic field lines are obtained from po-
larisation of Stark split Hα spectral lines emitted by energetic hydrogen atoms injected
into the plasma volume by neutral beam. Several methods of calibration of the systems on
TEXTOR and JET are discussed. The main result of this work is the first measurement
of the safety factor radial profile with new ratiometric MSE system on TEXTOR.

Studies of molecular fragmentation of free molecules CH4 and NH3 excited with syn-
chrotron radiation by detection of the fluorescence from the fragments. The results give
the decay path ways for the molecules when excited below the N and C ionisation edges.
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Streszczenie

W pracy tej spektroskopia z zakresu widzialnego wykorzystana jest przy konstruowa-
niu nowej diagnostyki oraz zastosowana w dwóch różnych rodzajach eksperymentów.

Badanie widma rozszczepionego pod wpływem efektu Starka pozwala na określenie
dystybucji gęstości prądu w wysokotemepraturowej plazmie wodorowej przy użyciu dwóch
różnych metod: interferometrii i metody ilorazowej. Obydwie diagnostyki wykorzystują
nieinwazyjną metodę do charakteryzowania własności plazmy (jak np. pola magnety-
cznego). Kierunek pola magnetycznego wyznaczany jest przy pomocy pomiaru spolary-
zowanych komponentów linii widmowej Hα emitowanych przez wysokoenrgetyczne atomy
wodoru wprowadzone do objetości plazmy przez neutralna wiązkę. Praca zawiera opis
kilku metod kalibracji przeprowadzonych na tokamakach TEXTOR i JET. Głównym
rezultatem zawartym w tej pracy jest jeden z pierwszych pomiarów profilu q przy użyciu
nowo zainstalowanej diagnostyki, opartej na metodzie ilorazowej, na tokamaku TEXTOR.

Badnie rozpadu wolnych cząsteczek NH3 i CH4, wzbudzonych przez promieniowanie
sychrotronowe, poprzez detekcję fluorescencji pochodzącej od poszczególnych fragmen-
tów cząsteczek. Wyniki zawierają reakcje rozpadu wyżej wymienionych cząsteczek, kiedy
wzbudzone są one poniżej potencjału jonizacji N i C.
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Chapter 1

Introduction

1.1 Energy sources and energy consumption

The energy demand rises because of the population growth, technological improve-
ments, economic growth and the long list of the transition and developing countries
[1, 2]. By now most of the energy is supplied by the fossil fuels like oil, natural gas
and coil, which sources are limited (see table 1.1). The renewable energy sources
like solar, wind, wood or waste have a very small contribution to the primary en-
ergy production ∼ 0.5% (2001) [3]. The nuclear fusion is "a day" before it will

Fuel Proved reserves (2005 ) Years of use
Coal 9 ·109 tons 155
Crude oil 1.2 ·109 barrels 40.6
Natural gas 1.79 ·1012 m3 65.1
Uranium 4.7 ·106 tons 85

Table 1.1: Proved recoverable reserves (2005) and the years of use at the current
rate of consumption of the fossil fuels. The coal, the crude oil and the natural gas
information after [4], the uranium resources after [5].

provide unlimited production of the power with low costs and without emission of
the long lasting radioactive waste. After 50 years of the experimental research it
approaches the moment where, by taking positive decision about the construction
of the first International Thermonuclear Experiment Reactor (ITER) [6], for the
first time produced energy will exceed the supplied energy.

1
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Figure 1.1: The toroidal Bφ magnetic field is induced by the current flowing in
external toroidal coils. The plasma current produces poloidal Bθ component of the
magnetic field. Combination of these two magnetic field components results in the
total magnetic field lines having helical structure.

1.2 Nuclear fusion

Nuclear fusion is a process, where the two light nucleus unite, which leads to a
release of a large amount of energy. This process is very common in the core of the
sun, where the temperature and the density is high enough to convert hydrogen
into helium.

The same concept is planned to be applied in a thermonuclear reactor, which,
hopefully, will serve as a future energy source. Among the reactions, which are
of interest for the fusion reaction, the reaction between two hydrogen isotopes,
deuterium D and tritium T , have the highest cross section (eq. 1.1) [7]. This
thermonuclear reaction leads to the production of an α particle and a neutron (n)
released at the same time with an energy of 17.6 MeV:

D + T → He4(3.56MeV ) + n(14.03MeV ) (1.1)

To sustain fusion reactions on an adequate rate for the thermonuclear reactor the
Lawson criteria has to be reached:

nTτe > 3 · 1021m−3keV s (1.2)

where high temperature T and density n has to be maintained during sufficiently
long confinement time τe [7].

1.3 Magnetic confinement concept

In order to fulfill ignition criterion (eq. 1.2) the temperature of order of T = 10 keV
and the density of order of n = 1020 m−3 has to be maintained during τe = 3 s [7].
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Hundred million degrees temperature does not allow to hold the plasma in any
chamber. To overcome this problem the plasma is confined in tokamaks, inside the
torus shaped vacuum chamber with circular or elongated shape, by applying the
magnetic field. The main component of the magnetic field - the toroidal magnetic
field Bφ - is produced by the current flowing in the external coils. The poloidal
magnetic field component Bθ is resulting from the plasma current and usually it is
10% of the toroidal component of the magnetic field Bφ. The resultant magnetic
field has a helical structure and prevents plasma from escaping of the vacuum vessel
(see Fig. 1.1).





Chapter 2

Spectroscopy

Electromagnetic waves are classified according to the frequency of the light: radio
waves, microwaves, infrared radiation, visible light, ultraviolet radiation, X-rays
and gamma rays (in order of increasing frequency electromagnetic waves).

2.1 Atoms and molecules

Everything around us is built of atoms and molecules. The atom is a smallest possi-
ble particle of the chemical element which preserves its chemical properties. It has
discrete energy levels: hνij = Ei −Ej (see Fig. 2.1a). Transitions between the dis-
crete energy levels lead to the emission of light which is detected for spectroscopical
applications.

A molecule is a combination of atoms. The molecule has three different kinds of
discrete energy levels: electronic, vibrational and rotational (see Fig. 2.1b), which
are revealed in the molecular spectra [8].

2.2 Spectroscopy

Spectroscopy provides information about the internal structure of atoms, ions or
molecules. The unique structure of each atom, ion or molecule assures unique
emission being "finger print" of the examined species. That is why spectroscopy is
widely used in different branches of research. In astrophysics measured emission
lines inform on the composition of the planets, stars or other kind of sky objects.
In fusion research, where the purity of the plasma plays a very important role, pres-
ence and transport of impurities can be studied with spectroscopy. In molecular
physics studies of the interaction of the synchrotron radiation with bound electrons
provides information on molecular structure and it allows to follow different path-

5
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a) b)

Figure 2.1: a) Atom energy levels of hydrogen with indicated Lyman, Balmer and
Paschen series. b) An electronic molecular state with indicated vibrational and
rotational levels.

ways of the fragmentation of the molecule.

Spectroscopy is a powerful tool since besides defining particular species it also
reveals information about the environment of the emitting atom or molecule, e.g.
plasma temperature or density is often deduced from the measured line width and
intensity of spectral lines, respectively. In this work, shapes of spectral lines and
their polarisation is used to determine properties of the magnetic field in a tokamak
plasma (see section 3.4 and Fig. 2.2).

2.3 Spectroscopic equipment

The success of the experiment depends on choice of the spectroscopic equipment
characterized by optimal sensitivity, resolution, signal to noise ratio and providing
measurements in the relevant range.

