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Chapter 1 

 

Introduction 
 

1. Prior Art Reported in The Fast Camera Diagnostic 

Turbulence in the edge of magnetically confined plasmas has been observed as broadband 

fluctuations in the visible light emission Ref. [1-3] and has also been measured with Langmuir 

probes and Beam Emission Spectroscopy (BES) in the edge Ref. [4] of many devices. With 

advancements in the camera sensor technology, high speed cameras capable of operating in 

the 105 frames per second are now commercially available and allow fusion researchers to 

obtain 2-D images of fast phenomena such as turbulence, ELMs, disruptions, dust etc. Ref.[5-6]  

The tracking of these phenomena requires short exposure times down to µs range where the 

signal to noise ratio sometimes becomes very low, especially when the recycling of neutrals 

from the wall is low or when spectroscopic imaging is needed using wavelength filters which 

strongly reduce the amount of light. To maintain a good signal to noise ratio Gas Puff Imaging 

technique is being employed in many devices Ref. [7-11] and allows a significant increase in the 

light intensity signal by the controlled injection of Hydrogen or Helium neutrals into the edge. 2D 

radial vs. Poloidal structure of the edge turbulence has been measured in Alcator C-Mod using 

this technique and has been found to have a radial vs. poloidal scale of ≥1 cm [10,12]. These 

2D measurements have also been compared with 3-D non-linear plasma simultation codes and 

with direct probe measurements of the turbulence characteristics Ref. [10-11] The relationship 

between the camera images and the underlying plasma fluctuations has also been explored 

using Monte Carlo neutral transport codes such as DEGAS 2, EIRENE etc. Ref.[12-18]. This 

method coupled with the Helium line ratio technique, has recently been used in TJ-II to measure 

the 2D electron density and temperature profiles in the radial vs. poloidal plane Ref. [19]. Fast 

camera diagnostic  is also being used in experiments in tracking dust particle in the edge and 

study plasma wall interactions using spectroscopic filtered imaging Ref. [20]   

2. Motivation and Overview of the Thesis 

The present work is devoted to the study of fine structures of blobs observed in the TJ-II plasma 

edge using intensified fast cameras. The motivation of the work comes from the prior art 

reported in various devices which measure blobs having dimensions greater than 1cm Ref.[11] 

using non-intensified cameras and exposure times usually greater than 5 µsec. The velocities of 

these structures measured with various edge diagnostic is estimated to be ~ 1-5 km/s. This 

means that if there are fine structures (few mm) these will appear bigger in the images due to 

the camera integration time (exposure time). For e.g. a structure of 1mm which is moving with a 

velocity of about 4 km/s, when captured with an exposure time of 3 µsec will be seen as a blob 

of 12 mm (3 µsec x 4 km/sec= 12 mm) and with 0.3 µsec the same structure will appear as 1.2 
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mm. This means that in order to see the fine features (few mm) of blobs traveling at these 

speeds, we must use exposure times as low as possible, typically less than 1 µsec. This is 

usually not possible with non-intensified fast cameras due to the low signal levels which become 

comparable to the noise of the camera system. However, this is in principle possible with 

cameras coupled with image intensifiers as in our case which allow a light amplification of about 

100. Once it has been established that with these intensified fast cameras can detect fine 

features one can use these to study the finer evolution in the shape and size of the blobs 

utilizing the high speed of these intensified cameras.  

The outline of this thesis is as follows:  

In chapter 2 some basic edge physics and phenomenas related to visible emissions in the TJ-II 

edge is discussed. The TJ-II device and some of the recent work carried out by the TJ-II fast 

camera group is also briefly mentioned. 

Chapter 3 is devoted to a description of the physics and technology behind fast camera 

diagnostic, the TJ-II experimental set up.In the second part, the algorithm of the blob detection 

code used in our image analysis has been outlined. 

Chapter 4 begins with a description of the double bundle imaging technique which was used in 

the experiments carried out during this thesis work. The improvement made in the blob 

detection code during this thesis work are discussed. In the end a qualitative discussion of the 

fine structures detected in the TJ-II edge is shown with some examples. 

The raw and analysed movies are uploaded on the Ciemat web page :  

http://www-fusion.ciemat.es/camaras/THESIS P.Semwal 
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Chapter 2 

 

Edge Physics and The TJ-II Stellarator 

 

The condition for achieving a self-sustained fusion plasma is closely defined by the Lawson 

criterion which requires plasma particles to be confined at the ignition temperature for a 

minimum amount of time (energy confinement time). The confinement of particles and energy in 

magnetic fusion devices is, however not perfect and there are transport losses across the 

magnetic field lines limiting the energy and particle confinement times to values much below the 

desired numbers.  Understanding the mechanisms determining the confinement of particles and 

energy in toroidal devices is one of the most widely pursued field in fusion research. Before the 

80’s it was believed that the transport is due to binary collisions between plasma particles which 

were the basis of the classical and neo-classical transport theories. These theories predicted 

rather small transport coefficients for fusion plasma ; classical transport coefficients being of the 

order of 0.01 m2/s while the neo-classical values were slightly higher ,about 0.5 m2/s for ions 

and matched with the measured values , the electron values were lower by the square root of 

the mass ratio and were far off the experimental data of about 1 m2/s Ref. [21] In general, the 

transport due to collisional processes in magnetic confinement is found to be much lower than 

the experimental values and a more dominant transport known as the turbulent or anomalous 

transport is believed to be playing a key role behind the observed transport.It is also believed 

that this anomalous transport is due to instability causing turbulence in the plasma, which 

causes the particles and energy to escape at a much higher rate [22].  

Experiments have also shown that in certain tokamak operations, the conditions in the core are 

strongly controlled by the edge phenomenas. The edge plasma, where large gradients in the 

temperature Te and density ne appear, sets the boundary condition for the confined plasma and 

so can also affect the global confinement. Thus, the understanding of the cross-field transport 

processes in the edge is crucially important for creating a magnetic fusion reactor. 

Some fundamentals related to the edge physics are discussed in this chapter. The properties of 

the scrape-off layer and the processes taking place in the edge are discussed with an emphasis 

on those processes which are the sources of visible radiation for our fast camera diagnostic. A 

brief summary of the turbulent transport in fusion devices and the formation of blobs is given. In 

the end, an introduction to the TJ-II stellarator and some recent works carried out in TJ-II using 

the fast camera diagnostic have been discussed.  

1. Edge Physics 

The edge or boundary of magnetically confined plasma can be defined as the region separating 

the hot plasma core, where high temperature and density values are to be achieved in order to 
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reach ignition condition, and the scrape-off layer (SOL) where the magnetic surfaces are no 

longer closed and ionized plasma particles are directed to the material walls of the plasma 

chamber with very high energies. The plasma facing components in the edge have to withstand 

this enormous heat and particle fluxes coming from the core which results in the release of 

impurities from these elements into the plasma edge. These impurities may be transported to 

the core due to several atomic and molecular physics processes taking place in the edge region 

which results in fuel dilution and energy loss in the plasma centre.  

The role of the edge region is therefore to confine the core plasma at the ignition condition while 

keeping the walls free of particle and heat outflux.  

1.1 Magnetic Topology 

The topology of the magnetic field is of great importance as it determines the plasma wall 

interactions taking place in the edge. In general it consists of nested magnetic flux surfaces 

which do not conform to that of the plasma chamber ; the last closed flux surface (LCFS) being 

defined by a localized point or line of contact with the plasma facing components (PFC). The 

interaction between the plasma and the wall is optimized by altering the field lines in the edge 

using components characterized broadly as the limiter or the divertor. 

In the limiter configuration the LCFS is defined by the shape of the surface itself and the radial 

extent of the plasma is effectively limited by its strong sink action, hence the name limiter. In the 

(poloidal) divertor an external coil carries a current parallel to the plasma current, thus diverting 

the poloidal magnetic field and creating a magnetic null. Since particles and heat follow the field 

lines closely an essential criteria in the design of these components is to minimize the heat and 

particle fluxes reaching these. Additionally in D-T plasma a provision to facilitate the pumping of 

Helium ash from the edge is also required. These criterion make the divertor configuration a 

better candidate for large fusion devices since the magnetic separatrix and hence the region of 

plasma wall interaction can be kept away from the core in contrast to the limiter configuration 

where the solid surface is in direct contact with the main plasma. Moreover edge pumping of the 

neutral can be facilitated in the divertor configuration by guiding the open field lines to a 

separate pumping chamber (divertor chamber) which is not possible in the limiter configuration 

Ref. [23] 

Although several limiter and divertor configurations exist, the most popular ones are the poloidal 

limiter and divertor configurations as shown in fig.1. 

1.2 The Scrape-Off Layer (SOL) 

The region outside the LCFS is the SOL region. In this region plasma particles flow at very high 

speeds towards the wall which thus acts as a strong particle and energy sink for the plasma. An 

important parameter associated with the SOL is the connection length which gives an idea 

about the strength of the limiter/divertor sink action. The connection length is defined by the 

geometry of the limiter or divertor components. For a device with a single toroidal limiter Lc≈ 

πRq while with a single poloidal limiter Lc≈ πR, where R is the major radius and q is the safety 

factor of the device. Typically the values of the connection length are in meters for e.g. for JET, 

Lc=40 m while for TJ-II with a single poloidal limiter it is 15 m. 
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1.2.1 Analytical Modeling of The SOL 

The characteristics of the SOL play an important role in edge phenomenas and are studied 

using analytical modeling of the particle, momentum and energy balance equations (shown 

below) applying several assumptions. Although there are complex kinetic models available, 

some basic characteristics of the SOL can be studied using the fluid equation considering the 

fact that self-collisional mean free paths λee and λii in the edge are much smaller than the 

connection length. Another assumption used in the analysis is the simple SOL model where the 

toroidal, neoclassical effects are neglected and it is further assumed that the cross-field diffusion 

with a flux density given by Fick’s law Γ=-Dperpdn/dx is the only important source and the limiter 

is the only sink. 

