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Abstract
The objective of this master thesis is to evaluate Beam Emission Spectroscopy
(BES) as a diagnostic for the TJ-II stellarator, in particular to determine if it
can be used to radially localize plasma density fluctuations. BES is widely applied in magnetically confined plasma devices to characterize long wavelength
plasma turbulence and its application in TJ-II is attractive given the inherent
flexibility of this device.
In many devices heating neutral beams (NBI) are used for BES. However,
the relatively large diameter of the tangentially injected TJ-II NBI’s, i.e. ∼ 20
cm, would require the implementation of inversion techniques to obtain localized measurements. Moreover, there is poor optical access to the plasma-beam
interaction column, in particular for lines-of-sight parallel to the magnetic field
vectors. For these reasons, a short-pulsed compact diagnostic NBI (DNBI) is
used as it has simple geometry, small beam diameter plus there is suitable
optical access. This DNBI is also utilised for Charge-Exchange Recombination
Spectroscopy (CXRS), and the same optical components can be used for BES.
The TJ-II DNBI is a DINA-5F type arc source that provides up to two
5.5 ms long pulses per discharge of neutral hydrogen particles accelerated to
30 keV with an equivalent extracted neutral current of ≥ 3 A. Although its
beam pulse length is relatively short compared to that of the NBI’s, i.e. ≤ 200
ms, it produces a focused beam thereby facilitating localized measurements.
Moreover, access from a nearby tangential viewing porthole provides indirect
optical access (with an in-vacuum mirror) to almost the complete plasma-beam
interaction column, i.e. −1 ≤ ρ ≤ 0.7 (where ρ = r/a and a is minor plasma
radius in the beam direction).
The experimental BES system uses the CXRS optical components (internal
mirror, optical access viewport, focusing lens, 12 way fiber bundle) plus a
narrow bandpass filter (λcentral = 659 nm) that transmits the Doppler shifted
components of the DNBI beam to six Avalanche Photodiode (APD) modules.
This system was tested on TJ-II under Electron Cyclotron Resonance Heating
(ECRH) and NBI plasma conditions where plasmas have been created with
hydrogen or deuterium.
Prior to operation during the TJ-II discharges, the optimization of the
operating conditions of the APD modules was performed, and the system was
calibrated with a red LED light source in order to achieve a similar gain for
the 6 lines-of-sight (LoS’s 1 to 6 with the corresponding range of ρ = −0.7
to ρ = 0). Other than that, the light fluxes incident on these detectors were
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estimated and compared with theoretically predicted values. Evaluation of the
noise in the signals was performed, i.e. the photonic noise (shot noise) and
detector noise (load resistor noise), in order to determine the lowest fluctuation
levels that can be investigated with BES.
The data for a range of plasma conditions was collected and analysed using techniques such as Fast Fourier Transform and cross-correlations (utilising
codes written in Matlab) in order to identify frequency modes present in the
plasma and locate the radial position of density fluctuations. The obtained
results were compared with the data from other diagnostic systems on TJ-II
such as Mirnov coils and bolometers in order to find similar frequency modes
attributed to the plasma.
Finally, it is determined if the current BES experimental set-up can produce
useful information about TJ-II plasmas, or if some modifications are needed
to overcome present limitations.
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Chapter 1
Introduction
1.1

The future of energy

The growing energy needs of our planet have created a serious challenge for
science and technology. The question is: where should the energy come from
if we want to maintain the same standards of living? The other important
aspect is, of course, safety of the energy production and least possible negative
impact on all the ecosystems. So, let’s regard the possibilities we have.
It began with industrialization in the 1800-s with extensive usage of fossil
fuels such as coal, oil and gas which have pushed progress forward for more
than two centuries. However, the usage of fossil fuels has reached its limit, and
in the next 50-100 years they will be almost fully depleted [1]. So, society has
begun to invest in alternative energy sources which would yield electricity in
an economically viable way.
The nuclear power plants, which rely on the process of radioactive decay
of uranium, have proved to be quite efficient in terms of energy output. The
technology is already well-developed and commercially regulated, and very
strict safety rules are applied to existent nuclear power plants. The main
disadvantage is finite abundance of uranium, necessity of its enrichment and
highly radioactive reaction products that occur as nuclear waste. Moreover,
natural disasters and/or bad management, which have a finite probability to
take place, may result in accidental situations with terrific consequences.
The renewable energy sources are often viewed as the only remaining possibility. The usage of wind, solar and hydro energy are the most developed
methods, but they cannot be used as primary central-station power sources.
Some countries might have suitable conditions for development of specific renewable power sources, yet energy storage, transportation and load-leveling
problems appear overwhelming. The other possible renewables like geothermal, wave and tide energy, and biomass are even less efficient, some of them
consuming almost as much electricity as they produce.
Fusion power is a solution which will consume about the same resources as
putting a man on the moon [1]. Sufficient progress has been made over the last
60 years, and the physical understanding (including laboratory experiments)
5
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has reached the point where serious commercial engineering can start. The
International Thermonuclear Experimental Reactor (ITER), aimed to prove
the feasibility of fusion, is being constructed in southern France uniting the
European Union, India, Japan, China, Russia, South Korea and the United
States in this common effort.

1.2

Introduction to fusion

There are two ways to retrieve the energy from the nucleus: either by splitting
heavy elements or by fusing light elements together. Both processes give an
energy yield, because elements with higher binding energy are formed as a
result of the reaction. “Binding energy” physically means “negative potential
energy”, which in turn implies an increase in kinetic energy.
The first process is known as “fission” and involves heavy nuclei undergoing
a decay process. The second process which is called “fusion” provides an alternative way of liberating the energy of the nucleus by imitating the process
taking place in the Sun and other stars. For stars with relatively low central
temperatures the reactions taking place is described by the proton-proton cycle
[2]:
1
+ 1 H 1 → 1 D 2 + e+ + ν
(1.44 M eV )
(1.1)
1H
2

+ 1 H 1 → 2 He3 + γ

(5.49 M eV )

(1.2)

3

+ 2 He3 → 2 He4 + e+ + 2 1 H 1

(12.86 M eV )

(1.3)

1D
2 He

where e+ , ν and γ denote positron, neutrino and γ-ray respectively.
However, the most energetically favourable reaction, which is favoured for
magnetically confined plasma reactors such ITER, reads as follows [2]:
1D

2

+ 1 T 3 → 2 He4 + 0 n1

(17.6 M eV )

(1.4)

The reaction scheme is represented below in Fig. 1.1.

Figure 1.1: Artistic representation of the D-T fusion reaction [1].

The total energy gained in the reaction process is distributed between the
products: 3.5 MeV is carried by the α-particle whilst the neutron gets 14.1
MeV. Since the α-particle has a short mean free path (it collides with plasma
ions and electrons), it contributes to the plasma heating. The neutron, on the
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contrary, leaves the plasma, escapes from the vacuum vessel, and is absorbed
by a lithium blanket that surrounds the device.
In the surrounding lithium blanket the absorbed neutron breeds tritium
and heats the lithium. This heat can be recovered and used to generate electricity. The tritium can be recovered also and used for fuel for reaction 1.4.
The neutrons and other radiation cause radiation damage to the structured
materials of the machine. As a result these materials become radioactive and
loose their properties. However, their half-lives is at the order of hundreds of
years or less so the nuclear waste problem is not as serious or costly as for
nuclear fission.
The advantage of the D-T reaction is that it is the most accessible, since
it has higher probability to occur at lower temperatures compared to other
fusion reactions. This probability is described by the fusion reaction rate term
< σv >, where σ denotes the collisional cross-section and v - relative velocity of the colliding particles. Assuming equal deuterium and tritium number
densities, n, the thermonuclear power generated by the given reaction (per
unit volume) is: Pf us = 1/4 n2 < σv > ∆E; ∆E being the energy output
per reaction [2]. The other fusion reactions (like D-3 He or D-D) create no
nuclear waste, but their reaction rate (or fusion reactivity) is lower and D-D
reaction is less energetic. Also, higher ion temperatures must be reached in
order for these reactions to have a sufficient < σv >, as one may conclude
from the Fig. 1.2. They might be realized in more advanced scenarios like
Demonstration Power Plant (DEMO).

Figure 1.2: Fusion reactivity for the different reactions as a function of ion temperature [3].

8
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The abundance of deuterium in nature is practically unlimited as it can
be separated from the seawater. Tritium, however, does not occur naturally.
Also, it is difficult to store due to its radioactivity and half-decay period of
12.3 years. So, the following reactions were proposed for its breeding [3]:
1
0n
0n

1

+ 3 Li6 → 1 T 3 + 2 He4

(1.5)

+ 3 Li7 → 1 T 3 + 2 He4 + 0 n1∗

(1.6)

where ∗ denotes that the resulting neutron has a different kinetic energy
to that before the reaction.
The above reactions take place when neutrons produced as a result of D−T
fusion strike the lithium blanket. The first reaction has larger cross-section for
thermal neutrons, and the second one - for fast neutrons. So, as neutron
with high energy will be thermalized by colliding with blanket atoms, it may
undergo both reactions which increases the amount of reaction products. In
such a way, the fusion reactor will create its own fuel with high reliability.

1.3

Introduction to magnetically confined plasmas

As fusion plasmas have temperatures of millions of kelvins, no materials would
be able to withstand such amounts of heat. Either the material would melt or
the plasma would cool down. That’s why a magnetic field is used to confine
the plasma and to separate it from the walls. The gravitational force is too
weak for it, and the electric fields would result in charge separation which is
undesirable. So, plasmas are confined with a strong magnetic fields exerted by
magnetic field coils around the vacuum vessel.
The choice for coil induced magnets is made because permanent magnets
have the strongest magnetic field inside the iron core of the magnet, where
no plasma can be placed. On the contrary, if the windings are made around
the plasma chamber, plasma would be placed in the region where magnetic
lines are closer together which results in stronger magnetic field. For typical
plasma temperatures of about 15 keV and density of 2×1014 particles/cm3 , the
magnetic field has to counteract the plasma pressure of roughly 4 atmospheres.
The massless magnetic field can exert a magnetic pressure of about 4 atm/T
which is far below the limit of modern fusion machines [1].
All charged particles moving in a magnetic field will experience the Lorentz
force which is perpendicular to the direction of the magnetic field line and
to the particle velocity. However, if the particle is stationary or moves just
along the field line, the force equals to zero. So, if the particle has a velocity
component perpendicular to the field line, the Lorentz force will induce the
circular motion of the particle in that plane. Making a superposition of these
two motions, one clearly sees that a particle will spiral along the field line. The
radius of this spiral is inversely proportional to the magnetic field strength and
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to the v⊥ of the particle. Therefore, electrons will spiral along the field lines
with radius much smaller than that of ions.
Obviously, to confine plasma one needs magnetic field lines that close on
themselves, so that particles will not hit the wall. Of course, one may also
use the magnetic mirror effect which assumes that the field lines do not close
on themselves within the vacuum vessel, but this approach has proved to be
less efficient. So, the geometry of a torus was chosen which has resulted in the
appearance in fusion science of such concepts as tokamaks and stellarators.
The word tokamak is a transliteration from Russian “токамак” - toroidal
chamber with magentic coils (тороидальная камера с магнитными катушками). The device was invented in 1950s by Soviet physicists Igor Tamm and
Andrei Sakharov who were inspired by the original idea of Oleg Lavrentiev.
The magnetic field of a tokamak is made up of two components: toroidal
and poloidal. The toroidal field component, Bφ , is produced by the current
in coils winding around the torus poloidally which encircle the whole plasma.
So, particles following the closed toroidal field lines should remain within the
confinement chamber.
However, with such a coil geometry, the magnetic field on the inner side of
the torus would be stronger, because the coils are located closer to each other as
they pass through the central core of the torus. As a consequence, particles will
no longer gyrate in perfect circles, but their orbits will be distorted into spirals.
Basically, particles will undergo a drift opposite in direction for electrons and
ions (see Fig. 1.3). This means an eventual charge separation, that will create
an electric field inside the vacuum vessel and push the whole plasma towards
the outer wall. In order to compensate this drifts, a poloidal magnetic field,
Bθ , must be superimposed on Bφ to create a helical magnetic field entirely
contained within the toroidal confinement chamber.