A spectrometer allows to resolve wavelength dependent emission of the light. It
uses e.g. prism, grating or crystal as a dispersive element. Depending on the type
of spectrometer different kinds of optical elements guides (mirrors), focus (curved
mirrors, lenses) and disperses (straight and curved gratings or prisms) the light.
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Figure 2.2: The Stark split beam emission (originating from the emission of the three
different energy components - HE

b ,H
E/2
b ,H

E/3
b ) and hydrogen, deuterium and CII

emission from the plasma edge, from [9].

Usually, the output slit of a spectrometer leads the light to various detectors like
CCD camera, photodiode or photomultiplier.

The resolution of the spectrometer defines the capability of resolving neighbor-
ing lines by the spectrometer. It is the smallest measurable wavelength difference
between the maxima of two neighboring lines at given wavelength λ. It is depen-
dent on the quantities characterizing the spectrometer like the groove density and
order of diffraction, the slit size and the focal length, on quantities characterizing
the detector like the pixel size, the wavelength range necessary to cover during ex-
periment depending on the grating angle and on the system alignment. Extended
description of different kind of spectrometers, interferometers and detectors can be
found in ref. [10].

2.4 Shape of spectral lines

An excited state of an atom/molecule undergoes transition to the lower quantum
state after a finite time (τ) (spontaneous emission). So the energy level - according
to the uncertainty principle ∆E ≈ h̄/2τ defines the natural energy level width and
thus the natural width of the measured line will be ∆ν = ∆E/h ≈ 1/(4πτ). The
intensity distribution of the spontaneous emission has a Lorentzian shape and there
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is no associated shift.

The spectral emission of a moving source is subject to Doppler shift (see eq. 2.1)
and broadening. The emission can be shifted to the longer wavelength (moving away
from observer) or to the shorter wavelength (moving towards the observer) relative
to observer [11]:

λD = λ0

(
1± v

c

)
(2.1)

where ± indicates changes of the wavelength depending on the direction of the
propagation, λD is the shifted wavelength, λ0 is the original wavelength, v is the
non-relativistic velocity and c is the speed of the light. The width of the line de-
pends on the velocity distribution, which can be described by a Maxwellian function.

A spectral line emitted from a dense environment can be broadened due to a
collisional (pressure) or a Stark broadening.

* In the collisional broadening it is assumed that the collision time is much
smaller than the lifetime of an energy level τc << τ . The line width is
dependent on the density and temperature of the examined gas and it has a
Lorentzian line shape, the emitted line can be shifted.

* The Stark broadening effect is due to the interaction of the neighboring atoms,
which causes shift of the energy levels, thus changing the frequency of the
emitted radiation. The time of the interaction is assumed to be longer than
the lifetime of the emission processes. The broadening depends on the density
of the particles, the emission can be shifted from the original frequency.

An extend description of the collisional processes can be found in [11, 12]. Brief
discussion of the Stark effect is given in section 3.1.



Chapter 3

Impact of the electric field on
emission of light

As was already explained the emission of light by an excited atom or ion is discrete.
When emission takes place from atoms influenced by external magnetic or electric
fields the energy levels of the atom/ion become non-degenerate and instead of one
line several lines are observed (depending on the structure of the atom/ion).

3.1 Stark effect

The Stark effect rises as a consequence of the interaction of the atomic electric
dipole moment with the external electric field. There are two types of the Stark
effect:

• Linear Stark effect, where an atom has its own electric dipole moment. In-
teraction of the electric dipole moment with the external electric field results
in a splitting and a symmetric shift of the energy levels. The separation of
the levels is proportional to the applied electric field. The linear Stark effect
describes emission of hydrogen and hydrogen like atoms in an external electric
field (see Fig. 3.1 and Fig. 3.2).

• Quadratic Stark effect takes place for atoms without internal electric dipole
moment, where the polarisation of an atom is caused by the external electric
field. Split energy levels are shifted towards lower energies compared to the
non-degenerate level. The energy shift between them is proportional to the
square of the applied electric field.

The splitting of the spectral lines ∆λs depends also on the principal quantum
number n [12]. For an electron occupying higher energy levels (characterised by a
higher value of n) the impact of the external electric field on the electron is higher
than its Coulomb interaction with the atomic core.

9
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LIGHT

Figure 3.1: Splitting of the the Hα emission in the electric field.

The character of the emitted light depends on the direction of the observation.
While observing the emission perpendicular to the electric field ~E two components
of the polarized light are observed (see Fig. 3.2):

* π emission, which is linearly polarised parallel to the direction of the electric
field ~E,

* σ emission, which is also linearly polarised, but perpendicular to the direction
of the electric field ~E.

During observation parallel to the electric field E direction:

* π component of the emitted light is not visible at all,

* σ component after adding up the two circular components with opposite di-
rections become non-polarised.

In this work the linear Stark effect of the hydrogen Balmer-α spectral line is
used for determination of the magnetic field structure in tokamak plasmas.

3.2 Motional Stark Effect (MSE)

The core of the plasma consists of the electrons and fully stripped ions, which are
not able to emit radiation. The injection of neutral (hydrogen/deuterium) atoms
gives opportunity to diagnose internal parameters of the plasma from observation
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Figure 3.2: Splitting of the the Hα emission in the electric field - a simulated
spectrum based on the level scheme of Fig. 3.1.

of the beam emission.

The neutral atoms, injected into the vacuum vessel with high speed (depending
on the machine: TEXTOR - vb ∼ 3 · 106 m/s) cross the magnetic field (TEXTOR -
B ≥ 2.25 T) and sense an electric field, which is a combination of the Lorentz
electric field EL and the radial electric field ER:

~E = ~EL + ~ER = ~vb × ~B + ~ER (3.1)

Usually, the radial electric field ER is smaller than the Lorentz electric field EL.
It becomes important for the interpretation of the MSE measurements when high
pressure gradients appear in the plasma [13, 14, 15, 16, 17, 18]. Since the data
described in this thesis was acquired in plasma conditions, where the radial electric
field was not substantial, the impact of the radial electric field will be neglected in
further discussion. Under influence of a high Lorentz electric field (∼ 6.75 MV/m)
energy levels of the hydrogen/deuterium split according to the linear Stark effect
(see Fig. 3.1, Fig. 3.2 and Fig. 3.3). The emission of the hydrogen is also subject
to the Zeeman splitting. The magnitude of the relation between Zeeman and Stark
energy splitting depends on the magnitude of the magnetic field, of the electric field
and of the velocity of the injected neutrals. According to the simulations [19] for
EL being higher or of order of 4.5 MV/m Zeeman splitting is negligible as compared
to the Stark splitting. The data presented in this thesis were acquired in plasma



12
CHAPTER 3. IMPACT OF THE ELECTRIC FIELD ON EMISSION OF

LIGHT

6580 6590 6600 6610 6620 6630 6640
0

100

200

300

400

500

600

700
spectrum at R=1.8105 m (shot 93782)

wavelength (A)

in
te

ns
ity

 (c
ou

nt
s)

6580 6590 6600 6610 6620 6630 6640
0

500

1000

1500

2000

2500

3000
spectrum at R=2.0156 m (shot 93782)

wavelength (A)

in
te

ns
ity

 (c
ou

nt
s)

Figure 3.3: Three components of the Hα emission originating from the neutral beam
components (TEXTOR). Two spectra measured in different radial positions [20].

conditions where the Lorentz electric field (EL) exceeded this value (∼6.75 MV/m),
so the Stark splitting was assumed to be dominant effect.