For toroidal limiter/poloidal divertor configuration a simplified expression of the SOL thickness or 

the density decay length is given by 

 � = ����	�
�
�.� ��            (1) 

where Cs is the acoustic velocity of the ions given by  

Cs ≈ �[�(�� + ��)/��]         (2) 

where k is the Boltzmann constant, Te and Ti are the electron and ion temperatures respectively 

and mi is the mass of the ion.  

The SOL particle confinement time is given by 

Fig. 1: Poloidal cross section of the magnetic flux surfaces in poloidal limiter (left) and poloidal divertor (right) 

configurations 
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 τ��  =  ��/��                  (3) 

and is very short, typically less than 1 ms. 

Furthermore, the geometry of the SOL is simplified in the analysis considering that for typical 

edge plasma parameters Dperp=1 m2/s, T=50 eV and Lc=10 m the SOL decay length λ=30 mm 

which is much less than the plasma radius in fusion devices. This allows one to straighten out 

the SOL and model it one dimensionally, thus forming a long thin plasma of length 2Lc along B 

and of width equal to the typical SOL width (see fig. 2). In this configuration the SOL plasma is 

bounded at the two ends by the solid limiter surfaces and at the outside by the vessel wall, with 

the LCFS forming the inside boundary.  

 

 

 

 

 

 

 

 

 

 

1.2.2 Characterstics of The SOL 

The basic characteristics of the SOL obtained with various models share a number of basic 

features as discussed below. 

 Within a few us after the initiation of the discharge the wall becomes negatively charged while 

an almost equal positively charged Debye sheath (about 10 um for Te=20eV and ne=1019 m-3) 

develops in front of it shielding the negative potential. However due to the thermal motion of the 

plasma particles this shielding is not perfect and a pre-sheath penetrates the plasma attracting 

the ions and repelling the electrons. Only electrons from the high energy tail of the distribution 

function reach this surface and therefore to a good approximation the electron density satisfies 

the Boltzmann relation n= ! "#$ %&
'(% where no is the density at the stagnation point, V is the 

electrostatic potential, which is taken to be zero at the stagnation point and Te is the electron 

temperature which is taken to be spatially constant in the ‘simple SOL’. The ions on the other 

Fig. (3): Schematic of the variation of plasma parameters 

between the two ends of the wall.(Image courtesy: P. C. 

Stangeby, Plasma boundary phenomena in tokamaks). 

Fig. (2) : Schematic of a straightened out SOL. Energy and 

particles flow from the main plasma into the SOL by slow cross-

field transport, followed by rapid transport parallel to B along 

the SOL to the targets (Image courtesy: P.C. Stangeby, Plasma 

boundary phenomena in tokamaks). 
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hand are in the accelerating field which causes their drift velocities to reach the ion acoustic 

velocity Cs just at the plasma-sheath interface (Bohm’s criterion). The potential drop in the 

plasma from the stagnation point to the plasma-sheath interface is ≈ 0.5 KTe while the plasma 

density drops to ≈0.5 no. The ion density drops further in the sheath but less rapidly than the 

electron density and a net steady-state positively charged sheath exists. The potential drop 

through the sheath to the solid is ~ 3 KTe/e for hydrogenic plasmas (fig.3).  

The existence of sheath has both beneficial and detrimental effects with regard to the plasma-

wall interactions. The ion sputtering is increased due to the higher ion impact energy resulting 

from the sheath potential drop but the total heat flux density is decreased, since the heat carried 

per ion pair is more than offset by the electron flux density Ref. [24]. 

The simple SOL model is good to understand these basic properties of the SOL but in order to 

obtain more accurate results for practical purposes, a complex SOL model is used where the 

asymmetries of the SOL due to the magnetic field gradients etc are considered and other sinks 

such as radiation and localized sources due to atomic physics processes are also taken into 

account. These processes influence the particle, momentum and energy balance equations of 

the edge plasma and are discussed in the next section.   

1.3 Edge Processes and H- Alpha Emission 

Ions and electrons lost from the core hit the wall and come out as neutrals. Several processes 

may occur at the wall. The ions may be backscattered as atoms or molecules after 

recombination with the electrons and the material from the wall may released as a result of 

processes such as physical sputtering where material from the wall is released due to the 

momentum transfer between the impinging ion and the wall; chemical sputtering whereby ion 

bombardment causes or allows a chemical reaction to occur which produce particles that are 

weakly bound to the surface and hence easily desorbed from it and chemical erosion where a 

chemical reaction takes place between the ion and the material from the wall with the formation 

of a volatile product into the plasma. The yield in these processes depend upon several factors 

such as the nature and the energy of the impinging ion, the nature of the target atom, the wall 

temperature and the angle of incidence of the ion on the target surface. 

These recycled and sputtered atoms and molecules have different energies characteristic of 

their release mechanism and undergo ionization, dissociation, excitation, charge exchange etc. 

reactions in the edge as a result of the various collisions between different species. The reaction 

coefficients of these various processes depend strongly upon the edge parameters. In 

conditions described as the low density (ne<1013cm-3) and high temperature (Te> 10 eV) 

conditions or the ionizing plasma conditions; the reactions of atoms and molecules with 

electrons dominate over all other reactions between various species. The TJ-II plasma edge 

conditions are typically ne= (1-10) x 1012 cm-3 and Te= 40-400 eV (fig. 10, 11) and therefore the 

TJ-II edge conditions can be described as the ionising plasma conditions.  

Out of these various processes taking place in the edge, those leading to visible emissions are 

particularly interesting from the point of view of our fast camera diagnostic and are discussed in 

more detail in the following sections. 
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Both recycled and sputtered particles from the wall emit visible light in the edge. It is shown in 

the next chapter that in a TJ-II hydrogen plasma the dominant emission is the Halpha line 

emission although there are visible emissions from the carbon, boron and lithium elements also 

which are occasionally sputtered from the wall of the device. 

The hydrogen atomic and molecular reaction physics in the ionizing plasma conditions of TJ-II 

was studied by E. de la Cal et al combining the simulation results of the Monte Carlo code 

EIRENE with experimentally measured Doppler broadening of the H-alpha lines using  fast 

camera Ref. [17]. 

The main idea behind the studies is as follows. The energy gained by an atom/molecule is a 

characteristic of the reaction and by measuring this energy (using Doppler broadening) it is 

possible to determine the dominant process as a function of the radial position since the radial 

penetration of the atom in the plasma is directly influenced by its energy and also considering 

the results of an earlier study by the same author showing that the camera lines are radial 

emission profiles localized in the limiter region.  

 

 

 

 

 

 

 

 

 

 

 

The Hα emission line of view was obtained with a tangentially viewing camera looking at a 

poloidal limiter (fig.4 & 5). The radial profiles of the most dominant of the reactions causing Hα 

(shown in fig.6) are H2 +e→ 2H+e (5, dissociation), H2+e→H+H*+e (6, excitation from H2), 

H2+e→H2
+ +2e (9, molecular ionization), H2

+ +e→ H+ +H+e (12, ionization from H2
+) and H2

+ 

+e→H+H*(14, excitation from H2
+). It is seen that the molecular contribution (H2 and H2

+) is only 

important at the very first centimeters inside the separatrix whereas the emission from atomic 

hydrogen extends well inside the plasma. At the separatrix the contribution from the atomic and 

molecular hydrogen are about the same. Also as can be seen in fig. 7 , for our high 

temperature, low density plasma edge the dependence of reaction rate on ne is small (<20% for 

Fig. 4: The tangential Hα image (upper) and the sketch 

of the near vertical plane joining the centre and minor 

axis shown as a solid line in the upper image.(Image: E. 

de la Cal). 

Fig. 5: Poloidal cross-section of TJ-II with 

magnetic surfaces. (Image courtesy: E. de la Cal). 
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most) and therefore using the Corona model, it was found that the contribution to the Hα 

emission from H2
+ is three times stronger than that from H2. 

 

 

 

 

 

 

 

 

 

 

This applicability of the Corona model has another important implication in the visible 

observations of the plasma boundary which is that in these ionizing plasma conditions, the Hα 

emission reaction rate k(Te, ne) remains unaffected by the fluctuations in ne. The intensity of the 

total visible emission can be estimated as  

)(#)∝  �(#) ∑  (#)+�(�� ,  �)++               (4) 

Where j stands for each of the emission reactions, I(x) stands for the radiated signal and k(Te, 

ne)j is the normalized cross section of the reaction j. Therefore in a plasma in which Hα emission 

predominates, eq. (1) can be simplified to  

)(#)∝  �(#) �(#)                (5) 

where n0 is the density of neutral hydrogen.  