Figure 1.3: Particle drifts in a torus. Ions shown in blue, and electrons in red.
The size of electron’s orbit has been enlarged [1].

In tokamaks poloidal magnetic field is generated by the toroidal current
Iφ flowing in the plasma itself. In present experiments the plasma current is
driven by a toroidal electric field Eφ which is induced by the trasformator, as

10
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depicted in Fig. 1.4. It’s usually an iron transformer core which generates the
flux change through the torus, because it requires relatively low power and has
reduced stray magnetic fields [1].

Figure 1.4: a) A change of flux through the torus induces a toroidal electric field
which drives the toroidal current. (b) The flux change is produced by primary
winding often using a transformer core [4].

The toroidal magnetic filed component is usually an order of magnitude
larger than a poloidal one, which gives tokamaks favourable stability characteristics. Bθ maintains toroidal stability while Bφ provides radial stability.
Sometimes, additional coils are constructed to control the vertical position of
the plasma, its shape and diagonality. A simple concept of the tokamak is
illustrated in the Fig. 1.5. The extensive worldwide interest in the tokamak
concept can be seen from the partial list of experiments in different countries
shown in Fig. 1.6.

Figure 1.5: Tokamak schematic [3].

1.3 Introduction to magnetically confined plasmas
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Figure 1.6: Representative tokamak experiments [3].

On the other hand, in stellarators the helical twist of magnetic field lines
is achieved by forming Bθ using external field coils and not via an induced
net toroidal plasma current. Therefore, as Iφ = 0, stellarators offer a steadystate plasma operation, because no disruptions of toroidal plasma current can
take place. Tokamaks, on the contrary, have to be operated in pulse regime
and plasma currents have to be much higher in order to obtain better plasma
performance.
The ideal magnetic field in a tokamak is B = B(r, θ), and in a stellarator
it is B = B(r, θ, φ), which signifies a loss of toroidal symmetry, and that
generalized momentum pφ is no longer a separable quantity [5]. However, in
such a case one may tailor the magnetic field by adjusting it to the specific
scientific needs. The other consequence is that the transport processes in
stellarators become quite different compared to tokamaks.
The stellarators may generally be divided into two groups. In the first
group the magnetic field is generated by coils of simple geometry, like planar
or helical. At least one coil is required which would encircle the torus toroidally.
The devices differ by the number of helical coils and the direction of the current
flowing in them.
An example of such a device type would be a classical stellarator. Here the
set of planar coils generate a toroidal magnetic field, and l dipole coils which
wind around the torus circumference n times create the poloidal magnetic field
component. For instance, Weldenstein 7-A built in Germany was such a l = 2,
n = 5 stellarator, shown in Fig. 1.7.
The currents in the neighbouring helical coils are flowing in the opposite
direction, as may be seen from Fig. 1.7. The last closed flux surface shows the
3-D structure of the plasma which has an elliptical cross-section and rotates
with increasing toroidal angle [5].
If the currents in helical coils all flow in the same direction, the device is

12
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Figure 1.7: Cut open schematic of a classical stellarator Weldenstein 7-A. The
arrows indicate the direction of the current flows in the helical coils [5].

called a torsatron. In such a situation, there is non-zero toroidal and vertical magnetic field components, so the additional vertical field (generated by
horizontal coils) is necessary for the magnetic axis to be formed. A typical
example - Advanced Toroidal Facility (ATF): l = 2, n = 6 torsatron built in
the U.S.A.
In a heliac-type stellarator the centers of the toroidal field coils are not
located in one plane, but follow a helical line. An example of such an installation is TJ-II constructed in Spain, in which the horizontal coil was made to
increase the flexibility of the magnetic field configuration. This device will be
discussed in more detail in the following section.
A second group of stellarators refers to the machines in which the magnetic
field is generated by modular field coils of complicated geometric shape. They
encircle the torus only poloidally and are calculated beforehand with regard to
the desired magnetic field properties. These calculations include the discretization of the current distribution, where the set of the discrete paths of constant
currents will define the coil geometry. Afterwards, one calculates the magnetic
field generated by the coils and, comparing with the desired field, the set of
coils is derived in the iterative process [5]. Weldenstein 7-AS commissioned in
Garching, Germany was the first stellarator which used such a modular coil
system.

1.4

Introduction to TJ-II and its Plasma Diagnostics

The TJ-II is a flexible heliac-type stellarator device which was built at Spain’s
National Fusion Laboratory “Ciemat” in Madrid and became operational in

1.4 Introduction to TJ-II and its Plasma Diagnostics

13

1998. The design calculations were performed in collaboration with Oak Ridge
National Laboratory (USA) and the Institut für Plasma Physik (Garching,
Germany). This 4-period device has a major radius of 1.5 m, average minor
radius of 6 0.22 m and a magnetic field B(0) 6 1 T [6]. The magnetic
confinement is obtained by means of various sets of coils. The toroidal field
is created by 32 coils, and the 3-D twist of the central axis is achieved via
two central coils: one circular and one helical, as can be seen in the Fig. 1.8.
The horizontal position of plasma is controlled by the vertical field coils. TJ-II
discharges last around 0.25 s, with a repetition frequency of about 7 minutes
[7].

Figure 1.8: An artistic perspective of the TJ-II device [7].

The combined action of the magnetic fields generated by the coils create
a bean-shaped magnetic surfaces (as may be viewed in Fig. 1.9) which guide
the plasma particles around the torus. Thus, the plasma structure is fully
3-dimensional and occupies a volume of approximately 1 m3 . The working gas
is usually hydrogen and sometimes deuterium. The wall conditioning is done
with a short helium glow discharge and a lithium coating over boron on inner
walls of the vacuum chamber.
The plasmas are created and heated with two gyrotrons operated at 53.2
GHz using the 2nd harmonic of the electron-cyclotron resonance frequency.
The power is PECRH 6 500 kW and the heating time is t 6 300 ms. In
this way plasmas with central electron densities ne (0) = 1.7 × 1019 m−3 and
temperatures Te (0) 6 2 keV are achieved. Furthermore, two neutral beam
injectors in “co-counter” configuration are employed. They provide 6 1.4 M W
of additional heating by the injection of neutral hydrogen particles accelerated

14
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Figure 1.9: Cross-section of the TJ-II vacuum chamber.

to 30 keV for 6 100 ms. This heating increases the line-averaged electron
density, but lowers the central electron temperature, so ñe 6 5 × 1019 m−3 and
Te (0) 6 0.5 keV are attained [8].
Despite the complicated device geometry and a 3-D plasma structure, TJII has excellent diagnostic access (96 portholes from the top, bottom and side
of its 32 sectors). It is equipped with a large set of modern diagnostics which
can be divided into two main groups: passive and active.
Firstly, passive systems collect electromagnetic radiation or escaping particles without perturbing the plasma and then convert and amplify the detected
signals to voltage traces. For reference see Tab. 1.1 which summarizes the
passive diagnostic systems on TJ-II.
Passive Diagnostic

Parameter(s) Measured

Hα monitors

Edge physics studies

Spectroscopy

Identification and observation of impurities

Electron Cyclotron Emission Radiometry

Electron temperature, Te , at different radii

X-ray Monitors

Te and detection of
suprathermal electron populations

Neutral Particle Analysers
Rogowski Coils
Diamagnetic Loops
Mirnov Coils

Ion temperature profiles
Plasma current
Plasma kinetic energy
Magnetic field fluctuations

Table 1.1: Passive diagnostic systems employed on TJ-II.

The active diagnostics produce an external stimulation to the plasma, for
instance the injection of a laser beam which is used in Thomson scattering. In
this diagnostics a 10 J ruby laser is injected into plasma, once per discharge,
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in order to obtain a profile of the electron temperature and density. Most
of the active diagnostic systems currently operating on TJ-II and the crucial
information which they provide are summarized in Tab. 1.2. Also see Fig. 1.10
where the locations of the diagnostics about TJ-II are indicated.
A photograph of TJ-II taken in year 2009 is shown in Fig. 1.11. The most
important diagnostic and fuelling equipment may be seen, if one regards the
information given in the caption.
Active Diagnostic (method and tool)

Parameter(s) Measured

Methods involving laser light
Thomson Scattering
Two-colour Interferometry

ne and Te profiles
Line-integrated electron densities, ñe

Methods involving impurity injection
Laser Ablation

Viscosity and diffusivity coefficients,
particle confinement times,

Gas Puff
Hα filter and fast camera

Edge turbulence studies

Narrow beam of accelerated neutral hydrogen
Charge Exchange Recombination Spectroscopy

Impurity ion temperature, Ti ,
velocity profiles,
radial electric fields, Er

Narrow beam of accelerated heavy charged particles
Heavy Ion Beam Probe (accelerating Cs+ ions to 150 keV )

Plasma potential profiles

Pulsed helium beam
Line Ratio method

ne , Te and Ti at plasma edge

Microwaves
Doppler Reflectometry

Plasma fluctuations,
radial electric fields

AM Reflectometry

Electron density profiles

Probe based diagnostics
Langmuir and Mach probes

Plasma edge studies

Table 1.2: Active diagnostic systems employed on TJ-II.