3.3 MSE spectrum

The MSE diagnostic detects light of excited neutral beam emission. Precisely,
Balmer-α of hydrogen - Hα or deuterium - Dα (n′ = 3 → n = 2, λH0 = 656.28 nm,
λD0 = 656.11 nm) is measured since it is one of the strongest hydrogen lines and the
Stark splitting of hydrogen and hydrogen isotopes depends linearly on the electric
field [11].

The MSE spectrum from the TEXTOR plasma (see Fig. 2.2 and Fig. 3.3)
consists of three groups of Stark split lines originating from the emission of the
three different energy components (HE

b ,H
E/2
b and H

E/3
b ) of the neutral beam. Each

energy component emission is split into 15 lines [11] (see Fig. 3.1 and Fig. 3.2) from
which 9 has high enough intensity to be observable during experiments (three σ
components in the center and three π components on a left and right side of the σ
emission). In total 27 spectral lines are detected. The split lines are separated by
the Stark shift ∆λS [21]:

∆λS =
3a0eλ

2
0

2hc
· ~E =

3a0eλ
2
0vb

2hc

√
B2

φsin2α + B2
θ (3.2)

where a0 is the Bohr radius, e is the electron charge, λ0 is the wavelength of the
unshifted Hα or Dα line, h is the Planck constant, c is the speed of light, Bφ is
the toroidal magnetic field component, Bθ is the poloidal magnetic field component
and α is the angle between the neutral beam injection direction and the toroidal
magnetic field Bφ direction.
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Figure 3.4: Geometry of the MSE system on TEXTOR. The emission is observed
from behind of the co-directed neutral beam injection (NBI). The line of sight (L.os.)
is tangential to the magnetic field surfaces. κ is the angle between line of sight and
the direction of the NBI and has impact on the Doppler shift of the emission. α is
the angle between the magnetic field B and the NBI and has an impact on the Stark
splitting of the beam emission.

Measured spectra are Doppler shifted due to a significant component of velocity
in the direction of observation (see Fig. 2.2). The Doppler shift ∆λD depends on
the speed of the injected atoms vb and the angle κ (see Fig. 3.4) between the line
of sight and the neutral beam injection:

∆λD = λ0
vb

c
cosκ (3.3)

The measured spectra contain information about the intensity of the emitted
light, and since all three beam emission components are measured at the same
time, it contains also spectroscopic information. The Doppler shift ∆λD and the
Stark splitting ∆λS of the emitted light allow to determine the position of the
measurement (see section 5.1). The simultaneous measurement of the three beam
components, in principle, allows to determine the radial electric field ER and in-
creases the accuracy of the measurement.

The emitted light is anisotropic, i.e. the angular distribution of the π and σ
polarised light is dependent on the angle θ between the line of sight and the electric
field ~E. The intensity distribution of the π polarised light is therefore given by [11]:
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Iπ = Iπ0sin
2θ (3.4)

The intensity distribution of the σ polarized light:

Iσ = Iσ0(1 + cos2θ) (3.5)

At the TEXTOR tokamak the MSE diagnostic is placed in the equatorial plane,
which means, that the line of sight is parallel to the electric field ~E and only two lin-
early polarised components of the light are observed - π and σ. The angle between
the line of sight and the neutral beam injection (which is also in the equatorial
plane) is large to assure separation of the linearly polarised components of the
emitted Hα light [20, 22] (see Fig. 2.2 and Fig. 3.3).

The line of sight of the MSE diagnostic at the JET is tilted a few degrees from
the equatorial plane. The system measures the beam emission from the tangential
Octant 4 injector. In order to avoid the overlap of π and σ components, the po-
larisation of the light is measured from the π+ line, which is shifted to the highest
wavelength by the Doppler shift [23, 24, 25].

3.4 Principle of ratiometry and polarimetry

Ratiometry
Ratiometry is based on a measurement of the polarisation angle from the ratio of the
total intensities of π and σ polarised light components, what makes it independent
on changes in the polarisation due to components in the optical path of the emitted
light. The angular distribution of light (see eqs. 3.4 and 3.5) allows to describe this
ratio by [21]:

Iπ

Iσ
=

sin2θ

(1 + cos2θ)
(3.6)

if the energy levels are statistically populated (Iπ0/Iσ0 = 1). The maximum sensi-
tivity of the measurement will correspond to the angle θ being close to 45◦.

Unfortunately the only available port for the MSE diagnostic on TEXTOR was
lying in the equatorial plane and therefore the measurement of the total intensity
ratio would have very poor sensitivity to changes of the θ angle. Thus, it was
necessary to implement a polarising element into the optical path of the light. The
polariser under 45◦ increased drastically the sensitivity of the measurement (see
Fig. 3.5) and the total intensity ratio obtained a form:

Iπ

Iσ
=

sin2θ

1 + cos2θ
· 1
tan2(αp − |γp|)

(3.7)
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a) b)

Figure 3.5: a) Sensitivity for the measurement without polariser calculated on basis
of eq. 3.6. b) Sensitivity of the measurement with polarised under 45◦ in the optical
path calculated from eq. 3.7.

where αp is the polariser angle and γp polarisation angle - the angle between the
electric field ~E and the z axis (see Fig. 3.6).

The polarisation angle γp can be deduced from eq. 3.7 by spectroscopic mea-
surements of the intensity of π and σ polarised light and setting the polariser angle
to 45◦. This polarisation angle γp is directly related to the magnetic field pitch

a) b)

Figure 3.6: a)Projection of the electric field vector ~E on the polariser direction. b)
The total magnetic field B consists of two components Bθ and Bφ. γ is defined
as the angle between the total magnetic field B and the toroidal component of the
magnetic field Bφ.



16
CHAPTER 3. IMPACT OF THE ELECTRIC FIELD ON EMISSION OF

LIGHT

angle γ by the equation [26]:

tanγp = tanγ
cosκ

sinα
(3.8)

where γ is the angle between B and Bφ, κ is the angle between the NBI and
the line of sight and α is the angle between Bφ and NBI (see Fig. 3.4 and Fig.
3.6). The tangent of the magnetic pitch angle γ equals the ratio of the poloidal
component of the magnetic field Bθ to the toroidal component of the magnetic field
Bφ: tanγ = Bθ/Bφ. Combining this knowledge with the knowledge of the radial
position of the measurement the local magnetic field can be established (see eq.
4.1).

Polarimetry
In polarimetry the complete polarisation of the emitted light is measured by using
two photoelastic modulators (PEM) with an angle of 45◦ between their axes and
the analyzing polariser with an angle of 22.5◦ to the axises of each of the PEMs.
The analysis of measured partially polarised light is done with Stokes vector S [27]:

S =


I
M
C
R

 =


I

I0cos(2γm)
I0sin(2γm)

R

 (3.9)

where I is the total intensity (at JET consisting of the linearly polarised I0 and
unpolarised Ib fraction of the emitted light), M and C are related to the degree
and orientation of the intensity of linearly polarised light and polarisation angle γm,
R describes circular polarisation (the circular polarisation component of intensity
does not exist at JET).

The Stokes vector of the output light is the product of the Stokes vector S
encoding input light and the Müller matrixes of all the optical components, which
acquired light passes before reaching the detector (at JET: mirror, two PEMs and
the polariser). If the drive amplitude mechanism of the PEMs is the same for both
of them the polarisation angle γm can be approximated by [28]:

γm ' 1
2
arctan

(
V2ω2

V2ω1

)
(3.10)

where V2ω1 and V2ω2 are the amplitudes of the signal at the double drive frequency
of PEMs (2ω1 and 2ω2).