In the presence of fluctuations the above equation can be decomposed as  

 � �  = <  � ><  � >  + <  � >   �/ + <  � >  � / +   �/ �/          (6) 
where <  > stands for the average component and  0 for the fluctuating one. Under the 

assumption that  �  >>   � and   �/  <<   �/ , the above equation reduces to 

 � �  ≈ <  � ><  � >  + <  � >  �/               (7) 

Or in terms of intensity as 

Fig. 7: Effective reaction rate coeff. for ne= 5 x 10
12

 

cm
-3

 of reactions  

Fig. 6: Radial profiles in front of the limiter of the 

Halpha –emission rates from the different 

precursors. 
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)(2, 3)  ≈  )(2)  +  )(2, 3)             (8) 
It is shown in the next chapter that the first term on the right hand side of the above equation 

can be determined by the deaveraging process applied to the raw images so that we see only 

the structures corresponding to the turbulent fluctuations in the electron density. 

2. Transport  

Plasmas in general are not quiescent and exhibit fluctuations in the density, temperature, 

potential and magnetic field etc parameters. These plasma fluctuations give rise to an 

incoherent type of motion called turbulence resulting in anomalous transport of the particles and 

energy to the confining walls.  

There are two types of fluctuations which cause transport: Electrostatic fluctuation where 

variations in the electrostatic potential due to instabilities cause particle drifts perpendicular to 

outward undisturbed magnetic surfaces and electromagnetic fluctuations which cause magnetic 

surfaces to break up causing a stochastic meandering of field lines. Particles bound by these 

field lines have the chance to reach the plasma edge. Since heat conductivity parallel to field 

lines is much higher than perpendicular, this type of fluctuation is a dominant loss mechanism 

especially for electrons. 

In the absence of a universally acceptable transport theory to determine the transport 

parameters, various models have been empirically obtained based on experimental 

observations. Ideally one wants to measure the fluctuation levels of n, T, B and electrostatic 

potential φ as well as their wavelength, frequency, growth rate and phase correlation between 

them from the experiments. Following method is generally adopted to characterize the turbulent 

process causing the anomalous transport. 

The measured plasma parameters are decomposed into a constant background and a small 

fluctuating contribution: 

Φ(5, t) =  φ�(5) +  φ8  (5, t);  n(5, t) = n�(5)  +  n8(5, t)              (9) 
The fluctuations are Fourier transformed. For a turbulent transport averaged over a flux surface 

and in time we get 

Г<  = < n0u0 >>? = ∑ n0@@AB@ACB u0@           (10) 
Where k stands for the Fourier coefficients. It is desired to have information on all Fourier 

coefficients, 

 

ΦD (5, t) = ∑   φ8@,E exp[i(I5 − ωt)]@,E ;   ñ(5, t) =  ∑  ñ@,E exp[i(I5 − ωt)]@,E        (11) 
Experimentally however, only frequency spectra measured at one radial location are available. 

So experimental data are often frequency spectra: 
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M0N  =  O M0(P, 3)"#$(QR3)S3∞

C∞ =  T� MU,N"#$(QVPW)       (12) 
By measuring the potential and density simultaneously at one location and using the cross-

correlation function 

  �XY(Z) = O M0(3)ñ(3 + Z)S3 = O M0NñN∗ "#$(QRZ)SR         (13) 

one can find similar events which occur in both signals with a possible delay or time lag Z. Also, 

using the auto-correlation function �MM(Z), one can determine the duration for which 

characteristic structures persist in the signal. These give the quantities known as the correlation 

time Z\!22 or in space the correlation length ��]		 which are commonly used to characterise the 

fluctuations and are defined as the time and distance, respectively, after which the auto-

correlation decays to 1/e. This also defines characteristic wave numbers and frequencies of the 

fluctuations :  

К = 2π/L`abb ; ω = 2π/τ`abb              (14) 
These experimentally measured quantities are used to calculate the estimates of the turbulent 

diffusion coefficient Ref. [21] 

Various transport models or scaling laws are empirically derived from such experimental 

measurement. Each of these depend on a different set of characteristic dimensionless numbers 

obtained from a wide range of devices covering a range of plasma and engineering parameters. 

The most widely used numbers are c ∗ which is the ratio of the Larmor radius and the plasma 

radius; β = ratio between the plasma kinetic pressure and the magnetic pressure; υ*= ratio of the 

banana orbit length and collision mean free path of the averaged particles; λn/λT = ratio of the 

gradient scale lengths of density and temperature profile; d = e 2f  gh
g	

Ci
 = the ratio of the 

characteristic distance over which the magnetic field changes direction and the distance from 

the magnetic axis; є, к, l = the geometrical parameters of aspect ratio, elongation and 

triangularity of the plasma and e�gm�  = the variation of the poloidal angle to the toroidal angle 

following field lines at the edge of the plasma. 

These dimensionless numbers can be easily calculated from the experimental data and are 

interrelated via quantities like temperature, density and current which makes it difficult to apply 

the same model to different devices.  

One important scaling needed to estimate the economic viability of a fusion reactor is the size 

scaling defined by ρ*. The scaling laws derived from the existing measurements it indicate that 

the diffusivity of ions is independent of ρ* (‘Bohm´ scaling) and that of electrons is proportional to 

ρ* (gyro-Bohm scaling) Ref. [25] 

Apart from these studies, experiments are also being done on various devices to improve the 

confinement by varying various plasma parameters. One of the most common improved 

confinement mode is the H-mode or high confinement mode which is achieved when the heat 

flux over the last closed magnetic surface crosses a minimum level. The onset of this mode is 
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characterised by the sudden development of a transport barrier at the edge resulting in a 

sudden jump in the density and temperature gradient occurs across the LCMS. Simultaneously 

the neutral density in the SOL and divertor plasma falls leading to a sudden fall in the Hα 

emission. A disadvantage of this transport barrier is that impurities which enter into the core or 

generated inside (He ash) cannot come out from the core resulting in a short duration collapse 

of the barrier caused by Edge Localised Modes (ELMs) and a high energy flux reaching the 

wall. 

Other improved regimes are achieved by altering the density , magnetic shear or current density 

profiles or by injecting impurities into the edge.   

Edge turbulence is observed in many devices shows a fairly universal characteristics consisting 

of broadband plasma density fluctuations with an amplitude δn/n ~ 5-100%, with relative 

fluctuation levels typically increasing towards the first wall. There are also accompanied by 

potential and electron temperature fluctuations occuring with similar relative magnitude and 

magnetic fluctuations of considerably smaller magnitude. The observed frequency range of the 

fluctuations in the edge is typically f ~ 10 KHz-1 MHz with a broad spectrum, i.e. with an 

autocorrelation time in the range of a few microseconds to a few tens of microseconds. The size 

scales perpendicular to the magnetic field are within the range ~ 0.1-10 cm, but the size scale 

slong the magnetic field direction is typically tens of metres, i.e. the structure is nearly that of 2D 

filaments or blobs when its cross-section is observed. This structure is also seen in the 2D light 

emission from the edge and is expected theoretically due to the rapid electron motion along B 

Ref. [26-29] 

The statistics of the size, shape, number and the dynamics of these filaments or blobs in 

different plasma conditions are being studied in various devices to understand their role in the 

edge turbulent transport. 

3. The TJ-II Stellarator 

The TJ-II stellarator is a medium sized flexible heliac machine with a period of four, currently 

under operation in CIEMAT, Madrid. Its design began in 1986 in collaboration with the 

laboratory ORNL at Oak Ridge (USA) and IPP at Garching (Germany). The construction began 

in 1990 and first plasmas were achieved in 1997.Its main parameters are R=1.5m, average 

minor radius of 0.22m, Bt~1 T, ι(a)/2π ~1.6. Its heating systems include two ECRH gyrotrons 

each of 300 kW (nominal power) and one NBI system with 1MW of nominal power Ref[30]. 

Central electron temperatures up to 1KeV in ECH and densities of up to 4x1019m3 are achieved 

with NBI injection. The radial profiles of electron density, electron temperature and ion 

temperature in ECH and NBI plasma Ref.[31] are shown in fig. 10 and fig. 11. It can be seen 

that in the NBI phase the electron and ion temperatures follow nearly the same profiles which is 

not the case in ECH plasma. The TJ-II discharges have a duration of upto 350 msec with a 

repetition frequency of about 1 discharge in every 7 minutes. The TJ-II Vacuum vessel is made 

out of stainless steel and the impurity injection due to the plasma wall interactions are controlled 

by boronisation and Lithiation wall coating methods. Plasma-wall interaction is usually localized 



15 

 

 

at the helical limiter (casing of the central solenoid), but can be changed at least partially by 

inserting the two mobile poloidal carbon limiters symmetrically spaced 180°.   

In TJ-II, the magnetic trap is obtained by means of various sets of coils that completely 

determine the magnetic surfaces before plasma initiation (fig. 9). The toroidal field is created by 

32 coils. The three-dimensional twist of the central axis of the configuration is generated by 

means of two central coils: one circular and one helical. The horizontal position of the plasma is 

controlled by the vertical field coils. The combined action of these magnetic fields generate 

bean-shaped magnetic surfaces (fig. 5) that guide the particles of the plasma so that they do not 

collide with the vacuum vessel wall. The main characteristics of TJ-II are: (a) strong helical 

variation of its magnetic axis; (b) very favorable magnetohydrodynamic (MHD) characteristics 

with potential for high beta operation; (c) flexibility in operation and (d) bean shaped plasma 

cross section. The physics programme of the TJ-II stellarator is focused on transport studies in 

low collisionality plasmas, operational limits in high beta plasmas and on studies of confinement 

and its relationship with the radial electric field. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Top view of the TJ-II stellarator 
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Fig. 9: TJ-II coil system and the vacuum vessel 

Fig.10 : Radial electron density, temperature and 

ion temperature profiles of TJ-II ECH .plasma. 