New diagnostics are continuously being developed and installed on TJ-II to
increase the number of parameters and physics processes that can be studied
(see Tab. 1.3). For example, a compact pellet injector developed by physicists
and engineers from Ciemat and ORNL is planned to be installed on TJ-II. It
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Figure 1.10: Bird’s-eye view of TJ-II showing the locations of its main diagnostics.

is a four-pellet system equipped with a cryogenic refrigerator for in-situ hydrogen/deuterium pellet formation, a combined mechanical punch/propellant
valve system and pellet diagnostics. The pellet sizes range from 0.5 to 1 mm
diameter, and it will be used both as an active diagnostic system and for
fuelling plasmas on the TJ-II.
New Diagnostic
Beam Emission Spectroscopy

Parameter(s) Measured
Plasma density fluctuations’ studies
using beam stimulated Hα light

2nd Heavy Ion Beam Probe
Pellet Injection System

Plasma potential profiles
Transport, instabilities and rationals’ studies
by analyzing Hα intensity variations

Table 1.3: Diagnostic systems newly installed on TJ-II or the ones planned to be
installed in the nearest future.

Using silicon diodes and other diagnostics, such as a fast camera, the pellet
path could be viewed from different sides, and variations in light intensity of
the ablating pellet as it crosses the plasma can be recorded. From analysis
of such information topics such as stability and transport related to electron
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and temperature gradients, magnetic configuration and the role of rationals
on pellet ablation, and the detection of low order rational and suprathermal
electrons via deflections in the path of the pellet can be investigated.
Several TJ-II diagnostic systems are used to study short wavelength plasma
fluctuations (∆k⊥ > 2 cm−1 ), for instance a Doppler microwave reflectometer and various probes. However, up-to-date diagnostics that can access the
unexplored region of long wavelength fluctuations have not been employed [8].

Figure 1.11: TJ-II. Front left: Thomson Scattering; left and bottom right: Neutral
Beam Injectors; top: Heavy Ion Beam probe [7].

1.5

Introduction to Beam Emission Spectroscopy

Neutral beams are used in numerous magnetically confined plasma devices to
provide additional heating to the plasma, thereby increasing the plasma density
and enabling high performance modes, H-mode, to be accessed [9]. Such beams
may be of hydrogen or deuterium, where their ions are accelerated to tens of
keV before being neutralized so that they can penetrate into the plasma [10].
In addition, several diagnostic techniques based on NBI’s have been developed.
These techniques have the advantage of permitting local measurements to be
made of a range of plasma parameters.
For example, there is Charge Exchange Recombination Spectroscopy (CXRS)
where an impurity ion in the plasma, e.g. C +6 , O+8 , captures an electron into
a highly excited state from a beam atom, i.e.:
(z−1)+∗

+
z+
0
Hbeam
+ Zplasma
→ Hbeam
+ Zplasma

(z−1)+

+
→ Hbeam
+ Zplasma + hν

(1.7)

The impurity ion then deexcites by emitting a photon, hν, in a decay to a
lower energy level. Then by determining the width of this spectral line and its
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Doppler displacement, the impurity ion temperature and velocity, Ti and vi ,
can be obtained. Further parameters may be calculated by combining these
measurements with neutral beam deposition calculations (giving the number
density of impurity, nI ) and with radial force balance equation (giving the
radial electric field, Er ) [10].
Another example is the Motional Stark Effect (MSE). When the neutral
beam atoms intersect the magnetic field lines a strong electric field is experienced by the neutrals in their centre of mass frame, even though there is no
field in the laboratory frame [11]. Thus the v × B component (Lorentz force)
creates an electric field perturbation thereby causing the Motional Stark Effect
(which is basically a convenient Stark Effect, but with particles moving in the
presence of an external electric field). Since the beam atoms (H or D) can be
excited in collisions with plasma particles, the resultant Hα (or Dα ) will be
split with 9 components that are strong enough to be observed.
The Stark Effect may be linear or quadratic in the applied electric field,
the latter type predominating for much stronger values of E. The other phenomenon affecting the particle motion and hence resulting in line splitting is
Zeeman Effect, taking place in the presence of magnetic fields. More complications are added to this picture if one recalls that the ion source typically (only
for positively charged ions’ case) consists of 3 energy fractions (H + , H2+ , H3+ )
according to preliminary ionization degree, which are called full, half and third
energy ratios. So, the spectrum normally contains the Stark multiplet appearing three times at different Doppler shifts [11]. An example of such a spectrum
is shown in Fig. 1.12.

Figure 1.12: Example of beam emission spectra from 30 keV H0 injection on TJII. Blue line represents the “beam off” case, and the red line is for the “beam on”.
The backround spectral lines and Doppler shifted Hα with full (90%) and half (8%)
energy contributions are seen.
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A system which uses the Motional Stark Effect and measures the wavelength, intensity and polarization of Hα transition is installed on Joint European Torus experiment (JET, United Kingdom). This data is obtained with
suitable spectrometers, and is used for precise local magnetic field measurements, neutral beam deposition profiles and the deduction of beam parameters
such as beam divergence and species mix [11]. With an appropriate choice of
geometry, the MSE can be also used to determine the magnetic field (Bθ , Bφ )
across the plasma.
A third example is Beam Emission Spectroscopy (BES). BES is commonly
used in modern magnetically confined plasma devices to measure density fluctuations across the minor radius. This is done by detecting intensity fluctuations in the light emitted by the injected neutral beam as it crosses and
interacts with the plasma. The neutral beam accelerated atoms collide with
plasma ions and electrons. The neutral atoms are thereby excited and then
decay by emission of a light photon:
+
+
+
0
0∗
0
Hbeam
+ Hplasma
→ Hbeam
+ Hplasma
→ Hbeam
+ Hplasma
+ hν

(1.8)

where hν can have a range of wavelengths (corresponding to the H spectrum) the most convenient being the Hα line at 656.28 nm. This is the visible
n = 3 → 2 line of the Balmer Series. However, impurity ions and plasma electrons may also excite the beam atoms which results in the following reactions
(also contributing to the Hα transition):
z+
z+
z+
0
0∗
0
Hbeam
+ Zplasma
→ Hbeam
+ Zplasma
→ Hbeam
+ Zplasma
+ hν
−
−
0
0∗
0
Hbeam
+ e−
plasma → Hbeam + eplasma → Hbeam + eplasma + hν

(1.9)
(1.10)

Since in BES the Hα emission is induced by collisions with plasma particles, local fluctuations in the density of these particles can be detected by
fluctuations in the measured intensity of the Hα . This is possible, because the
intensity fluctuations, δI, are monotonically related to plasma density fluctuations, δn, through the atomic physics of collisional excitation and depend on
local electron temperature and density, and on the effective charge of plasma
ions as:
δn/n = K(Te , ne ) δI/I
(1.11)
where coefficient K takes into account effects of collisional excitation, ionization, etc. and also the plasma parameters like Te , ne and Zef f . The value
of K is ∼ 31 [12].
In order to detect the expected small fluctuations in the plasma density (of
the order of few percent), high photon fluxes must be detected. For example,
for a bandwidth, ∆f , of 100 kHz and a mean flux, Γ, of 109 photons
at the
sec
detector, the root mean square of the statistical noise is:
np =

√
photons
2 ∆f Γ = 1.4 · 107
sec

(1.12)
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Some detector noise must be added to this, but with 109 photons
incident
sec
flux, fluctuations of the order of 1% or greater could be detected, for a 100 kHz
bandwidth.
BES is currently employed on many experimental installations where the
heating NBI’s or specific compact diagnostic beam injectors may be used. For
instance, a trial BES system on the MAST spherical tokamak [9] is used to
study high-amplitude density turbulence on the periphery of L-mode plasmas
and to localize coherent magneto-hydrodynamics at the edge of H-mode plasmas. A new 2D BES system is also under development which would be able to
detect fluctuation of the order of ∼ 0.1% at the bandwidth of ∆f = 1 M Hz.
Another example of BES is the observation of edge transport barrier (ETB)
formation in the high-density region in the Compact Helical System [13]. The
behaviour of the density profile and the density fluctuations in the edge region, which occur during the high-density ETB formation, were studied and
compared with that of normal ETB transition.
The BES system installed on the National Spherical Torus Experiment
(NSTX, USA) is employed to study ion gyroscale fluctuations and Alfvén/energetic particle modes, using a deuterium neutral heating beam [14]. Also, on
DIII-D a high sensitivity, high frequency BES system is installed. It possesses
32 channels and is routinely operated in support of numerous experiments to
characterize fluctuations and other MHD phenomena during internal transport
barrier formation, L-H transitions, impurity injection, etc. [15].
In order to distinguish the Hα light emitted by the accelerated atoms in
the beam from the Hα light emitted by cold hydrogen atoms at the plasma
edge, we can make use of the Doppler shift effect where the wavelength of the
Hα emitted by beam atoms is shifted in wavelength by:
∆λ = λ0

Vbeam
cosθ
c

(1.13)

where Vbeam denotes the beam velocity, c is the speed of light, λ0 is the Hα
rest wavelength and θ is the angle between the viewing line-of-sight and the
beam direction. In order to maximize ∆λ, θ should be small.
Now, a NBI beam may have several velocity components as H + , H2+ and
H3+ ions are accelerated in the ion source. They are neutralized before entering
the plasma, but all components add to the signal. However, the ∆λ will be
different for each energy component. In the nest chapter, we will describe the
BES experimental set-up for the TJ-II stellarator.

1.6

Motivation of the thesis

The objective of this master thesis is to evaluate Beam Emission Spectroscopy
(BES) as a diagnostic for the TJ-II stellarator, in particular to determine if it
can be used to radially localize plasma density fluctuations. Its application in
TJ-II is attractive given the inherent flexibility of this device which is designed
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to explore a wide rotational transform range (0.9 ≤ ι(0)/2π ≤ 2.2). Here
rotational transform is defined as:
ι=

2πn
m

(1.14)

n being a mean number of toroidal turns and m - mean number of poloidal
turns of a magnetic field line around a torus. Basically, ι is inversely proportional to the safety factor q, which defines how many times the particle has to
turn poloidally around the torus, in order to end up at the toroidal position it
started from.
In many devices heating neutral beams (NBI) are used for BES. However, the relatively large diameter of the tangentially injected TJ-II NBI’s,
i.e. ∼ 20 cm, would require the implementation of inversion techniques to
obtain localized measurements with the inherent uncertainties that would result. Moreover, there is poor optical access to the plasma-beam interaction
column, in particular for lines-of-sight parallel to the magnetic field vectors.
For these reasons, a short-pulsed compact diagnostic NBI (DNBI) is used as it
has suitable optical access, simple geometry and a small beam diameter. This
DNBI is also used for Charge-Exchange Recombination Spectroscopy [16], and
the same optical components can be used for BES.
While implementing this master thesis, the author had to reach the following objectives:
• Compare measured signal levels at the detector with predicted signal
levels.
• Evaluate the noise in the signals, i.e. the photonic noise (shot noise)
and detector noise (load resistor noise) in order to determine the lowest
fluctuation levels that can be investigated with this system.
• Collect data for a range of plasma conditions and analyse it using techniques such as Fast Fourier Transform in order to identify and locate
fluctuation frequency modes.
• Determine if the current BES experimental set-up can produce useful
information about TJ-II plasmas, or if some modifications are needed to
overcome present limitations.