The polarisation measurement can be a subject to the changes of the polarised
light by the polluted or destroyed surface of the guiding mirrors, what was discussed
in [29, 30].



Chapter 4

Plasma diagnostics

The structure of the magnetic field lines is described by the safety factor - q, which
is defined as a ratio of the number of toroidal turns m to the number of poloidal
turns n of the magnetic field lines q = m/n. It plays a very important role in
determining stability and transport in the tokamak plasmas.

For tokamaks with circular cross-section and large aspect ratio (R/a) the safety
factor is approximated by the equation relating magnetic field components (Bφ and
Bθ) with the minor radius of the magnetic flux surface r and tokamak major radius
R0:

q ' rBφ

R0Bθ
(4.1)

Because of its role in the plasma stability, the safety factor q is one of the most
important quantities being diagnosed on tokamak machines. MSE diagnostics,
providing safety factor measurement, are widely used in present-day machines [13,
18, 22, 24, 26, 28, 31, 32, 33, 34, 35, 36, 37, 38]. The diagnostic and the principle
of its operation are described in detail in chapters 3 and 4.

The local measurement of the magnetic field structure by means of the polari-
sation angle γp measurement is done with polarimetry or ratiometry (see sections
3.4, 4.1 and 4.2).

A great number of the tokamaks are equipped with the MSE diagnostic based
on polarimetry [13, 24, 28, 31, 32, 35, 36, 37], where the most important element
of the diagnostic is the polarimeter built on two dual photo-elastic modulators [39]
and analyzing polaroid, which allows to explore the spectral polarisation informa-
tion characterizing the light.

Following the pilot experiment [9], the first extended to 60 channels ratiom-
etry based MSE diagnostic was built on the TEXTOR tokamak [22], where the

17
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a) b)

Figure 4.1: a) The fibre bundle consists of 3 horizontal raws with 20 fibers each
b) The schematic optical elements of the MSE diagnostic on TEXTOR: prism,
polariser, lenses and the fiber bundle.

measurement of the Hα light was done with Littrow spectrometers dispersing the
wavelength of the emitted light.

4.1 Ratiometry; grating spectrometer

The MSE diagnostic at TEXTOR [20, 22] is located in the equatorial plain in the
direction of the co-directed neutral beam injector (see Fig. 3.4 and Fig. 4.1). This
increases radial resolution of the measurement since the line of sight is tangential to
the magnetic flux surfaces. The light emitted by the (hydrogen/deuterium) excited
neutrals approaches directly the SFL6 prism surface (there is no window at the front
of the prism). The material of the prism is characterized by Verdet constant [40]
near zero, what ensures no change in polarisation of the light passing through the
prism. The prism directs the light to the polariser (from company Polarcor). The
polariser angle is set to 45◦ to increase sensitivity of the polarisation measurement
(see Fig. 3.5). After passing the polariser the Hα emission goes through the set of
lenses, which focus the light on a fiber bundle built of 3 horizontal raws with 20 fibers
each (quartz/polyimide, core/cladding diameter of 600/660 µm) covering the center
of the plasma volume and the outer-half of the TEXTOR plasma (1.7 − 2.11 m)
with a spatial resolution of about 0.03 m and 0.015 − 0.02 m channel-to-channel
separation. All the optical components of the MSE diagnostic at TEXTOR are
enclosed inside the vacuum tube, what allows correction of the polariser settings on
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Figure 4.2: The Littrow spectrometer consists of a small mirror, lens and movable
grating.

a shot-to-shot basis (see Fig. 4.1). 35 m long fibers send the signals to 3 Littrow
spectrometers with gratings of size 0.2× 0.2 m and with 1200 lines/mm.

Before reaching the grating the light approaches a small mirror, which directs
the light. A large lens with the diameter of 0.2 m and focal length of 0.75 m
produces a parallel beam on the grating (see Fig. 4.2).

The dispersed light is recorded with a charge coupled device (CCD) from Wright
with 1152×298 pixels. Each pixel has a size of 22.5×22.5 µm. Temporal resolution
of the camera is 50 ms.

4.2 Polarimetry; photo-elastic modulator (PEM)

At the JET MSE diagnostic [23, 24, 25], the plasma light, reflected by a mirror,
is focused by a set of lenses and goes through a polarimeter, which consists of two
photo elastic modulators [39] and an analyzing polaroid.

The PEM consists of the optical head, electric head and controller. The light
passes through the transparent part of the optical head material. The material of
the optical head (usually fused silica) is isotropic, when no mechanical stress is ap-
plied. But the same material under mechanical stress shows birefringent properties
and this means that parallel and perpendicular components of the passing light trav-
els through the optical material with different speed. In case of fused silica, when
compressed, the light moves faster along the horizontal axis and when stretched
moves slower. The piezoelectric transducer directly attached to the transparent
part of the optical head is tuned to the frequency of the fused silica and driven
by an electric circuit of the electric head, which controls the amplitude of vibra-
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a)
QTYUIOPmse_ts_07

Photoelastic Modulator Technique Accurately
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Figure 4.3: Polarimeter consists of two PEM’s under modulation axis of 45◦ to
each other and analyzing linear polariser at 22.5◦ to the two modulator axis [17].
b) Two PEM’s enclosed in plastic holder [39].

tions. The controller produces a reference signal and, using the feedback from the
electronic head signal, controls the amplitude of the fused silica oscillations and
maintains a stable peak retardation.

Using two PEMs, with their modulation axis at 45◦ to each other, with slightly
different frequency of the vibrations (2-5 kHz) and linear polariser under 22.5◦ to the
two modulator axis it is possible to measure the complete polarisation of the passing

JOINT EUROPEAN TORUS

Motional Stark Effect
Measurements of q-Profiles
in JET Optimised Shear
Plasmas
B. C. Stratton1, N. C. Hawkes2, C. D. Challis, E. Joffrin3, B. Rice4, 
R. DeAngelis5, W. Zwingmann3

JET Joint Undertaking, Abingdon, Oxon., OX14 3EA, U K
1Princeton Plasma Physics Laboratory, PO Box 451, Princeton, NJ, 08543, USA
2Euratom/UKAEA Fusion Association, Culham Science Centre, Abingdon, Oxon., OX14 3DB, UK
3Association Euratom-CEA, CEA-Cadarache, F-13108, St. Paul lez Durance, France
4Lawrence Livermore National Laboratory, PO Box 808, Livermore, CA 94550, USA
5Association Euratom-ENEA sulla Fusione, CRE Frascati, 00044, Frascati, Roma, Italy

INTRODUCTION

Measurements of the profile of the safety factor, q, play an important role in understanding the
physics of high-performance tokamak operating regimes, such as JET’s Optimised Shear
regime. The Motional Stark Effect (MSE) provides a way of measuring the magnetic field pitch
angle in the plasma interior, and these measurements are used to constrain an EFIT magnetic
equilibrium reconstruction of the plasma, which yields the q-profile. An MSE diagnostic has been
implemented on JET and is now in routine use. In this poster, the diagnostic instrumentation and
calibration techniques are briefly described, followed by measurements of the q-profile in JET
Optimised Shear plasmas.