(Image: J. M. Fontdecaba et.al.) 

Fig.11 : Radial electron density ,temperature and 

ion temperature profiles of TJ-II in NBI plasma. 

(Image: J. M. Fontdecaba et.al.) 
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2.3 Edge Studies in TJ-II Using Fast Camera 

Some of the recent works carried out in TJ-II using the fast camera diagnostic is reviewed in this 

section. The conclusions derived from these work form the basis of analysis of the camera 

images.  

A detailed comprehensive analysis of the performance of intensified CMOS fast camera system 

was performed by E. de la Cal et. al and it was demonstrated that using this camera system 

plasma spectroscopic imaging can be resolved down to exposure times in 10-100 us range in 

normal plasma conditions (not off-normal or perturbative events). It was also shown that 

ultrafast plasma emission movies could be recorded without local gas injection with exposure 

times below 1 us. The degradation in the image quality with intensifier amplification was also 

studied Ref. [32]. 

The  Monte Carlo code EIRENE was implemented in 1-D and from the experimentally measured 

(fast camera with Halpha filters) it was found that the recycling of neutrals is preferrentially 

localized at the poloidal limiter and hence when viewing the limiter tangentially, the line 

integrated H alpha emission comes from the ´cloud´ in front of it. The magnetic field lines in this 

region are nearly parallel to the camera line of view. This view can therefore be regarded as a 

poloidal cut of the plasma and the vertical emission profiles as radial emission profiles  (true 

within 20% for r/a> 0.4) Ref. [18] 

E.de la Cal et al studied the hydrogen atomic and molecular physics in low density, high 

temperature fusion edge plasmas using EIRENE simulation of the H aplha emission and 

experimentally measuring the Doppler broadening of the H alpha lines.  The results of this study 

have been discussed before in this chapter Ref.[17] 

D. Caralerro et. al observed turbulent structures propagating at the plasma edge with a 

repetition rate of 10 kHz using the intensified CMOS camera system. A change in the preferred 

plasma wall interaction area depending on plasma conditions (heating and density) was also 

observed with filtered imaging using the intensified camera Ref. [33] 

J. A. Alonso et. al studied the impact of different confinement regimes on the two- dimensional 

structure of edge turbulence in TJ-II using non-intensified fast cameras. Both radial and poloidal 

dynamics of these structures were investigated, The observed structures were found to travel 

with radial velocities of ~ 1km/s and poloidal velocities of 1-5 km/s.[34] 

In a more recent work by E. de la Cal et. al it is shown that using EIRENE simulations and 

experimentally  measured Helium lines (using the intensfied camera equipped with He line 

filters) it is possible to determine 2D electron density and temperature in the TJ-II plasma edge 

Ref.[19].       
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Chapter 3 

Experimental Techniques 
 

1. Turbulence Diagnostics 

Particle and energy transport in toroidal confinement devices is dominated by turbulence 

generated by flows and gradients. Turbulent processes are caused by microscopic plasma 

fluctuations with scale lengths somewhat greater than the ion gyroradius but much smaller than 

the plasma radius. In addition there exist some other fluctuations which are benign, coherent, 

MHD-like (long wavelength) and appear to exist coherently with the equilibrium state and some 

which are associated with uncontrolled or quasi periodic behavior such as edge localized 

modes, sawtooth oscillations, or fishbones which lead to global or local rapid redistribution of 

energy. These fluctuations processes are described as macroscopic with scale lengths 

somewhat smaller than the device dimensions. Theoretical predictions based on the classical 

and neo-classical transport have failed in providing a quantitative agreement between the 

measured and the estimated heat and particle transport quantities. This has motivated scientists 

to look for empirical relations based on experimental observations. The usual methodology is to 

study fluctuations in the density, temperature, magnetic field and potential and their correlations 

which are considered to be directly associated with anamolous transport. Empirical scaling 

relations are derived from the statistical analysis of these data acquired from a range of plasma 

conditions in a single device or from an ensemble of devices. These empirical relations are 

compared with theoretical turbulence models to determine which physical processes are 

important for the transport. It is expected that the understanding of turbulent phenomena will 

allow not only more accurate predictions for present devices but also lead to design 

improvements and feedback control of the processes themselves Ref. [35] 

The micro turbulence phenomena whose scale lengths extend to several ion gyroradii (typically 

0.03-3.0 cm) are studied by localized methods and using multipoint correlation techniques. The 

diagnostics include Langmuir probes, heavy ion beam probes, electromagnetic wave scattering, 

phase scintillation scattering, ordinary and beam emission spectroscopy, reflectometry and 

enhanced scattering, electron cyclotron emission (ECE), and several magnetic fluctuation 

techniques.  

Most of these diagnostics derive signal from a very narrow region of the plasma. However the 

inhomogeneous nature of plasma parameters in the poloidal vs. radial plane in the edge 

demands two dimensional measurements. Moreover due to the steep gradients in the 

parameters and the small width of the edge, a high spatial resolution is also needed. It is also 

desired to have a high temporal resolution in the measurements so that fast turbulent 

phenomenas, ELMs, disruptions, filamentary structures etc. can be studied with good accuracy. 
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With recent advancements in the camera technology and image intensifiers, the use of fast 

camera systems in 2D measurements is gaining momentum. The use of visible fast camera 

diagnostic offers several advantages over the conventional methods. This is a passive 

diagnostic and therefore does not perturb the plasma. In addition 2D measurements can be 

done with a high speed and good spatial resolution using suitable optics. The problem however 

is the interpretation of the data. Fast cameras suffer from the usual line integration problem 

found in all passive diagnostics. In addition, as explained in the previous chapter, the emission 

intensity (mainly line emission) and location depend on the type of transition, local values of 

temperature, density, and flow. When studying structures using the cameras, it is often difficult 

to interpret the real geometry of observed structures because they are 2D projections of 3D 

ones. Moreover since most of the visible emission comes from the SOL region, these are 

capable of surveying plasmas of a limited range of parameters. This limitation in the 

interpretation can be minimised by increasing the neutral density by localised gas puffing or by 

localised recycling since as explained before (section 1.3) the light intensity ) =  �(�e,  e) o e . 

These two imaging techniques commonly used in experiments have been discussed later in this 

chapter (section 7). Another disadvantage in the the interpretation is that the visible light can 

come from sources other than the plasma fuel such as impurities coming from the wall. This 

drawback can be minimised by using atomic line filters. For e.g. when studying a plasma 

phenomena Hα filters can be used (in a hydrogen plasma). On the other hand when study 

plasma wall interaction  or in dust particle studies a different line filter corresponding to the 

element of interest, can be used. For e.g in TJ-II the plasma wall interactions are studied using 

Carbon-III, Lithium and Boron filters. Moreover useful information can also be obtained from the 

cameras by using additional informations from other diagnostics. 

 A recent work has shown Ref.[19] that under certain conditions electron density and 

temperature can be measured in the edge with an accuracy comparable to other diagnostics 

using a spectroscopic approach.  

2. Sources of Visible Emissions in The Plasma 

Visible emission in fusion devices are a result of the following processes: 

 (i) Line and band radiation due to electronic de-excitation processes: Various atomic processes 

taking place in the plasma cause electronic excitation of the atoms and molecules to higher 

quantum states. The atom/molecule stays in this excited state for a characteristic time period 

after which it decays to the lower state by emitting a photon at frequency given by the Planck’s 

law ν=E2-E1/ h where E2 and E1 are the energies of the excited and the ground states 

respectively and h is the Planck’s constant. Some of these electronic transitions correspond to 

frequencies in the visible range. These emissions are called line radiation due to their narrow 

width in the frequency spectrum and the emitted frequency is the characteristic frequency for a 

given specie and can therefore be used to identify the element and its ions using spectroscopic 

measurements. The use of intensified visible cameras with narrow band wavelength filters 

allows such studies (spectroscopic plasma imaging) at much lower intensities (when using filters 

the light intensity is reduced so light amplification is needed to get a good image). The various 

collisional processes which can lead to line emissions in the edge have been discussed in 
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section and it has been shown that electron collision exciations are the most important for our 

case. 

(ii) Blackbody radiation: All matters emit electromagnetic radiations at temperatures above 

absolute zero. The frequency spectrum of the emitted radiation is continuous with a peak at 

some frequency. At low temperatures this peak lies in the infrared band and as the temperature 

of the body is increased it shifts to visible and then to ultraviolet region of the electromagnetic 

spectrum. In fusion devices the plasma facing components get heated to high temperatures due 

to the high heat flux coming from the plasma leading to blackbody emission in the visible range. 

This can be seen in the camera images in the TJ-II discharges. The poloidal limiter and the 

Langmuir probes mounted on it get heated during the discharge and start glowing. The 

blackbody radiation can be easily distinguished from visible radiations coming from the plasma 

as it remains stationary with respect to the fluctuating plasma parameters. Thus the intensities 

in these regions remain constant (noise) in each frame of the movie acquired during a discharge 

while that in the plasma region changes from frame to frame and can be seen even after the 

collapse of the plasma. 

(iii) Visible Bremsstrahlung radiation: Bremsstrahlung radiation is an electromagnetic radiation 

produced by the deceleration of a charged particle when deflected by another charged particle, 

typically an electron decelerated by an ion as in the case of plasmas. Bremsstrahlung has a 

continuous spectrum , which becomes more intense and shifts towards higher frequencies when 

the energies of the decelerated particle is increased. Usually these radiations are in the ultra 

violet x-ray regime. However, in high density discharges in LHD and DIII-D, these radiations 

have been seen in the visible range also. These conditions are not found in the TJ-II discharges 

and are therefore not a source of the visible radiation in our experiments. 