22

1. Introduction

Chapter 2
Beam Emission Spectroscopy on
TJ-II
2.1

Set-up chosen

The BES experimental set-up on TJ-II consists of a neutral beam for stimulating the Hα emission, an optical system to collect the Doppler shifted signal, a
transmission filter and Avalanche Photodiode modules for light detection. The
compact DNBI used for BES has the advantage of a small radius compared to
the radii of heating NBI’s which are similar to the plasma diameter.
The selected DNBI is an upgraded version of the compact DINA-5 injector manufactured by the Budker Institute (Novosibirsk, Russia), see Fig. 2.1.
It consists of a cold-cathode arc-discharge plasma generator, a four-electrode
multi-aperture ion optical system for beam focusing, and an ion neutralization
duct. It also incorporates a specially designed ion focusing grid system [17].
The main parameters are listed in the Tab. 2.1.

Figure 2.1: Actual photo of the upgraded compact DINA-5 beam injector by
Budker Institute installed on TJ-II.
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DNBI Parameter

Value

Ion source type

Arc source

Beam energy

15 - 30 keV

Extracted ion current

≤4A

Focal length

1.7 m

1/e divergence

≤ 0.7◦

1/e radius at focus

2.1 cm

Beam components (H, H2 , H3 )
Pulse length
Number of pulses per TJ-II discharge
Delay between pulses

90%, 80%, 2%
≤ 5 ms
2
≥ 50 ms

Table 2.1: Diagnostic Neutral Beam Injector parameters.

The DINA-5F type arc source provides up to two 5.5 ms long pulses per
discharge of neutral hydrogen particles accelerated to 30 keV with an equivalent extracted neutral current of ≥ 3 A [16]. Although its beam pulse length is
relatively short compared to that of the TJ-II NBI’s (≤ 110 ms), it produces a
focused beam with an e−1 radius of ∼ 2.1 cm at the plasma centre. Basically,
e−1 radius shows how focused the beam is. In our case it implies that 63% of
the beam current is contained within the 2.1 cm radius. The energy distribution of the 30 keV atoms is very narrow with a deviation of ±5 eV which is
determined by the plasma temperature in the DNBI ion source.
The DNBI is located in the sector A7 which enables to view the plasmabeam interaction from various directions (see Fig. 2.2).

Figure 2.2: Artistic sketch showing the DNBI beam and the tangential viewing
porthole (shared with NPAs) for BES in TJ-II [18].

2.1 Set-up chosen
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There are two viewports at the top porthole, two on the bottom porthole
(dedicated to CXRS) and two on the side porthole. Moreover, access from a
nearby tangential viewing porthole (in sector B1) provides direct optical access
(with an in-vacuum mirror) to almost the complete plasma-beam interaction
column, i.e. −1 ≤ ρ ≤ 0.7 (where ρ = r/a and a is minor plasma radius in the
beam direction). The latter porthole is also shared with CRXS and Neutral
Particle Analyzers (NPA).
A high-throughput optical system is used in combination with DNBI for
light collection optimization, as shown in the Fig. 2.3. It consists of highefficiency optical components: a focusing lens, a fiber bundle with 10 fibres,
and a narrow bandpass filter (λcentral = 659 nm) that transmits the Doppler
shifted components of the DNBI beam, and six Avalanche Photodiode (APD)
modules [18]. This viewing geometry provides optical access to all or most of
the plasma-beam interaction column, and the light emission can be monitored
at several radial positions.

Figure 2.3: Schematic view of the BES experimental set-up.

This set-up is currently employed to measure toroidal velocities of C +6 ions
by CXRS, hence the same optical components, with some modifications, are
used for BES. The lines-of sight are almost tangential to the local magnetic
flux surfaces across the whole region where the neutral beam intersects with
the plasma. The resultant spatial pitch of 2.9 to 4.2 cm between lines-of-sight
(shown in Fig. 2.4) provides access to medium to long wavelength density
fluctuations, i.e. 0.01 ≤ k⊥ ρi ≤ 0.16 [18]. Here k = π/∆x denotes a wave
vector with ∆x being the spatial pitch between the chosen lines-of-sight. ρi is
the Larmor radius of the plasma hydrogen ions.
It should be noted that the light emissions are well localized, as the radiative lifetime of the n = 3 upper shell of hydrogen is ∼ 6 ns for the
plasma electron density of ne = 1019 m−3 . Thus for 30 keV H atoms,
vbeam = 2.4 × 106 cm/s, the decay length along the beam path is ∼ 1.4 cm.
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Note, the TJ-II plasma minor radius is ∼ 22 cm, so a line-of-sight pitch of
≥ 2 cm is suitable.
In such a way, 10 lines-of-sight observe ∼ 30 cm of neutral beam within
the plasma: from ρ = −0.7 to ρ = 0.6. In order to view the Doppler shift
on the neutral beam emission the angle θ between the beam vector and the
lines-of-sight should be  90◦ , see equation 1.13. In the TJ-II set-up the θ
range from 62.0◦ to 53.8◦ , so the Doppler shift is between 2.46 nm and 3.1 nm
for the Hα spectral line.
However, for current evaluation purposes only 6 viewing channels are used
with variable spatial pitch from ∆x = 3.3 cm to ∆x = 4.2 cm, so that ∼ 18 cm
of neutral beam within the plasma can be viewed. This corresponds to the
range of ρ = 0 to ρ = −0.7.

Figure 2.4: Artistic view of DNBI beam (orange), plasma (violet), vacuum chamber, plus 10 lines-of-sight: ρ = −0.7 (yellow) to ρ = 0.6 (purple) [18].

Due to the difference in θ the spatial pitch varies between the lines-of-sight,
and also the Doppler shift. Generally, Hα is Doppler shifted by 2.41 nm to
2.7 nm, as shown in the Tab. 2.2 for ρ = 0 to ρ = −0.7.
ρ

Doppler Shift

Doppler Wavelength

Spatial pitch

kρs

kr,θ cm−1

1

-0.7

∆λ = 3.17 nm

λE = 659.45 nm

∆x = 4.15 cm

6 0.11

0.76

6

0

∆λ = 2.7 nm

λE = 658.98 nm

∆x = 3.3 cm

6 0.137

0.95

10

0.6

∆λ = 2.41 nm

λE = 658.69 nm

∆x = 2.9 cm

6 0.156

1.08

LoS

Table 2.2: Doppler wavelength shifts, spatial pitches and wave numbers for 3
lines-of-sight: a central one and two extremes.

A narrow bandpass filter centred on the wavelength of the shifted Hα is used
in order to remove the cold Hα light and light from other sources. This filter
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blocks light over a very broad wavelength region. Even in the transmission
region some light is blocked (see Fig. 2.5).

Figure 2.5: Narrow bandpass filter transmission in % as a function of the wavelength. Six LoS’s currently used for BES lie within the highest transmission region,
and the background carbon lines plus Hα (at 656.28 nm) are blocked. It is a Type-3
bandpass filter by Andover Corporation with a 1 nm full width at half-maximum
centred at 659.3 nm [8].

An important point for the TJ-II BES system is that all lines-of-sight are
approximately parallel to the magnetic field at their beam intersections, as
may be seen from Fig. 2.6. So, the collection volumes are well aligned and one
may observe turbulences as they develop along the field lines. Also k⊥  kk
since the turbulent structure is ’flute’-like.

Figure 2.6: Angles between the beam and the lines-of-sight (blue) and magnetic
field lines (red) as a function of the TJ-II major radius.

The detectors chosen are Avalanche Photodiode modules (model LCSA
3000-01) by Laser Components GmbH [19] whose main parameters are shown
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in Tab. 2.3. These detectors can be operated at room temperature, though
there is a voltage compensation in order to maintain a fixed APD gain as the
detector temperature varies. It was fixed at 2 V /◦ C.
Detector Parameter
Detector material
Size
Responsivity
Maximum amplification
Load resistance, RL
Conversion gain
Quantum efficiency
Output noise density
Bandwidth

Value
Si
3 mm
45 A/W at gain M=100
×100
105 ohm
360 MV/W at 650 nm
85%
√
10 mV / Hz at 100 kHz
from DC to 1 MHz

Table 2.3: Avalanche photodiode modules’ parameters.

2.2

Estimate of the light signal at the detector

In order to obtain the best BES data, one has to estimate correctly the bandwidth and frequency range accessible which are, in turn, determined by the
detectable fluctuation levels. The latter quantity depends on photon statistics,
detector noise, and hence on the beam, the optical access, light transmission,
detector efficiency, and plasma conditions [8]. First of all, the light signal at
the detector should be estimated. For the electron resonance heated (low density) plasmas, the intensity of Doppler shifted Hα light reaching the tangential
window is estimated using:
∆Ω
σi + σe | Vb − Ve |
A32
Ni Nb Vb
hν∆V
(2.1)
A32 + A31
Vb
4π
1) The system independent constants of the above equation are:
A32 (Hα ) = 4.416 × 107 s−1 , A31 = 5.569 × 107 s−1 , hν = 3.03 × 10−19 J,
where A3i are coefficients and hν is energy of the emitted photon.
2) Let us now look at DNBI and plasma dependent factors of the equation
2.1. For a 30 keV hydrogen beam with current I = 3 A and overall radius of
2.4 cm, one estimates beam current density for a narrow line-of-sight through
the beam to be 0.166 A/cm2 . Also, the velocity of beam particles is Vb =
2.43 × 108 cm/s. Thus, the beam H 0 particle density is calculated using:
I(W ) =

Nb =

Ib
0.166
=
= 4.3 × 109 cm−3
2
−19
qπr Vb
1.6 × 10
· 2.43 × 108

where Ib is beam current, q is elementary charge and r is beam radius.