JET MSE DIAGNOSTIC

D emission from neutral beam atoms is split into Stark components by the electric field seen by
the atoms due to their motion through the magnetic field of the tokamak. The  and  lines of the
Stark spectrum are polarized perpendicular and parallel, respectively, to the local electric field,
which is perpendicular to the magnetic field. In MSE polarimetry, the magnetic field pitch angle
is deduced from measurement of the polarization angle of a spectrally-resolved region of the
Stark spectrum which has a high polarization fraction. 

Fig.1: Fig.2:

MSE polarimetry on JET is complicated by the geometry of the neutral beam trajectories. JET
has two neutral beam boxes, located at Octants 4 and 8. Each beam box consists of eight
injectors arranged in two banks of four injectors each, normal and tangential. To avoid overlap of
the  and  lines, the MSE diagnostic views the + emission from the Octant 4 tangential beams,
which operated in deuterium at an energy of 80 keV for the measurements described here. This
emission is largely discriminated from the emission from the normal beams due to its larger
Doppler shift.

Fig.3:

Light emitted by the Octant 4 neutral beams is collected by optics which transport the plasma
image outside the vacuum vessel and through a pair of photoelastic modulators (PEMs) and a
linear polarizer. The light is fiber-optically coupled to interference filter spectrometers, which
incorporate a remotely-controlled filter tilting mechanism. This allows the center wavelength of
the filter bandpass to be tuned over a range sufficient for observation of the  and  lines of the
Stark spectrum emitted by the full- and half-energy components of the beams. The detectors are
low-noise avalanche photodiode modules. The data are digitized at 250 kHz. Digital signal
processing techniques are used to extract the Fourier components of the signal at the PEM first-
and second-harmonic frequencies as well as the DC component of the signal. These extracted
signals are integrated over times in the 10-50 ms range to improve the signal-to-noise ratio of
the measurements. The system has 25 spatial channels covering the outer half of a JET plasma
with spatial resolution of 0.03-0.07 m per channel with ~0.05 m channel-to-channel separation.

Fig.4:

A survey spectrometer connected to four of the sightlines is used to monitor the beam emission
spectrum as an aid to tuning the filters. The spectrum shows that the + emission from the 
full-energy (E0) component of the beams is resolved from the  emission from the E0 beam
component and emission from the E0/2 and E0/3 beam components.

CALIBRATION

The calibration has two aspects: 1) determining the system response to input light of known
linear polarization; and 2) measuring the relative contributions of the emission from the different
beams in the field of view to the measured pitch angle:

1. The system response to changes in the polarization angle of the input light was measured by
a laboratory calibration in which the diagnostic viewed light polarized by a rotating linear
polarizer. These measurements alone did not allow the zero pitch angle response to be
accurately measured. The zero angle response was deduced from data obtained with beam
injection into the torus filled with gas only. To quantify the effects of Faraday rotation on the
input optics, the toroidal field was applied in both the normal operational direction and the
opposite direction.

2. For a given sightline, the beam-sightline intersection angle is different for the various beams
in the field of view. The sightlines are aimed at the beam from PINI 1, but the signal from the
PINI 7 beam is approximately equal. The signals from the other PINIs are smaller but are not
negligible in all cases. The relative contributions of all eight Octant 4 beams to the total signal
were measured by injecting short pulses from each beam into a steady-state sawtoothing
discharge. These data were used to derive weights which relate the measured pitch angle to
the magnetic field pitch angle in a model which has been incorporated into EFIT.

q-PROFILE IN SAWTOOTHING DISCHARGE

Fig.5:

Measurements in a sawtoothing discharge provide a test of the calibration. Shown are the
measured and EFIT calculations of the pitch angle and the deduced q-profile for injection of PINI
1 only into a sawtoothing discharge. Note the good fit to the measured pitch angle. In this case
and those shown below, EFIT was run with the external magnetics measurements and MSE pitch
angle as constraints. The polynomial representation of the ff’ and p’ functions in the Grad-
Shafranov equation was used, with four degrees of freedom for ff’ and three degrees of freedom
for p’. No smoothing or edge constraints were applied to ff’ and p’.

q-PROFILES IN OPTIMISED SHEAR TARGET PLASMAS
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Figure 4.4: The MSE system on JET [41].
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light by obtaining all four Stoke’s vectors at the same time (see eq. 3.9 and Fig. 4.3).
The light passes the PEMs and a sheet polariser, where the amplitudes of the signal
at the double drive frequency of PEMs allow to deduce the polarisation angle γp

(see section 3.4) [28]. A narrow bandpass filter in front of the avalanche photodiode
provides the measurement of the selected components of the Stark spectra.





Chapter 5

Calibration of the MSE systems

The polarimetric and ratiometric MSE measurements provide information about
the polarization of the local Hα(Dα) emission, hence the direction of the magnetic
field. Since both, poloidal (Bθ) and toroidal (Bφ) components of the magnetic field
depend on the plasma/tokamak radius, it is necessary to perform spatial calibration
of the diagnostics in order to obtain radial profiles of measured data. The quality
of the performance of the polarimetric MSE system depends strongly on the ac-
curacy of the measured polarization angle. Since all the optics and the alignment
of the analyzing polarizer may affect the polarization of the passing light it is of
importance to calibrate the polarization angle measured by the diagnostic [41].

5.1 TEXTOR - radial calibration

As has been already mentioned in section 4.1 the MSE system at TEXTOR consists
of a 3 rows of 20 fibers each covering the plasma volume from the center to the
edge (1.7 − 2.11 m, where the major radius at the axis R0 is 1.75 m). In case of
the ratiometry, where the three beam components originating from the beam are
measured, the radial location of the observation volume can be established in three
different ways:

* from the direct measurement in the vacuum vessel,

* from the Doppler shift

* from the Stark splitting when poloidal magnetic field is not applied.

Calibration in situ
In the first method location of the observation volume is determined by inserting
a plexiglas plate inside the vacuum vessel. A halogen lamp is illuminating fibers
surface from the detector side. With the knowledge of the position of bright spots

23
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on the plexiglas plate the exact position of the plexiglas plate as well as the geom-
etry of the tokamak, the radial position of the light spots in vacuum vessel can be
defined. An advantage of this method is that it is very straightforward, although it
has to be performed during the opening of the vacuum vessel when the experimen-
tal campaign does not take place. Mechanical stress during the operations caused
by the high temperature and magnetic forces can lead to displacement of the fiber
holder. However, it was proven (see Fig. 5.1) that direct measurement performed
inside the vacuum vessel and the Doppler shift method provided very similar results
for the radial position of the MSE measurement.

Calibration from the Doppler shift

The second method is based on the measurement of the Doppler shift of the Hα

light. Measuring the Doppler shift establishes the angle κ between the neutral beam
injection direction and the line of sight (see Fig. 3.4).

κ = arccos

(
c∆λD
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)
(5.1)
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Figure 5.1: The radial position of the measurement established with two different
methods - direct measurement inside a vacuum vessel and the Doppler shift.
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With the knowledge of the location of the MSE diagnostic port and the direction
of the neutral beam injection it is possible to find the radial position of the mea-
surement. The information about the Doppler shift is included with each spectra
measured during normal experiments, enabling calibration on a shot-to-shot basis.