In our experiments the source of visible emission is the line radiation coming from the light 

elements present in the plasma as the fuel or as impurities (H, He, C, Li, O, etc). The heavier 

elements such as Fe, W, etc coming from the wall do not have strong visible lines. Furthermore, 

in TJ-II the high-Z impurities from the wall are controlled by coating the wall with low-Z 

elements, boron , carbon and Lithium.  

The dominant line emission in hydrogen plasmas is the Hα emission. Various collisional 

processes leading to the emission of these radiations have been discussed in the previous 

chapter. 

3. The TJ-II Fast Camera System 

An important requirement in experimental physics is to learn the technical aspects of the 

instruments used in the experiments so as to handle it in a proper way and to be aware about 

the sources of errors in the experiments. These must be taken into account when analysing the 

data so as to derive a meaningful and consistent physical interpretation from it. Therefore a 

considerable amount of time was devoted to understand the instruments associated with the 

diagnostic and is explained in the following sections. 
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A schematic of the TJ-II intensified fast camera system is shown in fig.(12) and a brief 

description of each of the components has been given in this section.  

 

 

 

 

 

 

 

 

3.1 Camera  

The main component of the fast imaging diagnostics is the digital camera. Depending on the 

sensor type the fast cameras can be broadly categorized in three groups the CCD, the CMOS 

and the intensified CMOS cameras. A recent comparative study of these different cameras have 

shown that the CCD cameras are the best in terms of image quality, the CMOS cameras 

perform better when high recording speeds are required and the intensified CMOS cameras are 

a good choice at high speeds when the signal to noise ratio becomes low due to the very short 

exposure times. These can therefore be used to capture fast events at low light fluxes, although 

at the expense of image quality. 

The TJ-II visible camera group has intensified CCD (ICCD) and CMOS camera systems. Both 

cameras have silicon diode photosensor (called pixel) which is coupled to a charge storage 

region that is, in turn, connected to an amplifier that reads out the quantity of accumulated 

charge. Incident photons generate electronic charges which are stored in the charge storage 

region. Whether or not an incident photon of given energy will generate a charge in the sensor 

is defined by the QE (Quantum Efficiency) of the sensor. In CMOS sensors each column of 

photosensors has an amplifier associated with it as compared to a CCD sensor which has only 

one amplifier and the stored charge is sequentially transferred to it. A CMOS device is a parallel 

readout device and can therefore achieve higher speeds particularly useful in high speed 

imaging. 

The camera used in our experiments was Photron SA1 model fast CMOS camera. This camera 

can record at a speed of 5000 frames per second (fps) with 1024x1024 pixel resolution and 12 

bits pixel depth. Its maximum speed is 650 kfps at 64x16 pixels. It has an 8 Gb internal memory 

which is sufficient to store about seven TJ-II discharges of 300 ms each at a speed of 10k fps 

and a pixel resolution of 192x192. The usual practice is to transfer the data to the remote PC in 

between two discharges through high speed optical cables. 

Fig.(12) : A Schematic of an Intensified fast camera 

system 
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The two camera systems are shown in fig. (13). 

                         

 

 

3.2  Image Intensifier 

Image intensifiers are used to amplify the light signal coming from the plasma. The advantage is 

that fast events which require very low exposure times can be recorded with good accuracy 

which is otherwise not possible due to the low photon flux which cannot be detected directly by 

the camera sensor. It also takes care of the reduction in the light signal due to the transmission 

losses occurring in the optical system coupling the camera to the viewing port. 

The CMOS camera (Photron SA-1) used in our experiments is coupled with a Hamamatsu 

model C9548-03BL image intensifier which gives an effective intensity amplification by a factor 

of upto 100. Image intensifiers (photomultipliers) are vulnerable to high photon fluxes for long 

duration and therefore should be carefully operated. Different approaches are followed for the 

optimum coupling of the camera with the intensifier to obtain a good image quality and response 

linearity. The method adopted in our case is to include two-step intensification using GEN II and 

GEN I intensifier as shown in fig.(14). With this configuration both linearity and sensitivity are 

optimized, since GEN I has a lower saturation level at higher brightness as compared to Micro 

Channel Plates (MCP). Additionally, the lifetime of the intensifier is also increased since the 

GEN II photocathode operates at lower currents. The intensifiers include two protections: an 

over-light protection to limit the input light intensity and an auto -shutdown function to prevent 

too high time integrated light intensity operation. 

The first GEN II intensifier with a 25 mm diameter Multi-alkali photocathode is coupled to the 

MCP and at its exit to a P-46 phosphor screen. The second GEN I intensifier is coupled by Fibre 

Optic Plate (FOP) to the first one, and also has a Multi-alkali photocathode, an electron 

accelerating tube and a P-24 Phosphor. The gain of the GEN I tube is fixed (amplification factor 

Fig.(13) : TJ-II CMOS (left) and CCD (right) fast 

cameras. 

Fig.(14) : Two stage C9548-03 image intensifier. (Image courtesy: 

Hamamatsu)  
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of about 50) and that of GEN II can be adjusted through MCP voltage. The amplitude and width 

of the voltage pulse can be varied from 600 V to 800 V and from 10 ns to few ms depending 

upon the expected plasma emission.  

The light emission from the photocathode is monochromatic and hence the camera images are 

in the gray scale. 

While operating the camera with the intensifier allows us to reach higher speeds, it also reduces 

the spatial resolution. This effect was systematically studied by E. de la Cal Ref. [27] using a 

reference pattern. The images acquired during the test are shown in fig.(15). The test target was 

kept 1.3m away (same distance as the distance of the TJ-II focal plane at the poloidal limiter 

from the viewing window), with the fiber bundle and a 50 mm focal length objective. The left 

image is without intensifier, the other two with intensifier at 700 V (centre) and 800 V (right). For 

the same intensity light level, the exposure time of the one without intensifier was a factor of 80 

longer than for the one with intensifier at 700 V and 250 longer than at 800 V. For the case 

without image intensifier the pattern of the image was not resolvable if the exposure time was at 

12.5 us, the exposure time for the case with intensifier at 700 V. 

It was seen that with an intensifier voltage of 700 Volts one can resolve 1 mm line (same as 

without intensifier) but with slight smearing and blooming of the image and with 800 Volts the 

resolution degraded to 2 mm. The apparent noise in the profile of the camera without intensifier 

(left figure) is the real intensity profile produced by the matrix of the fiber bundles. It is 

considered that the spatial resolution obtained with the intensifier is acceptable especially for 

studying plasma emission in the edge where sharp profiles are rarely present.  

 

 

 

  

Fig 15. : Test target images without intensifier (left), and with intensifier at 700 V (centre) and 800 V (right). 

b) Intensity profiles along the vertical arrows crossing the three horizontal stripes of the upper 

images.(Image courtesy: E. de la Cal) 
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3.3 Coherent Fibre Bundle 

The camera system cannot be kept near the viewing port due to space restriction and the 

presence of stray magnetic field near the view-port. Only the objectives are mounted in front of 

the viewing port whereas the camera and the associated electronics are kept away from it. The 

image is transmitted from the objectives to the intensifier via coherent optical fibre bundles to 

minimize the loss of signal. Fibre bundles have the advantage that they are flexible and 

therefore can be easily located to a different port. On the other hand the transmission is only 

20% -40% at wavelengths higher than 500nm and drops strongly for shorter wavelengths. The 

loss is mainly due to the material properties, the interstitial spacing between individual fibres, 

Fresnel losses occurring due to a change in the medium (air to glass) and losses in the high 

attenuation cladding material surrounding each fibre to prevent light transmission out of the 

fibre. The transmission losses increase with the length of the fibre bundle. The transmission 

curve of the fibre bundle as a function of wavelength for different lengths of the bundle is shown 

in fig.(16). In addition there can be dead fibres in a bundle which do not transmit and therefore 

decrease the quality of the image. A alternate way of transmitting the image is to use a custom 

designed system of optical lenses from the viewing port upto the camera. This would minimize 

the transmission loss but at the cost of losing the flexibility of the system and can also cause a 

poor image quality if not well designed.  

The bundle used in our experiments is a bifurcated coherent bundle which was custom made by 

Schott. Each branch of the bundle is 4.5m long and has a square cross-section of 6 mm x 6 

mm, with 50 fibres/mm, which corresponds to 300 x 300 fibres at each branch. Each fibre 

collects signal from a small portion of the object depending upon the numerical aperture of the 

fibre. The image generated by this arrangement is in the form of a matrix of 300 x 300. The 

bundle bend radius is 10 cm, its recommended maximum operating temperature is of 120 °C 

and the end claddings comprise a C-mounting, which can be rotated +/- 180°. Another type of 

mounting is an F- mounting which has threaded ends and is less suitable where rotation of the 

bundle is required without disconnecting it from the ends. 

3.4 Relay Optics (R.O.) 

The relay-lens optics is designed to transport the image from the two branches of the optical 

fibre bundle (12 mm x 6mm) on to the photocathode of the camera. The lens system is 

designed to have an appropriate magnification of the image so as to fit it correctly on the 

camera sensor. There are two relay-lens optics in our system. The first one couples the two 

bundles to the image intensifier.This was designed by E. de la Cal and optimized using an 

optical design software called ZEMAX. This lens system has a magnification of -1.7 and is 

constructed with commercially available two 50 mm diameter achromatic doublet lenses of 150 

mm and 100 mm focal lengths mounted into optical barrels with a C-Mount and an F-mount 

adapter at the ends.  