(2.2)
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Now, assuming plasma particle density to be approximately equal to the
plasma ion and electron densities: Ni ≈ Np ≈ Ne = 5 × 1012 cm−3 .
Also, the H + impact excitation cross-section is: σi = 2 × 10−17 cm2
[20], and the electron impact excitation cross-section for Te ≤ 1 keV is also:
σe | Vb − Ve |/Vb = 2 × 10−17 cm2 .
Therefore, equation 2.1 becomes:
I(W ) = 0.558×1013 ·4.33×109 ·2.4×108 ·4×10−17 ·3.03×10−19 ·∆V

∆Ω
(2.3)
4π

∆Ω
(2.4)
4π
3) Now the experimental set-up has to be taken into account, in order to
calculate quantities on the right-hand side of the equation 2.4. The beamplasma interaction volume along the line-of-sight is:
I(W ) = 7.03 × 10−5 · ∆V

∆V =

2r1/e πr2
[cm3 ]
sinθ

(2.5)

where r1/e is beam 1/e radius, θ is the angle between the chosen LoS and the
beam, and r is the LoS radius at the beam.
The solid angle to the light collection system is:
π(D/2)2
∆Ω
=
[sr]
4π
4πL2

(2.6)

where D is either lens or viewport window diameter (whichever is smaller),
and L is beam to lens separation.
The present experimental set-up has a 50 mm f/1.4 lens plus 600 µm core
fibres covering ρ = 0.6 to ρ = −0.7, resulting in the range of angles θ =
54◦ to θ = 63◦ between the LoS and the beam. The effective lens diameter
D = 3.57 cm, beam 1/e radius r1/e = 2.1 cm, the LoS radius at the beam
r = 0.9 cm and beam to lens separation L = 150 cm. This results in beamplasma interaction volumes ∆V = 12 to 13.3 [cm3 ], and the interaction volume
solid angle is ∆Ω/4π = 3.54 × 10−5 [sr].
Finally, the estimated Hα intensity reaching the viewport (for the central
LoS with ρ = 0) is:
I(W ) = 1.2 × 10−8 [W/channel] = F · q ·

1240
656.28

(2.7)

where F denotes the photon flux at the detector, which is equivalent to ∼ 4 ×
1010 [photons/s] per channel. This is compatible with other systems for similar
conditions, e.g. 2.6×10−8 [W/channel] in CHS [21] and 109 to 1011 [photons/s]
on MAST [9].
4) Now, taking into account the light path to the detector, it is possible to
estimate the light reaching the detector. The filter transmission is ∼ 64% for
all LOS’s of interest, but one has to account for other intensity losses as light
passes through the optical system.
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The collection optics includes a 50 mm diameter silver-coated in-vacuum
mirror, 50 mm f/1.4 lens and 12-way fibre optic bundle. The light losses are:
13.6% at the mirror, 11.5% at the viewport, 31% at the lens and 7.7% at optical
fibre couplings which gives the overall light transmission for these components
of 49%. When combined with the filter transmission of 64%, the overall light
transmission is 31% for the 6 LOS’s.
Taking into account also the beam attenuation, which is at maximum ≤ 5%
for the central plasma electron density ne (0) = 5 × 1018 [m−3 ], the incident
photon flux on the detector is estimated to be ∼ 1.2 × 1010 [photons/s] at
ρ = 0.

Chapter 3
Experimental set-up testing
This chapter describes the testing of the BES system on TJ-II and the optimization of the system. First of all, a description is given of checks and tests
which were done on the APD modules with a calibration light source in order
to optimize their gain and to achieve similar gains in each channel. Also, beam
light detection without plasma and with plasma in the TJ-II vacuum chamber
is discussed.
Moreover, a brief description of the techniques used for data analysis is
given such as Fast Fourier Transforms (FFT) and cross-correlations between
the signals in different LoS’s. The basic principles of these techniques and
information which is possible to extract are described.

3.1

Testing the Avalanche Photodiodes

The Silicon Avalanche Photodiodes (APDs) used in the optical system were
chosen in order to detect low-intensity light fluctuations with high efficiency.
APDs are highly sensitive and operate at high speeds (< 1 M Hz) and high
gain by applying a reverse bias. As in common photodiodes, the light entering the detector generates electron-hole pairs which are multiplied because
of the internal gain mechanism. Due to reverse bias and the strong electric
field applied, the generated charge carriers collide with the crystal lattice and
additional e− − h+ pairs are generated, which grow in number in a chain
reaction-like process. This phenomenon is called avalanche multiplication.
There are many types of APDs each characterized by factors like quane− −h+ pairs
), gain (multiplication factor), spectral
tum efficiency (QE = incident
photons
response, etc. The latter quantity characterizes the photo sensitivity of the
APD to the detection of light over a certain wavelength range. In order to
detect the Doppler shifted Hα light, model LCSA 3000-01 APDs were used
with a responsivity of about 45 A/W and QE ∼ 85% at 656 nm. The full
wavelength range of theses photodiodes lies from 400 nm to 1000 nm with
peak sensitivity at 905 nm [19].
In addition, the APD detector type was shown to be the most suitable for
BES measurements, for instance, on MAST [22]. For the photon flux range
31
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relevant for BES measurements (∼ 108 to 1010 photons/s), the APD detector
proved to be superior to both photomultiplier tubes (PMT) and photoconductive photodiodes (PPD), although it does not require cryogenic cooling of any
component. The noise-to-signal ratio for this photon flux range and 1 M Hz
bandwidth was the lowest in the case of APDs, if optimal gain was applied
[22].
The first testing of the TJ-II APD modules was performed in order to
obtain APD gain versus applied voltage curves, since no specific information
was provided by the manufacturer. A red light emitting diode (LED), with
λ0 = 650 nm, was used as a light source. The light intensity was assumed to
be constant as the LED was biased using a battery source. For this, the light
emitted by the LED was transported to the APD input by an optical fiber
which was connected to one channel at a time. For each APD module, the
voltage applied to the APD was changed and the light intensity signal in volts
was recorded. Later the corresponding APD gain was calculated as a function
of the applied voltage. The results of these measurements and calculations are
shown in Fig. 3.1, where the optimal voltages provided by the manufacturer
for each APD are also indicated.

Figure 3.1: Recorded APD detector output and APD gain as a function of applied
photodiode voltage for the different APD modules. The signal is normalized for a
temperature of 26.5 ◦ C. Note: no measurements were made for LoS 1 as the APD
was off line at the time. Plotting the Vopt for APDs as vertical lines reveals that
Vopt is not at the gain of M = 100. These measurements were made using the LED.

Since all detectors were operated at slightly different temperatures during
the tests, normalization for a temperature of 26.5 ◦ C was done with a voltage
compensation of 2 V /◦ C. As may be seen from the figure, the exponential
growth of the light signal with the applied voltage is somewhat different for

3.2 Calibration of the detector system
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each APD, since the multiplication factor depends on factors such as doping
profile of the diode.
Fig. 3.1 was produced in order to check the signal-to-noise ratios of the
detectors and to set the operating voltages to be used when making measurements on TJ-II. It was found that Vopt did not correspond to the same gain in
all APDs. Finally, these curves also allow us to determine the APD gain versus voltage, which is important when selecting the gain setting for an expected
photon flux.

3.2

Calibration of the detector system

When initially using the BES system, it became clear that the APD signal
outputs were different for some of the channels. For instance, Fig. 3.2 shows
APD outputs for a beam shot without plasma where one may easily see the
difference between the signals for different LoS’s. The reason for these differences is the difference in the gains of APDs when they are set to Vopt . Some
small differences in light intensity can be expected due to geometry effects and
beam focusing.

Figure 3.2: APD signal outputs as a function of time for 6 LoS’s when injecting
the neutral beam into the TJ-II vacuum chamber (note: there was no plasma).

In order to make a precise comparison between the output signals when
firing the beam into the plasma, the signal levels had to be first aligned using
a light source with constant emission intensity. So, the red LED was used
for calibration, and an optical fiber collected the emitted light. The voltages
applied to the APDs were chosen as close as possible to Vopt , accounting also
the APD temperatures by utilizing the 2 V /◦ C compensation. Following such a
procedure for all the LoS’s, the signal levels were set to the same intensity. This
may be seen from Fig. 3.3 where the APD output signals for the calibrated
system are shown.
As one can see from Fig. 3.3, LoS’s 3, 4, 5 and 6 have almost the same
signal levels and low noise levels (∼ 30 mV ). LoS 1 has a high signal level
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Figure 3.3: APD signal voltage as a function of time for 6 LoS’s after performing
the system calibration. Only a neutral gas was present in the TJ-II vacuum chamber
while injecting the beam.

when no beam signal is present. Probably, it is due to some light leakage from
residual plasma in the TJ-II (note: the beam was injected several 10’s ms after
plasma end). LoS 2 possesses a high noise level (∼ 50 mV ) which could be
due to the detector noise or light leakage.
In order to check if the APD calibration was performed correctly, one could
compare the APD signal level variation with minor plasma radius, ρ, with the
variation of the electron density with ρ. Note: this can be seen in Fig. 3.4
where the electron temperature was almost constant.

Figure 3.4: a) APD signal voltage as a function of plasma minor radius measured
with the BES system for a line-averaged density ne = 2.3 × 1019 m−3 . b) Electron
density and electron temperature as a function of plasma minor radius measured
with the Thomson Scattering diagnostics for the same discharge.

The first graph in Fig. 3.4 shows the APD signals from BES system for
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different LoS’s which were associated with corresponding minor plasma radius.
Here the APD output voltage is assumed to be proportional to plasma electron
density (Te is almost constant).
A comparison can be made with the second graph where the electron density, ne and electron temperature, Te which were measured with Thomson
Scattering are also shown as a function minor plasma radius, ρ. For the range
of ρ = −0.7 to ρ = 0, the APD output voltage profile is seen to have a shape
similar to the electron density profile for the same ρ. Nevertheless, the agreement would be more evident if one accounts for the beam attenuation in figure
a).

3.3

Measurement of signal to noise ratios and
comparison to the estimates

As was already discussed in previous sections, the determination of the bandwidth and the accessible frequency range is crucial for density fluctuations
detection with BES. One of the important quantities which sets the lowest
limit for the fluctuation detection is signal-to-noise ratio. Here one has to
take into account all possible noise sources that add up in the noise power of
the output signal. The following noise sources may be considered: the input
current and voltage noise of the preamplifier, the Johnson noise of the load
resistor, the shot and excess noise of the APD current, etc. [22].
For the purposes of the work, the overall shot noise plus the Johnson noise
were calculated with the following simplified equation:
s
4kT B
(3.1)
in = 2q · [Is + (Idm + Idcsig + Ibk ) · F · M 2 ] · B +
Rf
where the first term under the square root is the shot noise and the second
term the Johnson noise. B in this case is the bandwidth of the system, q is
elementary charge, k is Boltzmann’s constant, T is the temperature in kelvin,
Rf is the feedback resistor, and M is gain of the APD. The components of the
noise current are: Idcsig which is the DC-component of the actual signal, Is
which is the unmultiplied surface component of the dark current and Ibk which
is the photo-induced background current in the multiplying region.
The excess noise factor, F , for gains greater than about 10 can be approximated as follows:
F = 2 + kef f · M
(3.2)
where kef f is the effective ratio of the hole to electron ionization coefficients.
For the APDs used kef f = 0.02.
On the other hand, the signal detected by an APD module is:
Isig = qΓM Q

(3.3)

where Γ denotes the photon flux to the detector and Q is quantum efficiency.
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The DC-component of the signal current which is not multiplied by the
APD is:
Idcsig = ΓqQ
(3.4)
In the most common case, the signal-to-noise ratio is taken as the simple
ratio of the signal current to the noise current:
S/N =

Isig
in

(3.5)

A plot of the signal-to-noise ratio as a function of the APD gain for different
photon fluxes is depicted in Fig. 3.5. The values of the parameters used in the
calculation are shown in Tab. 3.1.