Calibration from the Stark splitting
The third method based on the Stark effect is a bit troublesome since it demands
operations without poloidal component Bθ of the magnetic field. The Stark shift
introduced already by equation 3.2 gets another form (Bθ = 0):

∆λS =
3a0eλ

2
0

2hc
vbBθsinα (5.2)

Knowing that the toroidal magnetic field Bφ is inversely proportional to the toka-
mak radius R [7]:

Bφ = Bφ0

R0

R
(5.3)

where Bφ0 is the toroidal magnetic field at the major radius R0. One can write:

Bφ

Bφ0

sinα =
∆λS

vbBφ0C
=

R0

R
sinα =

R0

R
sin

{
arccos

(
Rc

R

)}
(5.4)

where C = 3a0eλ
2
0/(2hc) and Rc is the minimal distance from the centre of the

tokamak to the neutral beam (at TEXTOR Rc = 1.66 m). According to equation
5.4, with knowledge of the Stark shift ∆λS , the radial position R is automatically
known.

A further comparison between Stark and Doppler shift methods can be found
in [42].

5.2 JET - radial calibration

The MSE diagnostic on JET consists of 25 fiber bundles (each including 6 fibers
aligned vertically) covering the plasma cross section at the edge and passing the
centre (2.68− 3.88 m, where R0 = 2.96 m, see Fig. 5.2).

The radial calibration was based on the observation of the laser light passing
through fibers from the detector side into the vacuum vessel (see Fig. 5.3). To
achieve high intensity of the light – the laser beam has been focused on the fibers
surface (using a lens or the same lens with a prism, depending on access to the
fiber). Performed measurements define the radial position of the measurement.
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INTRODUCTION

Measurements of the profile of the safety factor, q, play an important role in understanding the
physics of high-performance tokamak operating regimes, such as JET’s Optimised Shear
regime. The Motional Stark Effect (MSE) provides a way of measuring the magnetic field pitch
angle in the plasma interior, and these measurements are used to constrain an EFIT magnetic
equilibrium reconstruction of the plasma, which yields the q-profile. An MSE diagnostic has been
implemented on JET and is now in routine use. In this poster, the diagnostic instrumentation and
calibration techniques are briefly described, followed by measurements of the q-profile in JET
Optimised Shear plasmas.

JET MSE DIAGNOSTIC

D emission from neutral beam atoms is split into Stark components by the electric field seen by
the atoms due to their motion through the magnetic field of the tokamak. The  and  lines of the
Stark spectrum are polarized perpendicular and parallel, respectively, to the local electric field,
which is perpendicular to the magnetic field. In MSE polarimetry, the magnetic field pitch angle
is deduced from measurement of the polarization angle of a spectrally-resolved region of the
Stark spectrum which has a high polarization fraction. 

Fig.1: Fig.2:

MSE polarimetry on JET is complicated by the geometry of the neutral beam trajectories. JET
has two neutral beam boxes, located at Octants 4 and 8. Each beam box consists of eight
injectors arranged in two banks of four injectors each, normal and tangential. To avoid overlap of
the  and  lines, the MSE diagnostic views the + emission from the Octant 4 tangential beams,
which operated in deuterium at an energy of 80 keV for the measurements described here. This
emission is largely discriminated from the emission from the normal beams due to its larger
Doppler shift.

Fig.3:

Light emitted by the Octant 4 neutral beams is collected by optics which transport the plasma
image outside the vacuum vessel and through a pair of photoelastic modulators (PEMs) and a
linear polarizer. The light is fiber-optically coupled to interference filter spectrometers, which
incorporate a remotely-controlled filter tilting mechanism. This allows the center wavelength of
the filter bandpass to be tuned over a range sufficient for observation of the  and  lines of the
Stark spectrum emitted by the full- and half-energy components of the beams. The detectors are
low-noise avalanche photodiode modules. The data are digitized at 250 kHz. Digital signal
processing techniques are used to extract the Fourier components of the signal at the PEM first-
and second-harmonic frequencies as well as the DC component of the signal. These extracted
signals are integrated over times in the 10-50 ms range to improve the signal-to-noise ratio of
the measurements. The system has 25 spatial channels covering the outer half of a JET plasma
with spatial resolution of 0.03-0.07 m per channel with ~0.05 m channel-to-channel separation.

Fig.4:

A survey spectrometer connected to four of the sightlines is used to monitor the beam emission
spectrum as an aid to tuning the filters. The spectrum shows that the + emission from the 
full-energy (E0) component of the beams is resolved from the  emission from the E0 beam
component and emission from the E0/2 and E0/3 beam components.

CALIBRATION

The calibration has two aspects: 1) determining the system response to input light of known
linear polarization; and 2) measuring the relative contributions of the emission from the different
beams in the field of view to the measured pitch angle:

1. The system response to changes in the polarization angle of the input light was measured by
a laboratory calibration in which the diagnostic viewed light polarized by a rotating linear
polarizer. These measurements alone did not allow the zero pitch angle response to be
accurately measured. The zero angle response was deduced from data obtained with beam
injection into the torus filled with gas only. To quantify the effects of Faraday rotation on the
input optics, the toroidal field was applied in both the normal operational direction and the
opposite direction.

2. For a given sightline, the beam-sightline intersection angle is different for the various beams
in the field of view. The sightlines are aimed at the beam from PINI 1, but the signal from the
PINI 7 beam is approximately equal. The signals from the other PINIs are smaller but are not
negligible in all cases. The relative contributions of all eight Octant 4 beams to the total signal
were measured by injecting short pulses from each beam into a steady-state sawtoothing
discharge. These data were used to derive weights which relate the measured pitch angle to
the magnetic field pitch angle in a model which has been incorporated into EFIT.

q-PROFILE IN SAWTOOTHING DISCHARGE

Fig.5:

Measurements in a sawtoothing discharge provide a test of the calibration. Shown are the
measured and EFIT calculations of the pitch angle and the deduced q-profile for injection of PINI
1 only into a sawtoothing discharge. Note the good fit to the measured pitch angle. In this case
and those shown below, EFIT was run with the external magnetics measurements and MSE pitch
angle as constraints. The polynomial representation of the ff’ and p’ functions in the Grad-
Shafranov equation was used, with four degrees of freedom for ff’ and three degrees of freedom
for p’. No smoothing or edge constraints were applied to ff’ and p’.

q-PROFILES IN OPTIMISED SHEAR TARGET PLASMAS

Fig.6:
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Figure 5.2: The poloidal cross-section of the JET vacuum vessel with indicated line
of sight of the MSE diagnostic [24].

a) b)

Figure 5.3: Images of the laser light inside the vacuum vessel during calibration of
the radial position of the measurement.



Chapter 6

MSE ratiometry on TEXTOR

As discussed in section 3.3 a typical spectrum of MSE diagnostic consists of the
three Doppler shifted Hα peaks coming from the energetic H species penetrating
plasma with three different kinetic energies (Fig. 3.3). The first MSE measurements
at TEXTOR provided high signal-to-noise ratio of the Hα emission with resolved
spectral components.

In order to test the sensitivity of the diagnostic a plasma discharge with a varying
plasma current has been studied. First after a few milliseconds of the discharge the
plasma current reached value of 350 kA and was kept for about 400 ms. At about

  

Ip

PNBI

Figure 6.1: Scenario of the discussed discharge #94046. The figure presents two
signals: plasma current Ip starting with a very steep slope and two flat top phases
at 350 kA and 250 kA, NBI power of level of 270 kW.

27



28 CHAPTER 6. MSE RATIOMETRY ON TEXTOR

1.5 s Ip was reduced to value of 250 kA (see Fig. 6.1). The polarisation angle γp of
the Hα emission depends on the poloidal component of the magnetic field Bθ (see
eq. 3.8) thus on the plasma current Ip [7].