The other R.O. coupling the image intensifier (I.I.) with the camera is commercial (Hamamatsu 

make) with magnification M=-1. 
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Improper design of the R.O. and poor quality of the lenses used in it can also result in a poor 

image quality. 

3.5 Objective Lens 

These are connected on one end of the fibre bundles and are used to focus the light from the 

plasma region on to the surface of the fibre bundle. The TJ-II fast camera group has three pairs 

of objective lenses all with 50 mm diameter but different focal lengths (35 mm, 50 mm and 75 

mm). Depending upon the experiment the appropriate focal length is chosen so as to have the 

desired field of view and magnification. The lenses are also fixed with a mechanical aperture 

(value defined by the f- number) whose opening can be varied to control the amount of light 

transmitted by the objective. Poor quality of manufacturing and material defects can cause 

lenses to exhibit aberrations such as astigmatism, coma, chromatic aberration which can cause 

an inhomogeneity in the image. Therefore it is essential to use high quality aberration free 

lenses. 

The lenses are fixed on a support structure designed with a small angle tilting capability of the 

two optical axes in order to have the same field of view at the ends of the two bundles. The 

tilting angle depends on the object distance and it is about 1° in our case where we focus upon 

the limiter region which is about 130 cm from the viewing port. This means that both the 

objectives have nearly the same focal plane and collect light from the same region (imagine the 

angle subtended by the object at the lenses). In experiments with double bundles where it is 

desired to view the same phenomena simultaneously with the two objectives, this tilt angle can 

also introduce some dissimilarity in the two images if the object comes closer to the objectives. 

This is due to the difference in the light collecting zones at the two objectives. 

The support structure as shown in fig. (17), also has an arrangement to mount interference 

filters in front of the objectives for spectroscopic measurements. The transmission properties of 

a filter is defined by the FWHM (Full Width at Half Maximum) value for a central wavelength λ0. 

For atomic line ratio measurements this width is about I nm. The interference filters also 

introduce a transmission loss of about 50%. In addition the transmission efficiency of a filter is 

also sensitive to the angle of incidence of the radiation and shifts to a different value for higher 

incidence angles as shown in fig. For our geometry at 650 nm the angle of incidence should be 

less than 4.5°. In our case where the object distance is 130 cm, only light rays coming from a 

maximum field of view of 22 cm x 22 cm comply with this condition. For larger angles of 

incidence the filter transmissivity is reduced and even cut and therefore emissions from these 

regions cannot be transmitted through the filter. 
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5. Camera Parameters 

Some of the camera terminologies needed to understand the technical details of the diagnostics 

have been discussed in this part. 

(i) Camera speed/Frame rate: This is the rate at which an image is recorded by the camera. It is 

expressed in frames per second or fps. When the frame rate is high we acquire more number of 

images in 1 sec and therefore this parameter of the camera controls the temporal resolution in 

the acquired data. 

(ii) Exposure time τexp: This is the time for which the camera shutter remains open and collects 

light. It is sometimes also referred to as the camera integration time. The exposure time of the 

camera controls the spatial resolution (clarity) in an image. For a good image the exposure time 

must be set such that 1/ τexp is always greater than or equal to the speed of the moving object 

(intensity fluctuations in our case) else the image will be blurred.  

(iii) Intensifier exposure time τII exp: This is relevant for cameras coupled with image intensifiers. 

The intensifier is connected between the objective lens and the camera and acts as another 

shutter. It is open only when a voltage is applied to it. The intensifier exposure time is therefore 

the time for which the intensifier allows the flow of light through it. In an intensified camera 

system, the effective exposure time is the intensifier exposure time. 

(iv) Dead time: This is the time gap between two frames during which the camera does not 

acquire any image. 

(v) Trigger time: The camera starts operating when it gets a trigger either manually from the 

user or from a remote control system. In TJ-II the camera gets triggered remotely from the 

control room and the trigger time is set a few ms before the discharge. This setting also 

provides a time reference to relate the camera data with other diagnostics. 

The relative time scales of the above camera parameters are schematically shown in the fig.(18) 

Wavelength (nm) 

Fig.(16) : Transmissivity of fibre bundle as a function of wavelength 

for different lengths of the bundle.( Image courtesy: Schott) 

Fig.(17) : Objective support structure (Image courtesy : 

E. de la Cal) 
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(v) Resolution: The sensor of a digital camera is composed of several small units called pixels. 

Each pixel captures light from a small region of the object and stores a series of numbers which 

describe the color or intensity of that region. The precision to which a pixel can specify color is 

called its bit or color depth. The resolution of a digital imaging system can be defined in several 

ways and one convention is to use the pixel count. The pixel resolution is defined as the number 

of pixel columns multiplied by the number of pixel rows in the camera sensor. The size of the 

pixel sets a limit on the spatial resolution of the camera.  

The spatial resolution is defined in a more complicated way since it depends upon several 

factors. The limiting value of a spatial resolution is commonly determined from the minimum 

separation required for discrimination between two high contrast objects, (e.g. black and white 

lines). However, contrast and resolution are interrelated since high contrast objects are more 

readily resolved than low contrast ones. The contrast and resolution performance of a camera is 

incorporated into a single specification called the Modulation Transfer Function (MTF) which is 

the most appropriate way of defining the resolution of an imaging system. 

In a broad sense, the spatial resolution can be defined as the ratio of the viewing zone to the 

pixel resolution and can be improved by using zoom lenses.   

The maximum pixel resolution in our camera is 1024 x1024 upto a camera speed of 5400 fps 

and decreases to a resolution of 64 x 16 at the maximum speed of 6.5 x 106 kfps. The variation 

of the pixel resolution with the speed is shown in table (1). This reduction in the sensor size is 

automatically done to facilitate a fast data transfer since the amount of data recorded in a given 

time increases with the camera speed. 

5.1 Sensitivity and Noise of The System 

The sensitivity of a digital imaging system is defined as the minimum light signal that it can 

detect and by convention it is equated to the light level falling on it that produces a signal just 

equal to its noise. Hence the noise of the system sets an ultimate limit on its sensitivity. Digital 

imaging systems are therefore often compared using their noise figures. The noise in the 

system is a result of several factors some of which are the inherent output amplifier noise (read 

noise), thermally induced noise that is detected in the absence of light (dark noise) or the noise 

arising due to the stochastic nature of the photon flux itself (shot noise).  

The signal to noise ratio of a system is the comparison measurement of the incoming light 

signal versus the various inherent or generated noise levels, and indicates the confidence with 

which the magnitude of the signal can be estimated. 

In fast imaging systems this ratio becomes especially critical since the exposure time is usually 

low (therefore low signal). The signal to noise ratio of our intensified CMOS camera system was 

tested near its operational limit  which is 2x105 fps and 100 ns. The entire limiter region was 

captured with a 12.5 mm focal length objective without additional gas puffing as shown in fig (9). 

The camera was operated at a speed of 105 fps, 200 ns intensifier exposure time  and a pixel 

resolution of 388x180. The ratio in the region marked as a blue rectangle was found to be at 

least a factor of 4. The noise signal was estimated to be of 5 in the 256 greyscale. It was 
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defined as the fluctuating or random value when imaging with the same operating camera 

conditions on a white pattern illuminated by a uniform halogen lamp.  

The experiments reported in this thesis were localised within the blue rectangular region and the 

intensity levels in the images were maintained at values of about 100 or above in the 256 

greyscale to maintain a good signal to noise ratio. In many cases the signal level was also 

increased by additional gas puffing. This is known as gas puff imaging  technique and is 

explained in further sections. 

 

 

 

 

 

 

 

 

 

 

 

6. Viewing Geometry 

The edge region of the TJ-II plasmas is viewed through the tangential port B8T, shown in 

fig.(10). In TJ-II the plasma generally interacts with the helical (toroidal) limiter which defines the 

LCFS, but additionally a mobile poloidal limiter can also be inserted to increase the plasma wall 

interactions. In our experiments the camera was aligned to capture a tangential view of this 

poloidal limiter as shown in fig.(19, 20,21). The tangential view is preferred for several reasons. 

The visible emissions which we usually observe comes from the neutrals entering the plasma 

very locally from the poloidal limiter, due to recycling of the fuel (hydrogen or helium) or due to 

sputtering of impurities. The limiter acts as a poloidally extensive (40 cm), toroidally short (8 cm) 

neutral source. The camera lines of view are nearly parallel to the magnetic field in front of the 

limiter (shown in fig. (22)) and the line integrated light mainly comes from the cloud over the 

limiter. The plasma parameters remain nearly constant along the magnetic field line and 

therefore to a first approximation we can say that image near the limiter corresponds, to the 

poloidal cut of the plasma emission. Moreover the spatial structure of edge turbulence which we 

want to observe generally consists of highly elongated 3D ‘filaments’ with a size scale much 

smaller than the plasma radius perpendicular to B but much longer than the plasma radius 

Fig.(18) : Relative time scales of camera parameters Table (1): Variation of pixel resolution with frame rate 
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along B. Thus, in the tangential view the cross-section of these structures or ‘blobs’ can be 

seen.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7. Imaging Experiments 

The imaging experiments can be done in two ways. First case is where the emission is due to 

the ionization/excitation of the recycling neutrals coming from the limiter. The intensity in this 

case is dependent upon the amount of recycling and is sometimes near the noise level due to 

the low density of the recycling neutrals. The intensity level can be improved by injecting 

Fig. (21): Tangential view of the TJ-II chamber from 

the camera viewing port. (Image courtesy: E. de la 

Cal) 

Fig. (22): the camera viewing geometry and the magnetic 

field lines near the limiter. Spatial scales are in mts. 