Figure 3.5: Signal-to-noise ratio as a function of the APD gain for photon fluxes
ranging from 107 to 1012 photons/s. For the parameters used in the S/N calculation
see Tab. 3.1.

Regarding Fig. 3.5, the S/N maxima shift towards smaller gains for greater
photon fluxes. It means that a reasonable gain of 50 to 100 could be applied
for the moderate photon fluxes: from 107 to 1010 photons/s.
In order to check if the signal-to-noise ratio calculation is in agreement with
the experimental observations, the red LED was used. Γ was assumed to be
constant for the time of the experiment, and the APD gain was changed for
the chosen LoS. The S/N ratio was estimated as follows:
(S/N )exp =

|Vsig | − |Vbackgr |
σ(Vsig )

(3.6)

where |Vsig | and |Vbackgr | denote the arithmetic mean of the signal and of the
background voltage correspondingly. Vbackgr is the voltage measured at the
detector for the LED turned off.
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Parameter

Abbreviation

Value

kef f

0.02

Quantum efficiency*

Q

0.85

Feedback resistor*

Rf

105 Ohms

Temperature

T

298 K

Bandwidth

B

150 kHz

Background current*

Ibk

3 ·10−11 A

Multiplied dark current*

Idm

10−11 A

Is

10−10 A

k-factor*

Surface comp. of dark current*

Table 3.1: Signal-to-noise calculation parameters (* provided by manufacturer).

In the equation 3.6, σ(Vsig ) is a standard deviation of the signal which is
calculated using the formula:
r
[Vsig (i) − |Vsig |]2
(3.7)
σ(Vsig ) =
n−1
where n stands for the number of the data points of Vsig in the experiment.
The agreement between the calculation and the experiment described above
is presented in Fig. 3.6. As one may notice, the experimental data indeed
agrees with the chosen calculation approach.

Figure 3.6: Signal-to-noise ratio as a function of the APD gain for the flux Γ =
2.2 · 109 photons/s and the bandwidth B = 150 kHz. The blue curve represents
the calculation and the experimental points are shown in red.
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To get an idea of the difference in signal fluctuations between the LED
source and the plasma emission, one may refer to Fig. 3.7. The noise levels
in the LED signal are due to photon statistics (shot noise) and detector noise
(Johnson noise). The noise in the beam signal are photon statistics, Johnson
noise plus fluctuations in the beam and fluctuations in the plasma, which altogether result in the increased level of signal fluctuations. Later when analysing
the fluctuations it is possible to identify frequency modes that come from the
plasma excluding the ones that come from the beam.

Figure 3.7: APD signal output as a function of time for the LED light source
(shown in red) and for the beam injection into the plasma (shown in brown).

3.4

Comparison of measured fluxes to the estimates

In this section the estimate of the photon flux at the detector computed in
section 2.2 will be compared to the actual data obtained by the BES system during the TJ-II operation. The reasons for discrepancies between the
predicted and experimental values will also be explained in detail.
First of all, let us recall the predicted flux value calculated in section 2.2.
The expected light intensity at TJ-II window was predicted to be I(W ) =
1.2 × 10−8 [W/channel]. In order to account for the path to the detector,
one takes the overall light transmission is 31% for the 6 LOS’s which reduces
the signal to I(W ) = 3.72 × 10−9 [W/channel]. Without taking the beam
attenuation into account, this corresponds to ∼ 1.23 × 1010 [photons/s] at the
detector. The equation used for signal conversion from [W ] to [photons/s]
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which is, basically, a relation between light intensity, I(W ), and particle flux,
Γ, reads:
I(W ) · λ
(3.8)
q · ~ω · λ0
where λ = 656.28 nm is the wavelength of Hα emission and q is elementary
charge. The kinetic energy ~ω = 1 eV , as it corresponds to a photon with the
wavelength of λ0 = 1240 nm.
In order to make the experimental measurements of the photon flux at the
detector, the proper data was selected. Under ’proper’ one assumes that the
beam has been fired during the TJ-II discharge and its shape was not distorted.
The beam was injected in the end of each discharge to avoid any possible
perturbation of the plasma. The typical length of a TJ-II discharge is around
250 ms, and the length of the beam injector pulse is 5 ms. This can be seen in
Fig. 3.8 where the main plasma parameters’ time evolution is represented for
TJ-II discharge #30362. The plasma was heated with ECRH, the line-averaged
electron density at the time of the DNBI shot was ne = 5.6 × 1018 m−3 .
Γ=

Figure 3.8: Time evolution during TJ-II discharge #30362 of the line-averaged
electron density and also Hα , X-ray and bolometer monitors. The ECRH heating
phase and the DNBI pulse are indicated. In the bolometer signal one can see the
signature of the beam (the bolometer is viewing the beam). The beam pulse in the
Hα signal is not visible as it is located in a different sector of TJ-II.

The BES data for the flux estimation is plotted in Fig. 3.9. Here the
line-averaged electron densities for the time of diagnostic beam injection were
ne1 = 4.2 × 1018 m−3 and ne2 = 5.6 × 1018 m−3 correspondingly. The density
is flat inside ρ = −0.5 and slowly drops outside of the region with this minor
radius value.
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Figure 3.9: APD signal output as a function of time for 5 LoS’s during the TJ-II
shot #30360 (a) and #30362 (b). The line-averaged electron densities for the time
of DNBI pulse are ne1 = 4.2 × 1018 m−3 and ne2 = 5.6 × 1018 m−3 .

The data from BES system was taken with a sampling rate of 1 M Hz,
so that there was a sufficient amount of points in the flat region of the beam
signal, even though the beam shape was distorted for the first 2 ms of the
discharge. After taking the mean value of about 200 data points of the beam
signal, the background effect was accounted by subtracting the signal without
the beam pulse for all points.
Afterwards, the gain of each APD was estimated with a help of Fig. 3.1
according to the bias voltage applied. Let us perform the whole procedure for
LoS 3 which was set to Vbias = 225.5 mV , so the corresponding APD gain
equals to 77.
Then, using the conversion factor of 360 M V /W for the gain M = 100
provided by the manufacturer (same for all APDs), the mean actual value of
the signal [I(V ) = 0.1782 for LoS 3 during the TJ-II discharge #30360] was
converted into I(W ) = I(V )/(0.77 · 360 × 106 M V /W ) = 6.42857 × 10−10 W ,
where the factor 0.77 has accounted for the gain difference. The corresponding
photon flux was estimated using equation 3.8 to be Γ = 2.12 × 109 photons/s.
The results of the calculations performed for 5 LoS’s using the data plotted
in Fig. 3.9 are shown in Tab. 3.2. There one may also see the signal-tonoise ratios calculated by division of the mean actual signal over its standard
deviation for the given LoS (see eq. 3.6). The bias voltages applied to the
APDs, the corresponding gains and plasma minor radii are also listed in the
table.
Unfortunately, one cannot see if there is clear dependence of the flux values
on one of the plasma parameters, such as line-averaged electron density, since
the electron temperature has also varied between the discharges altering the
photon flux. The values of Γ for different LoS’s could be compared, however
they depend largely on the APD module used. For instance, the LoS 6 which
is closer to the plasma centre might have an underestimated flux value due
to the peculiarities of the APD used. As seen from Tab. 3.2, the gain on
this APD module was the highest yet yielding the lowest photon flux value.
The other problem may be associated with incorrect gain estimation since the
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Parameter

LoS 2

LoS 3

LoS 4

LoS 5

LoS 6

ρ, m

-0.58

-0.47

-0.37

-0.26

-0.14

Vbias , mV

176.1

225.5

193.5

213.4

197.0

APD Gain

87

77

73

65

131

Shot #30360
I(W)
Γ, photons/s
S/N

ne = 4.2 × 1018 m−3
5.11 ×10−10

6.43 ×10−10

9.02 ×10−10

8.9 ×10−10

2.64 ×10−10

1.69 ×109

2.12 ×109

2.98 ×109

2.94 ×109

8.74 ×108

25.9

23.9

19.4

4.4

17.2

18

−3

Shot #30362

ne = 5.6 × 10

I(W)

5.82 ×10−10

7.58 ×10−10

1.06 ×10−9

1.02 ×10−9

2.99 ×10−10

1.92 ×109

2.5 ×109

3.5 ×109

3.38 ×109

9.89 ×108

17.8

29.2

30.1

25.9

5.2

Γ, photons/s
S/N

m

Table 3.2: Results of the flux and signal-to-noise estimation for 5 LoS’s for two
selected TJ-II discharges. Bias voltages applied to the APDs, the corresponding
gains and plasma minor radii are also listed.

curves plotted in Fig. 3.1 are quite steep, and a finite error appears while
correlating Vbias to M , because gain is very sensitive to slope for the voltages
used.
Generally, it may be seen that a discrepancy of approximately one order of
magnitude exists between the predicted and measured photon flux values at
the detector. However, one may account for additional possible factors causing
signal loss at the detector. For instance, the electron density used in theoretical
flux estimate is ne = 5 × 1012 cm−3 = 5 × 1018 m−3 , and the electron density
for shot #30360 was ne = 4.2 × 1018 m−3 . Accounting for this difference, the
predicted flux value drops to Γ∗ = 1.23 × 1010 · 0.84 = 1.03 × 1010 photons/s.
Furthermore, one may account for the corrected beam current value of the
DNBI. The ion current from the ion source is typically 3 A (as measured on an
oscilloscope). However, the equivalent neutral current is less than 3 A which
was used in the estimate in section 2.2. The neutral beam consists of 90%
full energy and 10% half and third energy components. The neutralization
efficiency for the components in the gas neutraliser is 0.72, 0.87 and 0.88 (for
E, E/2 and E/3). So, after neutralization the equivalent current is Ieq =
3 A · (1 · 0.72 · 0.9 + 2 · 0.87 · 0.05 + 3 · 0.88 · 0.05) = 2.6 A. As the Hα emissions
from the E/2 and E/3 components is blocked with the light filter, only light
from the full E is detected. Therefore, one needs to reduce the current in the
calculation, i.e. Ieq = 3 A · (1 · 0.72 · 0.9) = 1.94 A.
Applying the equivalent beam current correction to our predicted photon
flux value, one obtains:
Γ∗∗ = 1.03 × 1010 ·