Figure 6.2 shows the safety factor as a function of the major radius R for the
two different flat top phases. The empty diamonds correspond to the safety factor
deduced from the polarisation angle for the plasma current of 350 kA, full circles
correspond to the safety factor deduced during the second plasma current plateau
250 kA. In both cases data points coincides very well with the quadratic approxi-
mation (continuous and dashed lines in Fig. 6.2) of the q-profile calculated using
an empirically determined formula for the safety factor:

q = q0 + (qa − q0)
r2

a2
(6.1)

where q0 is the safety factor at the plasma centre, qa is the safety factor at the
plasma edge, a is the minor radius and r is the minor radius corresponding to the
position of the measurement. In order to calculate the approximated q-profile the
q-value at the edge qa and in the center q0 were fixed. The edge safety factor qa

was calculated from the plasma current (Ip) [7]:

qa =
2πa2Bφ

µ0R0Ip
(6.2)

where µ0=4π · 10−7 H/m.
q1 was deduced from the ECE temperature measurements, where the measurement
of the inversion radius of the sawtooth instability corresponds to the safety factor

Figure 6.2: q-profile measurement points and two quadratic approximations of the
q-profile corresponding to Ip of 250 kA and 350 kA [20, 22].
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equal 1 [7].

According to expectations the q-profile corresponding to the higher plasma cur-
rent has lower values than the one measured in lower plasma current (q is inversely
proportional to the plasma current Ip [7]).





Chapter 7

Influence of ELMs on MSE

Under certain conditions rapid increase of the pressure gradient forms at the edge
of the plasma, which enhances confinement of the energy, unfortunately, often ac-
companied by so-called edge localised modes (ELMs). These instabilities appear
as periodic bursts on the plasma edge leading to deterioration of transport barriers
and decrease of the plasma density and temperature in the core. ELM bursts are
also accompanied by the bursts of the Hα radiation, which are caused by the release
of the hydrogen from the vacuum vessel wall.

The ELMs usually appear at the plasma edge, but their influence can extend to
the plasma core which is visible in the MSE diagnostic measurements and will be
discussed here.

Figure 7.1 shows data without (Fig. 7.1a) and with presence of the ELMs
(Fig. 7.1b) in the plasma. The first signal, on the top of the figure 7.1a and 7.1b,
shows the Dα time trace measured on the inner divertor side, which visualizes ELM
activity. The other two curves, on Fig. 7.1a and 7.1b, represent MSE data subject
in the most pronounced way to ELM presence in the plasma (20kHz 2nd harmonic
and DC amplitude).

As one can see, each burst of the Hα cause increase of the DC MSE signal, with
slower relaxation time than Hα. In order to exclude an influence of ELMs on the
MSE measurement, an interactive data language(IDL) code has been developed
leading to smoothing of the raw MSE signals (see dashed line signals in Fig. 7.1b).
It is planned in the nearby future to compare q-profiles obtained from raw data
and the corrected one. If the comparison would show significant difference between
profiles one should consider routine correction of MSE data.

Since ELM bursts appear on the plasma edge one would expect that their impact
on plasma should influence only the outer plasma volume. In order to verify, which
MSE channels are subject to ELMs influence, a few pulses corresponding to different
experimental scenarios have been analyzed.

Figure 7.2 shows impact (5 - high, 4 - small, 3 - very small, 1 - no influence) of
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a)

b)

Figure 7.1: Time traces of Dα intensity measured on the inner divertor side and the
MSE signals (from top to bottom: 20kHz 2nd harmonic and DC amplitude) measured
during the discharges: a) #66203 without presence of ELMs and b) #58094 with
presence of ELMs.
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Figure 7.2: ELMs activity impact on the MSE avalanche diode signal versus chan-
nels for different discharges. Different values represents impact of ELMs on MSE
signal: 5 - high, 4 - small, 3 - very small, 1 - no influence on MSE signal

the ELM bursts on the detected MSE signals for different channels (starting from
the plasma center with channel 25 and approaching the plasma edge with channel
1). Unfortunately we did not find dependence on the ELM type and the strength
on the impact on the MSE signals. It turned out, that even channels covering the
plasma core might be influenced by the appearance of the ELMs in the plasma.
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The publications

Paper I: Motional Stark Effect diagnostic on TEXTOR, K. Jakubowska,
M. De Bock, R. Jaspers, M. von Hellermann and L. Shmaenok, Review of Scientific
Instruments, 75, 3475 (2004)

The safety factor q plays a very important role in defining the stability of a
plasma. Therefore, development of a diagnostic on TEXTOR tokamak was neces-
sary in order to follow changes of the safety factor and thus current density during
experiments in order to confirm the relation of the internal transport barriers (ITB)
with rational q-values.

The paper presents a new installed MSE diagnostic based on the emission of
the Hα light. The detailed description of the geometry and the components of the
diagnostic is included. The ratiometry method to measure the safety factor q is
presented. The method is based on the ratio of total intensity of π linearly polarized
light to total intensity of σ linearly polarized light (which appears as a consequence
of the Hα emission in the electric field).

I was responsible for the implementation of the diagnostic on the tokamak, I did
the first testing measurements, analyzed the data, presented poster at the HTPD
conference and wrote the paper.

Paper II: Overview of core diagnostics for TEXTOR, A.J.H. Donné, M.F.M.
De Bock, I.G.J. Classen, M.G. von Hellermann, K. Jakubowska, R. Jaspers, C.J.
Barth, H.J. van der Meiden, T. Oyevaar, M.J. van de Pol, S.K. Varshney, G.
Bertschinger, W. Biel, C. Busch, K.H. Finken, H.R. Koslowski, A. Krämer-Flecken,
A. Kreter, Y. Liang, H. Oosterbeek, O. Zimmermann, G. Telesca, G. Verdoolaege,
C.W. Domier, N.C. Luhmann, Jr., E. Mazzucato, T. Munsat, H. Park, M. Kan-
tor, D. Kouprienko, A. Alexeev, S. Ohdachi, S. Korsholm, P. Woskov, H. Bindslev,
F. Meo, P. K. Michelsen, S. Michelsen, S.K. Nielsen, E. Tsakadze, L. Shmaenok,
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Fusion Science and Technology, 47, 220 (2005)

Although the TEXTOR tokamak is a project, where the plasma edge properties
(impurity contents and transport) and interaction of the plasma volume with the
vessel wall are substantial part of the research activities there is also a number of
diagnostics providing information about the plasma core properties.

This paper is an overview paper on all the plasma core diagnostics which are
implemented on the TEXTOR tokamak e.g.: Thomson scattering diagnostic (TS
measures electron density ne and temperature Te), electron cyclotron emission diag-
nostic (ECE also measured the electron cyclotron temperature with a fast temporal
resolution and can follow spatially resolved fluctuations) and motional Stark effect
(MSE) diagnostic.

I was responsible for calculations, figures and wrote the part related to the MSE
diagnostic.

Paper III: Lyman and Balmer emission following core excitations in the
methane and ammonia molecules, K. Jakubowska, G. Vall-llosera, M. Coreno,
A. Kivimäki, E. Melero García, E. Rachlew and M. Stankiewicz

Synchrotron radiation of a very well defined energy allows selective excitation
of the electrons of the valence or the inner shell to study the relaxation process in
the molecules.