(Image Courtesy: E. de la Cal) 

Fig. 19: Raw image of plasma with intensified fast CMOS 

camera at 10
5 

fps and 200 ns exposure time. Blue rectangle 

shows the region of interest. 
Fig. 20: Location of the fast camera in TJ-II 
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neutrals in the edge. This technique is known as the Gas Puff Imaging (GPI) and is widely used 

in many fusion devices Ref. [7-11].  In our case the poloidal limiter has a hole in it which is 

connected to a gas feed system through a piezoelectric valve. By applying a suitable voltage 

pulse to this valve hydrogen/Helium gas can be puffed into the edged region. Additionally in 

some of the experiments the limiter is also moved inside the vacuum defined LCFS which 

increases the plasma wall interactions and enhance the light intensity. 

8. Data Acquisition and Image Analysis 

The raw plasma movies are acquired using the software PFV (Photron Fastcam Viewer), in the 

real time scale from 1000-1200 ms. The camera is triggered automatically at a specific time 

interval (trigger time) before the initiation of the discharge. The movies are recorded at different 

camera speeds for different intensifier voltages and exposure times. These settings depend 

upon the plasma parameters and the phenomena to be acquired, also keeping in mind that the 

signal to noise ratio is above 20. 

Depending upon the camera speed (typically 5000 fps), in one TJ-II discharge of 300 ms about 

1500 frames are acquired. A comprehensive analysis of these images cannot be done manually 

and requires an automatic method. This is also required when statistical methods are to be used 

in the analysis for e.g. to study the blob dynamics under various plasma conditions. 

The present thesis work is mainly focused upon detection of fine structures of blobs.The study 

of blob dynamics is not in the scope of this thesis work since it requires operating the camera at 

high speeds (about 100,000 fps) and at such high speeds the camera sensor and hence the 

viewing region becomes very small. This means that we must use an objective of smaller focal 

length (hence wider view of the plasma region) but at the cost of reducing the spatial resolution.  

The image analysis was done using the ‘blob hunter’ code originally written by D. Carralero and 

modified during this thesis work.  

The code is written in Matlab 7.4 and utilizes the Matlab Video and Image Processing Analysis 

Toolboxes. It has several subroutines required to begin with a raw data movie and finish with an 

analysed movie with a list of all the blobs detected and characterized. The code algorithm is 

explained in further sections. 

8.1 Deaveraging Process 

An important process in the blob detection algorithm is the deaveraging process. The raw 

images captured during a discharge are the total intensities coming from the plasma which is 

the sum of the background plasma intensity, the blackbody radiation and the intensity 

fluctuations above this value. The blob like structures which correspond to these fluctuations 

have a low intensity as compared to the background intensity value and hence these cannot be 

clearly seen in the raw images. In order to make these structures visible the background 

intensity must be removed from the images. This is done by taking an average over certain 

number of raw images before and after a given raw image and then subtracting this from the 

respective raw image. The resulting image that is obtained after this is called a deaveraged 
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image and it is converted to a color image in the code to enhance the contrast. An example of 

the de-averaging is shown in fig.23. 

                                   

 

 

 

 

 

 

 

 

 

 

 

 

 

8.2 Code Algorithm 

A schematic of the code algorithm (in its original version) has been shown in fig.24 and is 

discussed below. The modification made in the code has been discussed in the chapter 

describing the results. 

The first step is to load the raw camera data which has to be analysed. The user has to choose 

the co-ordinates of the image so as to discard the unwanted portions of the image and reduce 

the matrix size. In addition, the blob detection subroutine requires the user to define certain 

other parameters like the minimum pixel number, the threshold intensity and the averaging 

number.  

One by one all the frames are sequentially extracted, analyzed and deleted. At a given time 

there are never more frames in the memory than those necessary for the deaveraging process.  

Fig. 23: Image  deaveraging process 
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The deaveraged images are then analysed to detect the blobs depending upon the intensity 

threshold and the pixel number. First all the pixels above the threshold are detected and 

checked with their neighboring pixel intensity (top, bottom, right and left neighbors). If they are 

comparable then these pixels are together detected as a structure (blob) provided the number of 

pixels is equal to or more than the minimum pixel value. 

Once these blobs are detected the area is defined as the number of pixels encompassing this 

structure. A weighted summation of the intensity of each of these pixels is done to calculate the 

integral emission of the blob.  

These structures are considered as elliptical structures (however represented as rectangles) 

and an eigen analysis is performed over these to calculate the major and minor radii of each 

structure. In this case an inertia tensor (mass moment of inertia) is defined for the structures 

detected, which automatically outputs the X and Y position of these structures with respect to 

the deaveraged frame. The center of mass of these structures also allows us to define the 

principle axes. Once the principle axes are defined the aspect ratio is determined by taking ratio 

of the minor to major axes. This gives an estimation of the elongation (on a scale of 0-1) of the 

blob. The inclination angle is derived once the principle axis is defined. It is defined as the angle 

between the semi major axis and the X-axis (east) and measures the inclination of the structure 

with respect to the X-axis of the image in our case.  

An example of the analysed image is shown in fig. 25. The rectangles represent the detected 

blobs and the red ‘ +’ symbol shows the centre of the blob.  

 

  

 

Fig. 24: Flow diagram showing blob detection and characterisation algorithm. (courtesy: D. 

Caralerro) 
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Fig. 25: An example of blob detection (The rectangles represent the detected blobs) 
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Chapter 4 

Experimental Results 
 

In the previous chapter on experimental techniques, a general description of the TJ-II fast 

camera diagnostic was given. The specific experimental used in our studies related to the fine 

structure detection is as follows.  

The camera view during the experiments was the same as explained in the previous chapter i.e. 

tangential to the poloidal limiter and nearly parallel to the magnetic field lines near it. The 

intensifier voltage was varied from 600 V to 750 V and the intensifier exposure time from 10 µs 

to 0.2 µs. Both ECH and NBI plasma conditions were studied using the recycling and gas puff 

imaging techniques (described in section). Since we were interested in studying the fine 

structure (few mm), we needed high resolution in the measurement. As explained before the 

resolution depends upon several parameters and one of these is the ratio of the object 

dimension to the dimensions of the camera sensor. Thus we can increase the resolution in the 

image by reducing the viewing zone. So in our experiments we chose an objective of high focal 

length of 70 mm. This means that we focus on a very narrow region of about 10 cm x 10 cm 

above the limiter. The camera was operated in the double bundle configuration which is 

explained in the next section. 

1. Double Bundle Technique 

Electronic devices are known to be susceptible to various types of noise some of which have 

been explained before. In the fine structure analysis this noise can become comparable to the 

size of the structure itself and may lead to a false interpretation of the image. The use of image 

intensifiers is especially considered to be a source of noise in the images and when measuring 

with a single bundle it becomes difficult to distinguish between noise and signal. An example of 

this is shown in fig. 26. Looking at the image an obvious question that can be raised is whether 

the fine features seen near the bigger ones are real or noise. 

 

 

 

 

 

 

 
Fig.26: An example of single bundle imaging 
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In order to ensure that the fine structures seen in the images are not noise but actual signal, a 

novel method was adopted. The camera+ intensifier system was connected to two coherent 

fibre bundles each with a 70 mm objective lens (Ref. fig. 17). Both the objectives were aligned 

to view nearly the same region of the plasma. Therefore the image formed at the ends of the 

two bundles is the same but using two different sets of the coherent bundle and lens. The two 

images are then amplified in the intensifier and transmitted to the camera. So two independent 

simultaneous images with nearly the same view are recorded in one single frame of the camera. 

In this process of transferring the image from the objective upto the camera, the images may 

acquire some noise (in the intensifier). It is known that noise is a random phenomena which 

means that it will appear at random locations in the two images. This implies that a structure 

which is visible in both the images at the same position with respect to the respective image 

frame, cannot be noise. This can be understood referring to fig. 27, which is the same analysed 

frame as shown in fig. 26. In fig. 26, only one frame of the double bundle image is shown. The 

identical features in the two images clears the doubt that these are actual signal and not noise. 

 

 

 

 

The presence of noise in the images cannot be disregarded since it is inherent to the system but 

we make sure that in our analysis we consider only those structures which appear 

simultaneously in both the images. This way we can be sure that what we are analysing is not 

noise but an actual image of the plasma. 

  

Fig. 27: Analysed double images showing identical fine features in the two simultaneously acquired 

independent images. 
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2. Programming Tasks 

When analysing the raw movies acquired in the previous campaign (june 2010) with the code it 

was realised that the code needed some modifications before carrying out further analysis work. 

The thesis work was therefore divided into two parts. The first one included understanding and 

improvement of the blob detection code and in the second part experiments were performed 

and the raw movies were analysed using this modified version of the code. 

A description of the code algorithm has been discussed in the previous chapter. 

The programming task essentially involved writing codes to edit and analyse the raw movie files 

generated by the camera. Some of the major improvement tasks accomplished during this 

thesis work have been discussed in the following sections. 