1.94
= 6.68 × 109 photons/s
3

(3.9)
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which is still somewhat higher than the flux values listed in Tab. 3.2.
Further sources of errors may be connected to overestimation of the optics
transmission. For instance, the mirror used in the optical system is tilted to
about 45◦ which reduces the effective mirror area to 0.71 of the original area.
Furthermore, since the mirror is movable and has to be removed from the port
after the end of the operation and put in again before the operation starts,
the mirror tilt may slightly vary for different experimental days. Accounting
for all these factors, the optics transmission will be reduced from 0.31 to 0.22
which brings the predicted flux value closer to the experimental results:
Γ∗∗∗ = 6.68 × 109 · 0.71 = 4.74 × 109 photons/s

(3.10)

In addition to the effective mirror area reduction, the tilt of 45◦ also implies
the loss of mirror reflectivity from 0.96 to 0.87 which lowers the photon flux:
Γ∗∗∗∗ = 4.74 × 109 · 0.9 = 4.27 × 109 photons/s

(3.11)

Finally, the beam attenuation effect can also be considered which results
in ∼ 10% of the signal loss at ρ = −0.5 m. Therefore, the corrected photon
flux becomes:
Γ∗∗∗∗∗ = 4.27 × 109 · 0.9 = 3.84 × 109 photons/s

(3.12)

which is comparable to the experimental value Γexp = 2.12 × 109 photons/s for
the LoS 3 (ρ = −0.47 m) and the shot #30360 (ne = 4.2 × 1018 m−3 ) indicated
in in Tab. 3.2. The possible reasons for the discrepancies between these values
are as follows:
• The filter transmission is not T = 64%.
• The gain is not M = 77 for LoS 3.
• Not all the light losses along the optical system are accounted.
It is also possible to compare the predicted signal-to-noise ratio to the experimental results in Tab. 3.2. For the photon flux Γexp = 2.12×109 photons/s
(corresponding to LoS 3 during the discharge #30360), the S/N ratio was measured to be 25.9. For the same flux value it is possible to predict S/N ratio in
a similar manner to Fig. 3.5. A Matlab routine was written which plots the
signal and noise currents as well as their ratio as a function of the APD gain.
This is done for a given photon flux value and for other parameters listed in
Tab. 3.1. The plot for the theoretically predicted photon flux is shown in Fig.
3.10.
As may be seen from Fig. 3.10, the maximum S/N = 38.2 corresponds
to the APD gain range M = 50 to M = 58. For the value of the gain
determined experimentally for LoS 3 (M = 77), the corresponding prediction
is S/N = 37.2 which is almost 1.5 times bigger than experimentally estimated
S/N = 25.9 listed in Tab. 3.2. This reduction in the S/N ratio is due to the
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Figure 3.10: Signal and noise currents (blue and green curves correspondingly) as
a function of APD gain (see left y-axis). Their ratio (shown in red) is also plotted
against M (see right y-axis). The value of the photon flux used in the calculation
is Γ = 2.12 × 109 photons/s.

fluctuations in the beam and in the plasma, i.e. the fluctuation noise level in
the signal increases by 44% due to these fluctuations.
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Chapter 4
Data analysis
In this chapter common data processing techniques like Fast Fourier Transforms (FFT) and cross-correlations are used for fluctuation analysis. A brief
introduction to each of the analysis techniques is given. Then, the data is
analysed for the LED light source and for beam injection during the selected
TJ-II discharges.
In the power spectra obtained with FFT technique frequency modes were
found which appear due to DNBI and APDs’ construction aspects, as well as
ones attributed to plasma density fluctuations. The modes are spatially resolved according to the BES system viewing geometry which makes it possible
to localize them radially across the plasma minor radius. Afterwards, signals
from other diagnostics like Mirnov coils and Bolometers are used to compare
with the frequency modes found with BES.

4.1

Fast Fourier Transforms and cross-correlations

The basis line of FFT is to express a continuous function as a sum of sinusoidal
waves of different amplitudes and frequencies [23]. If the sum is infinite, it’s
possible to resemble it mathematically by the integral:
Z∞
G(f ) =

g(t) · e−i2πf t dt

(4.1)

−∞

where g(t) denotes a time-dependent function and G(f ) is the corresponding
frequency function. Basically, equation 4.1 is the Fourier transform of g(t).
As may be seen from the equation, any time-dependent function can be
put in complete correspondence to the frequency-dependent function, and vice
versa, because the complex exponents from 1.10 span both the frequencydomain and time-domain [23]. However, for ease of calculation discrete time
series are used instead of the continuous integration:
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N −1
i2πkn
∆t X
g(n∆t) · e− N , k = 1, 2, ..., N
G(k∆f ) =
N n=0

(4.2)

where g is a time function consisting of n points which are located by the time
∆t apart. G denotes the frequency function which consists of N points placed
by the frequency ∆f apart. For a signal with ∆t, the maximum detectable
frequency, called the Nyquist frequency, is: fN y = 1/(2∆t), and ∆f = 2fN y /N
[23].
Equation 4.2 is known as the discrete Fourier transform (DFT), and is
widely used in fluctuation analysis. A collection of matrix algebra and programming techniques used to implement the DFT most efficiently is called a
Fast Fourier Transform. The most common method employed in FFT computer routines is the Cooley-Tukey algorithm which is generally used in the
analysis and manipulation of digital or discrete data. It re-expresses the DFT
of an arbitrary composite size N = N1 · N2 in terms of smaller DFTs of sizes
N1 and N2 , recursively, which greatly reduces the computational time.
The output of an FFT is a complex series in the “inverse space” of the
original series. The series stores both amplitude and phase information of
multiple sinusoids. An important analysis tool used to represent the data in
the frequency domain is the cross-correlation, or cross-power, which is the
amplitude of the conjugate product of two different frequency series, G1 ∗ G2,
such as from two different measurements. Cross-powers reveal what modes
or fluctuations two series have in common. The correlated portions (which
have the same frequency or coherent phase relation) will have a relatively high
cross-power amplitude [23].

4.2

BES Data Analysis

FFT analysis was made for the BES data taken for different experimental
conditions. Examples of constructed power spectra that show the power spectral density of the signal (power carried by the wave per unit frequency) as a
function of frequency, are plotted in Fig. 4.1.
The first image, (a), represents FFT for the light from an LED (V =
490 mV ) which is shown in red. The lower spectrum in this figure (shown in
blue) is with no light reaching the APD module which represents pure noise in
the APD. In the APD dark signal spectrum the strongest mode is at 180 kHz,
and there are two weak ones at 45 kHz and 13.5 kHz. Thus, one can expect
the mode at 180 kHz to appear in all spectra. Most APD modules have such
modes as these are inherent to their design.
The second figure, (b), shows FFT for the beam with no plasma. Here one
can see beam frequencies at 11.5, 20, 43.8 and 87.6 kHz. These modes appear
in all beam injection spectra since they originate in the high voltage and arc
current modulators of the neutral beam (∼ 20 kHz and its multiples). There
is also a strong mode at 180 kHz originating from the APD.

4.2 BES Data Analysis

47

The last figure, (c), shows spectra for the APD modules with no light, the
APD response just before the beam is injected into the plasma (there is some
C II and Hα light leakage through the filter) and the spectrum of the Doppler
shifted Hα light from the beam when injected into the plasma. The frequency
modes at 20 kHz and 40 kHz observed in the plasma spectrum are due to the
beam, the mode at 180 kHz comes from the APD, and the one at 174 kHz is
attributed to plasma.

Figure 4.1: Power spectra produced by the FFT for different experimental conditions: a) no light reaching the APD (blue curve) and APD response to the light
from an LED (red curve); b) beam with no plasma; c) APDs with no light (red
curve), APD response before the beam is injected into the plasma (blue curve) and
APD signal when injecting the beam into the plasma (green curve).

Next, a specific TJ-II shot is selected in order to spatially localize the
fluctuations attributed to the plasma. The chosen discharge, #30532, had a
line-averaged density value of ne = 1.81 × 1019 m−3 when firing the DNBI,
and the plasma was heated with ECRH and NBI. The magnetic configuration
used during the TJ-II operation was 100_42_63. The data from different
diagnostics for this discharge is shown in Fig. 4.2.
FFT analysis of the BES data for discharge #30532 for 5 LoS’s with corresponding ρ is shown in Fig. 4.3. The frequency modes attributed to the
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Figure 4.2: Time evolution during TJ-II discharge #30532 of the line-averaged
electron density and also Hα , X-ray and Bolometer monitors. The ECRH and NBI
heating phases, and also the DNBI pulse are indicated.