This paper concerns excitation of CH4 and NH3 inner K-shell electrons with
photon exciting energy below the C 1s and N 1s edges. The Balmer -α, β, γ and
δ excitation functions measured for ammonia and the first two of listed measured
for methane show increase of the fluorescence yield with the higher initially excited
Rydberg state. The total fluorescence yield measurements acquired with two pho-
tomultiplier tubes provided the data in visible and UV range. This spectroscopic
data have been analysed as originating from hydrogen Balmer lines and from ex-
cited CH, CH+ and C+ fragments.
In this paper I was taking a part in the measurements, analyzing the data and
writing the paper.



Bibliography

[1] Information from official web-page of Organisation for Economic Co-operation
and Development: http://www.oecd.org/dataoecd/35/9/2488552.pdf

[2] Information from official web-page of The Amer-
ican Association for the Advancement of Science:
http://www.ourplanet.com/aaas/pages/natural02.html#

[3] J. Ongena and G. Van Oost, Transactions of Fusion Science and Technology,
45 (2004) 3

[4] Information from official web-page of British Petroleum: http://www.bp.com

[5] Information from official web-page of International Atomic Energy Agency:
http://www.iaea.org/NewsCenter/News/2006/uranium_resources.html

[6] R. Aymar, V. A. Chuyanov, M. Huguet, Y. Shimomura, ITER Joint Central
Team and ITER Home Team, Nucl. Fusion, 41 (2001) 1301

[7] J. Wesson, Tokamaks, Clarendon Press (2004) Oxford

[8] G. Herzberg, The spectra and structures of simple free radicals; An Introduction
to Molecular Spectroscopy, Cornell University Press (1971) New York

[9] R. Jaspers, B.S.Q. Elzendoorn, J.H. Donné and T. Soetens, Rev. Sci. Instrum.,
72, (2001) 1018

[10] W. Demtröder, Laser spectroscopy, Springer Verlag (1998), Berlin

[11] B.H. Bransden, C.J. Joachain, Physics of Atoms and Molecules, Pearson Edu-
cation Limited (2003)

[12] H.R. Griem, Principles of Plasma Spectroscopy, Cambridge University Press
(1997)

[13] B.W. Rice, Fusion Engineering and Design, 34 (1997) 135

[14] B.W. Rice, K.H. Burrell and L.L. Lao, Nucl. Fusion, 37 (1997) 517

37



38 BIBLIOGRAPHY

[15] M.C. Zarnstorff, F.M. Levinton, S.H. Batha and E.J. Synakowski, Phys. Plas-
mas, 4 (1997) 1097

[16] B. W. Rice, D. G. Nilson, K. H. Burrell and L. L. Lao, Rev. Sci. Instrum., 70,
815 (1999)

[17] B.W. Rice The DIII-D MSE diagnostic: recent upgrades and the Er measure-
ment: http://web.gat.com/diag/mse/pdf/tech_seminar_vgs.pdf

[18] C.T. Holcomb, M.A Makowski, R.J. Jayakumar, S.A. Allen, R.M. Ellis, R.
Geer, D. Behne, K.L. Morris, L.G. Seppala and J.M. Moller, Rev. Sci. Instrum.
77 (2006) 10E506

[19] W. Mandl, PhD Thesis: Developement of Active Balmer-Alpha Spectroscopy
at JET, JET-IR(92)05 (1992)

[20] A.J.H. Donné et al., Fusion Science and Technology, 47 (2005) 220

[21] W. Mandl, R.C. Wolf, M.G von Hellermann and H.P. Summers, Plasma Phys.
Control. Fusion, 35 (1993) 1373

[22] K. Jakubowska, M. De Bock, R. Jaspers, M. von Hellermann and L. Shmaenok,
Rev. Sci. Instrum., 75 (2004) 3475

[23] N. Hawkes, Design Study of a Motional Stark Effect Diagnostic for JET, JET-
R(96) 10 (1997)

[24] N.C. Hawkes, K. Blackler, B. Viaccoz, C.H. Wilson, J.B. Migozzi and
B.C. Stratton, Rev. Sci. Instrum., 70 (1999) 894

[25] B.C. Stratton, D. Long and R. Palladino and N.C. Hawkes, Rev. Sci. Instrum.,
70 (1999) 898

[26] F.M. Levinton, G.M. Gammel, R. Kaita, H.W. Kugel and D.W. Roberts,
Rev. Sci. Instrum., 61 (1990) 2914

[27] E. Hecht, Optics, Addison-Wesley Publishing Company (1987)

[28] M. Kuldkepp, M.J. Walsh, P.G. Carolan, N.J. Conway, N.C. Hawkes, J. Mc-
Cone, E. Rachlew and G. Wearing, Rev. Sci. Instrum., 77 (2006) 10E905

[29] M. Kuldkepp, E. Rachlew, N. Hawkes and B. Schunke, Rev. Sci. Instrum., 75
(2004) 3446

[30] M. Kuldkepp, PhD Thesis: Radial profiling using local and line integrated
spectroscopic measurements, TRITA-FYS 2005:25, ISSN 0280-316X, ISBN 91-
7178-047-5 (2005)

[31] F.M. Levinton, Rev. Sci. Instrum., 70 (1999) 810



39

[32] N. Bretz, D. Simon, R. Parsells, R. Bravenec, W. Rowan, N. Eisner, M.
Sampsell, H. Yuh, E. Marmar and J.Terry, Rev. Sci. Instrum., 72 (2001) 1012

[33] D. Craig, D.J. Den Hartog, G. Fiksel, V.I. Davydenko and A.A. Ivanov, Rev.
Sci. Instrum., 72 (2001) 1008

[34] D. Johnson and NSTX Team, Plasma Phys. Control. Fusion, 45 (2003) 1975

[35] D. Merkl, PhD Thesis Technische Universität München: Current Holes and
other Structures in Motional Stark Effect Measurements (2004)

[36] Ph. Lotte, B. Echard, W. Hess and J.B. Migozzi Rev. Sci. Instrum., 77 (2006)
10E503

[37] E.L. Foley and F.M. Levinton, Rev. Sci. Instrum., 77 (2006) 10F311

[38] D.J. Den Hartog, D. Craig, D.A. Ennis, G. Fiksel, S. Gangadhara, D.J. Holly,
J.C. Reardon, V.I. Davydenko, A.A. Ivanov, A.A. Lizunov, M.G. O’Mullane
and H.P. Summers, Rev. Sci. Instrum. 77 (2006) 10F122

[39] HINDS Instrument official web-page: http://www.hindsinstruments.com

[40] W. Vaughan, Handbook of Optics, The Kingsport Press (1978) USA

[41] N.C. Hawkes and M. Brix, Rev. Sci. Instrum., 77 (2006) 10E509

[42] R.F.C Groothruis, Master Thesis: Beam Emission Spectroscopy at the TEX-
TOR tokamak (2002)


	List of publications
	Acknowledgements
	Contents
	to1Introduction
	Energy sources and energy consumption
	Nuclear fusion
	Magnetic confinement concept

	to2Spectroscopy
	Atoms and molecules
	Spectroscopy
	Spectroscopic equipment
	Shape of spectral lines

	to3Impact of the electric field on emission of light
	Stark effect
	Motional Stark Effect (MSE)
	MSE spectrum
	Principle of ratiometry and polarimetry

	to4Plasma diagnostics
	Ratiometry; grating spectrometer
	Polarimetry; photo-elastic modulator (PEM)

	to5Calibration of the MSE systems
	TEXTOR - radial calibration
	JET - radial calibration

	to6MSE ratiometry on TEXTOR
	to7Influence of ELMs on MSE
	to8The publications
	Bibliography