plasma were identified and indicated with arrows on the plots. These include
the strongest mode at 174 kHz which is visible in LoS’s 2, 3 and 4, but does
not appear in the other LoS’s. The LoS’s 2 and 3 share the frequency modes
at 65, 75 and 159 kHz, the second one being the strongest. The LoS 2 in
addition possesses a weak mode at 110 kHz. The frequency mode at 66 kHz
visible in LoS 4 may be a shifted 65 kHz mode from LoS’s 2 and 3. In addition
to that, there is a mode at 60 kHz in LoS 4. The strong modes with no arrows
are beam or detector modes.
From Fig. 4.3 it may be concluded that the observed modes attributed
to the plasma occur towards the plasma edge. There are no strong modes
observed in the plasma centre.
In order to identify the origin of these density fluctuations, more data has to
be analysed and the plasma density dependence of the modes’ frequencies has
to be revealed. The MHD fluctuations’ frequencies would increase with density,
√
and for Alfven modes the mode frequency scales with density as f ∝ 1/ ne .
It should be noted that Alfven modes have frequencies  100 kHz.
A cross-correlation analysis between the LoS’s where the strongest modes
are observed may reveal some extra information about their spatial localization. The results of the cross-correlation analysis between LoS’s 2 & 3 and
LoS’s 3 & 4 is shown in Fig. 4.4.
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A comparison of the BES system results for shot #30532 with the data from
other diagnostic systems on TJ-II was made in order to find similar frequency
modes attributed to the plasma. The data from Mirnov coils and Bolometers was taken into consideration. BES should have an advantage over these
systems as the Hα light collected is very localized.
Mirnov coils measure magnetic field during the whole TJ-II discharge, and
the fluctuations in the magnetic field could be seen. FFT of the Mirnov data
was made for the time of the DNBI pulse and may be seen in Fig. 4.5. The
first plot resembles the mean power as a function of frequency, where the
strongest modes are labelled. Some frequency modes observed with BES are
also seen from Mirnov power spectra, for instance 75 kHz (BES: LoS 2 & 3)
and 76.3 kHz (Mirnov), 159 kHz (BES: LoS 2 & 3) and 160 kHz (Mirnov).
The second plot shows evolution of the frequency modes along the discharge
for the 5 ms when the beam was fired. The colour resembles the mean power
of the fluctuations, blue being the weakest and red the strongest signal.
The bolometer system is located in the same sector as DNBI and its 16
channels view approximately the same plasma radii as all 10 lines-of-sight
planned for the BES system. However, the bolometers are sensitive to electromagnetic radiation from the soft X-rays to almost the infra-red region. The
bolometers collect radiation along the full viewing chord across the plasma,
so localized information is limited, because each bolometer can pick up the
fluctuation modes of only one frequency along the chord. The bolometers may
be sensitive to impurities, Zef f , plasma density and temperature.
The frequency modes detected by bolometers together with the viewing
geometry across the TJ-II vacuum vessel are shown in Fig. 4.6. The LoS’s of
the BES system are also imposed on the picture (see central part of the figure)
to show their correlation with the bolometer viewing chords. The frequency
modes close to the ones registered by BES are labelled near the chosen plots
(where bolometer chords correspond to the BES LoS’s). These modes are
observed at such frequencies: 25, 50, 65, 75, 90, 110 and 165 kHz each
having different intensities at different spatial locations.
Comparing to the Mirnov coils’ and bolometers’ data, some conclusions
could be drawn. The frequency modes observed in the BES data for this discharge that do not come from the beam itself or from the APD modules can be
considered to originate in plasma as they are also seen by other systems. Nevertheless, not all the modes observed by Mirnov coils and bolometers could be
visible with BES. This can be explained if the modes which cannot be observed
by BES are not density fluctuations. The other possible reason would be that
the intensity of these frequency modes is too weak to be distinguished from the
background while doing FFT. So, one may try other analysis techniques such
as wavelet analysis in order to observe some weaker modes. One could also
implement some system modifications in order improve the light level detected
and to reduce the background noise.
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Figure 4.3: Power spectra produced by the FFT for TJ-II discharge #30532: a)
LoS 2, ρ = −0.58 m; b) LoS 3, ρ = −0.47 m; c) LoS 4, ρ = −0.37 m; d) LoS
5, ρ = −0.26 m; e) LoS 6, ρ = −0.14 m. The frequency modes attributed to the
plasma are indicated with arrows [24].
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Figure 4.4: Cross-correlations between LoS’s 2 & 3 (a) and LoS’s 3 & 4 (b) as a
function of the time along the discharge and of the time step ∆t in the correlation
analysis. The colour-bar denotes the correlation value starting from dark blue (the
lowest) up to brown (the highest). There is an offset of 696 ms between the actual
time along the discharge and the time in the graph as the DNBI was fired at 1185 ms.
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Figure 4.5: Power spectra obtained by Mirnov coils for the shot #30532: a)
logarithm of the mean power as a function of frequency; b) frequency modes as
a function of time along the discharge. Colour denotes the mean power of the
fluctuations. [Data provided by J. Romero; data analysis by B. van Milligen]
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Figure 4.6: Evolution of the frequency modes along discharge #30532 as measured by bolometer system for different viewing chords (corresponding LoS’s of the
BES system are indicated). The BES diagnostic was operated between 1185 and
1190 ms. The strongest frequency modes are labelled on the right-hand side of
the chosen plots. The magnetic configuration used is 100_42_63. The central
sketch shows the TJ-II vacuum chamber walls and the closed magnetic flux contours for this configuration. The viewing geometry of bolometers for TJ-II sector
A7 is also represented, with lines-of-sight of the BES system shown as circles of different colours. The numbers under the fan of vertical lines represent the bolometer
channel numbers [data provided by M.A. Ochando]. Note: for LoS 1, 4 and 5 there
appear some modes in the spectra when the DNBI beam is fired into the plasma.
That is to say the bolometers detect the frequency fluctuations in the beam Hα
light. This is best seen for 44 kHz in LoS 5.
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Chapter 5
Conclusions
Beam Emission Spectroscopy (BES) has been evaluated as a diagnostic tool
for the TJ-II stellarator. In particular, it was determined if it can be used to
radially localize plasma density fluctuations.
The experimental BES system uses the CXRS optical components (internal mirror optical access viewport, focusing lens, 12 way fiber bundle) plus a
narrow bandpass filter (λcentral = 659 nm) that transmits the Doppler shifted
components of the DNBI beam to six Avalanche Photodiode (APD) modules.
First of all, the optimization of the operating conditions of the APD modules
was performed in order to obtain APD gain versus applied voltage curves (see
3.1), since no specific information was provided by the manufacturer. A red
light emitting diode (LED) was used as a light source during the measurements.
These curves allowed checking of the signal-to-noise ratios of the detectors and
setting the operating voltages to be used when making measurements on TJ-II.
It was found that Vopt provided by the manufacturer did not correspond to the
same gain in all APDs.
After that, the system was calibrated with an LED in order to achieve
a similar gain for the 6 lines-of-sight (LoS’s 1 to 6 with the corresponding
range of ρ = −0.7 to ρ = 0). In order to check if the APD calibration was
performed correctly, a comparison was made of the APD signal level variation
with minor plasma radius, ρ, with the variation of the electron density with
ρ. As the electron temperature was almost constant during the chosen TJ-II
discharge, the data obtained by Thomson Scattering diagnostics for the same
discharge was used for the comparison (see Fig. 3.4). For the range of ρ = −0.7
to ρ = 0, the APD output voltage profile is seen to have a shape similar to the
electron density profile for the same ρ. Nevertheless, the agreement would be
more evident if one accounts for the beam attenuation in the BES data.
Evaluation of the noise in the signals was performed, i.e. the photonic noise
(shot noise) and detector noise (load resistor noise), in order to determine the
lowest fluctuation levels that can be investigated with BES. The signal-tonoise ratios were measured for chosen LoS and compared with the theoretical
predictions (fit of the experimental points was performed at the result was
compared to S/N curves constructed via a Matlab routine).
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Other than that, the light fluxes incident on the APD detectors were estimated and compared with theoretically predicted values computed in section
2.2. The results of the calculations performed for 5 LoS’s using the data from
the TJ-II discharges #30360 and #30362 are shown in Tab. 3.2. There one
may also see the signal-to-noise ratios, the bias voltages applied to the APDs,
the corresponding gains and plasma minor radii.
It was observed that a discrepancy of approximately one order of magnitude
exists between the predicted and measured photon flux values at the detector.
However, accounting for additional possible factors causing signal loss at the
detector brings the predicted flux value closer to the experimental results.
These factors include:
• difference between electron density values for the experiment and theoretical prediction
• reduction of the beam current value of the DNBI due to different neutralization efficiencies for the components in the gas neutraliser and blockage
of the light from half and third energy components by the filter
• tilt of the mirror in the optical system of about 45◦ which reduces its
effective area, reflectivity and hence, the light transmission
• beam attenuation which results in ∼ 10% of the signal loss at ρ = −0.5 m
After accounting for all these factors a predicted photon flux value of Γ =
4.27 × 109 · 0.9 = 3.84 × 109 photons/s was obtained which is still somewhat
higher than the experimental value Γexp = 2.12 × 109 photons/s for the LoS
3 (ρ = −0.47 m). The possible reasons for the discrepancies between these
values are as follows:
• The filter transmission is not T = 64%.
• The gain is not M = 77 for LoS 3.
• Not all the light losses along the optical system are accounted.
The predicted signal-to-noise ratio were also compared with the experimental results. For the value of the gain determined experimentally for LoS 3
(M = 77), the corresponding prediction was S/N = 37.2 which is almost 1.5
times bigger than experimentally estimated S/N = 25.9. This reduction in the
S/N ratio is due to the fluctuations in the beam and in the plasma, i.e. the
fluctuation noise level in the signal increases by 44% due to these fluctuations.
The data for a range of plasma conditions was collected and analysed using techniques such as Fast Fourier Transform and cross-correlations (utilising
codes written in Matlab) in order to identify frequency modes present in the
plasma and locate the radial position of density fluctuations. In the power
spectra obtained with FFT frequency modes were found which appear due to
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DNBI and APDs’ construction aspects (∼ 20 kHz and its multiples originating
in the beam and 180 kHz coming from the APDs), as well as ones attributed
to plasma density fluctuations.
FFT analysis of the BES data for discharge #30532 for 5 LoS’s with corresponding ρ was made which is shown in Fig. 4.3. The frequency modes
attributed to the plasma were identified which include the strongest mode at
174 kHz visible in LoS’s 2, 3 and 4, but not in the other LoS’s. The LoS’s 2
and 3 were found to share the frequency modes at 65, 75 and 159 kHz. The
LoS 2 in addition possessed a weak mode at 110 kHz. The frequency mode at
66 kHz visible in LoS 4 could be a shifted 65 kHz mode from LoS’s 2 and 3.
In addition to that, there was a mode at 60 kHz in LoS 4.
A cross-correlation analysis between the LoS’s where the strongest modes
are observed revealed some extra information about their spatial localization.
The cross-correlation analysis between LoS’s 2 & 3 and LoS’s 3 & 4 was performed which is shown in Fig. 4.4.
The obtained results for shot #30532 were compared with the data from
other diagnostic systems on TJ-II such as Mirnov coils and bolometers in order to find similar frequency modes attributed to the plasma. Some frequency
modes observed with BES were also seen from Mirnov power spectra, for instance 75 kHz (BES: LoS 2 & 3) and 76.3 kHz (Mirnov), 159 kHz (BES: LoS
2 & 3) and 160 kHz (Mirnov). The modes observed with bolometers for the
viewing chords corresponding to the LoS’s of BES were found at the following frequencies: 25, 50, 65, 75, 90, 110 and 165 kHz each having different
intensities at different spatial locations.
Nevertheless, not all the modes observed by Mirnov coils and bolometers
were visible with BES. This can be explained if the modes which cannot be
observed by BES are not density fluctuations. The other possible reason would
be that the intensity of these frequency modes is too weak to be distinguished
from the background while doing FFT. So, one may try other analysis techniques such as wavelet analysis in order to observe some weaker modes.
Moreover, some system modifications could be implemented in order improve the light level detected and to reduce the background noise. Such modifications may include construction of a temperature-stabilized housing employed
for APD modules on similar devices [9]. This would lower the Johnson noise
of the system and also correlate the signals from different APDs since these all
would be at the same temperature. Therefore, one would also avoid any possible changes in gain due to changes in APD temperature and the temperature
compensation of 2 V /◦ C would not be necessary to apply. One could also think
of a way to stop light leakage, for instance by making the filter perfectly sealed
and light-isolating at its location in the optical system, so no background light
would come through.
Another idea to improve the frequency modes detection would be to operate
4 new channels (LoS’s 7 to 10) in order to compare the data for positive and
negative values of ρ. The major improvement would be to increase the length
of the DNBI pulse which is, however, not possible with the actual arc source.

58

5. Conclusions

In spite of some present limitations, BES has proved to be a useful diagnostic for the TJ-II stellarator which can indeed radially localize plasma density
fluctuations of sufficiently high amplitudes. The proposed modification of the
system would allow to conduct more precise measurements and further increase
the scientific return of this diagnostic tool.
The results obtained in this master thesis have led to a conference paper
[24], which is going to be presented at the XXIII Reunion Nacional de Espectroscopia in Cordoba, Spain (September 2012).
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