2.1  Response Uniformity of The System 

As mentioned before, the cameras coupled with image intensifiers have the advantage that they 

can be used at higher speeds (frame rate) and low exposure times. Thus faster events can be 

captured with good spatial and temporal resolution which is otherwise not possible with cameras 

without intensifiers. For a camera speed of 20,000 fps the inter frame time is 50 µs (temporal 

resolution between frames of the movie) but the exposure time can be less than this value 

(defined by the intensifier exposure time). Short exposure times are required when fast events 

are to be recorded with good spatial resolution but at low exposure times very less amount of 

light reaches the camera sensor. Often this light is not sufficient to be directly detected by the 

camera sensor and hence needs to be amplified. This is done by the image intensifier which is 

basically a photocathode tube with a circular cross-section. An ideal intensifier should have 

uniform amplification over the entire cross-section so as to produce a faithful amplification of the 

incoming signal. It has been observed that this is not true in our case. The amplification is 

higher near the centre and decreases radially outwards. This effect can be very clearly seen in 

the experiments performed with double bundles. It has to be mentioned here that additionally 

the response uniformity of the image is also degraded by the optical components of the system, 

principally by “vignetting” of the lenses. 

Detecting fine structures in the double bundle configuration requires a more detailed analysis of 

the inhomogeneity introduced by the intensifier mainly due to the distortion generated by the 

GEN I intensifier. An example of double bundle imaging with image intensifier is shown in fig 

(29a). The white dotted arc marked in the images show schematically the poloidal limiter. The 

images show the blackbody radiation coming from two Langmuir probes flush mounted on the 

limiter. This blackbody radiation is a result of the heating effect caused by the plasma. The 

above image was captured after the plasma shot so there is no background emission coming 

from the plasma and hence a dark background. 

The location of the two bundles with respect to the image intensifier can be seen in fig 29(a).The 

black dotted circle around the images represent the intensifier cross-section. A magnified image 
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of the Langmuir probes in the two bundles and the histogram of the intensity levels in the region 

around the probes is shown in fig 29(b) showing a statistically averaged mean intensity value of 

41.7 in the left image which is away from the intensifier center and 55.2 in corresponding region 

in right image which is near the centre and therefore appears brighter. The mean intensity in the 

left image is about 25% less than that in the right image. 

 

 

 

   

 

  Langmuir 

probe 

Fig. 29(a): Position of double bundles with respect to the image intensifier. Contrast has been 

enhanced to show the difference in the intensity levels in the image of the same Langmuir probe 

seen in the two bundles. 

Fig. 29(b): Magnified images of the Langmuir probes in the two bundles showing the noise introduced by 

the image intensifier. Below each figure a histogram of the intensity levels in the shown.  
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Before every experiment, the two bundles are focused so that they observe nearly the same 

region. This is done using a reference pattern which is kept at the same distance as the 

distance of the limiter from the viewing port. Thus, we expect that the images formed in the two 

bundles are identical. However, this is not the case as can be seen in the image of the Langmuir 

probe (marked with red circle) in the two bundles. In the right bundle the probe image appears 

brighter than in the the left bundle. If we look at the location of the two images with respect to 

the intensifier (fig. 29(a)) we notice that in the right bundle the probe lies near the centre of the 

intensifier whereas in the left it is near the edge where the amplification factor is lesser and 

therefore a less bright image. 

This non-homogeneity generated in the images due to the intensifier gives a problem when 

analysing the data using the code to detect blobs. Since both the bundles are observing the 

same phenomena, we expect the code to detect the same blobs in both. However many times 

the detection is not identical in the two bundles. This problem was corrected by obtaining an 

image of a uniform white pattern which had been acquired previously by E. de la Cal by creating 

a uniform white pattern in the laboratory. 

A script was added in the blob detection code to normalize the raw data with this reference 

image. The code was run with and without the normalization of the raw data. A comparison of 

the results for the two cases has been shown in fig (30). It can be seen that with normalization 

the blob detection (marked as rectangles in the images) becomes nearly identical in the two 

bundles. Thus the non-uniformity of the intensifier response has been well corrected in the code 

by the normalization process. 
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The image of the white pattern used for normalization is shown in fig. 31(a). The original image 

acquired by the camera was in 8-bit gray scale but it has been converted into a colored image 

using commercially available software I-Solex. This is done to enhance the contrast in the 

image so that the non-uniformity in the image can be clearly shown which is otherwise not 

possible in the original gray image. It can be seen that the response is maximum near the 

centre and falls off gradually towards the ends. It is minimum near the lower left corner of the 

left bundle. The intensity value at this location is about 70 percent of the value near the centre. 

The effect of the normalization process on the raw image of the Langmuir probe (fig. 29(b)) was 

also checked and can be seen in fig 31(b). The histogram of the images obtained after 

normalization shows an improvement in the mean intensity values in the two images. The 

normalization process is always applied to all the frames of the raw movie before analyzing it. 

 

Fig (30): Analysed images without normalization (upper image) and after normalization (lower image). 



40 

 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 31(b): Raw images without normalization (left image) and after normalization (right image).  

Fig 31(a): Image of the white pattern acquired by the camera (Contrast has been enhanced to improve the 

visibility) 
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2.2  Detection of Saturated Images  

The intensity levels in the image captured by the camera depends on the plasma parameters 

and the camera and intensifier settings. The instrument settings are fixed before the discharge 

and depending upon the plasma parameters the camera acquires an image. Sometimes if the 

instrument settings are not optimum with respect to the plasma parameters, we acquire 

saturated images which are not useful since the blob structure cannot be distinguished in these 

images or can be wrongly analysed and therefore these should not be used in the analysis. 

Manual detection of each frame of a movie acquired during a plasma shot is a tedious task. To 

analyse the raw data automatically, a script was added in the code which detects each frame of 

the raw movie and marks it as ‘saturated’ if there are more than 20 pixels in that frame with 

intensity value above 255. 

The value 255 comes from the fact that the color depth of the camera is 8-bit i.e. the image 

formed by the camera is an 8-bit image. Every color in a digital image is made up of some 

combination of the three primary colors- red, green and blue. A large number of different colors 

can be created by mixing different shades of these three primary colors. In an 8-bit camera, 28 

(=256) shades of each of these colors is used. Therefore in an 8-bit colored image there can be 

256x256x256 (=16.8 million) colors. However in an 8-bit grey image there can be only 256 

shades because all the three primary colors are in the same proportion. In this kind of an image 

the shade corresponding to the value 0 corresponds to ‘black’ and 255 corresponds ‘white’ 

color.  

2.3 Frame Number Control of Raw and De-Averaged Video  

During a shot, depending upon the camera speed (frame rate), we acquire a movie which 

contains on an average, more than 1000 frames. However, only some part of the movie is used 

in the analysis. Also during the averaging process, the code discards the initial and the final ‘n’ 

number of frames; where ‘n’ is the averaging number. Therefore if the original raw movie clip 

has 100 frames and the averaging number is n=10 then after analysis the code generates a 

processed movie which has 80 frames. Many times we need to compare the raw images with 

the processed images and it becomes inconvenient to manually determine the correspondence 

between the raw frame and the processed frame.  

A subroutine was added in the code, which corrected this ‘mis-match’ in the raw data and the 

processed data.  

Now the code generates two movie files one of which is the processed movie while the other is 

the raw movie which has one to one correspondence with the processed movie.  

2.4 Floating Threshold 

The blob detection algorithm requires the user to define a threshold intensity value. In the 

original version of the code, the user was asked to enter a value which was taken as the fixed 

intensity for all the frames and the pixels with intensity value above this threshold were detected 

as blobs. Later it was realized that it would be more appropriate to detect blobs based on 

intensities above a certain percentage of the maximum intensity detected in each deaveraged 
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frame. This would take care of the fact that the intensity value changes in every discharge and 

also varies considerably from frame to frame in a given plasma discharge.   

In the earlier case we had seen that the blobs were not detected in some of the frames even 

when there was a high intensity region seen in the images. This problem has been corrected in 

the modified code. An example has been shown in fig 32.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Fig (32): Analysed images before (upper image) and after (lower image) changing the 

threshold logic. 
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2.5  Others 

In addition to the above improvements, some other minor changes have also been made in the 

code such as adding scale and color bar in the images to give a quantitative idea about the 

intensity values and spatial dimensions. 

Data storage has been made more organized by automatically creating a folder and assigning it 

the input filename. 

The code has been made user friendly so that the user can define the variables like the region 

of interest, the threshold intensity value, the averaging number and the minimum pixel number 

for blob detection. In the earlier version of the code these values had to be changed in the script 

and one had to understand the script in order to use it. 

3. Analysis of Fine Structures of Blobs 

3.1 Code Parameters 

It has been mentioned in the description of the code algorithm that in the beginning of the 

analysis the code asks the user to assign values to the pixel number, threshold intensity and the 

averaging number. 

During the analysis it was seen that size and the number of blobs detected in a given data 

(plasma condition) change considerably with these parameters and we need to develop a 

reasonable way of assigning values to these parameters and also understand the limitations 

associated with the analysis before giving a physical interpretation based on the statistics of the 

detected blobs. 

This is effect of user defined parameters on the detection of blobs is explained in more detail in 

the following sections. 

 3.1.1 Minimum Pixel Number 

This parameter defines the minimum size of the structure which can be detected by the code. 

By knowing the dimensions of the object and the pixel size of the camera sensor one can 

determine a scaling factor between the image pixels and the object size. In our case we use the 

Langmuir probes as the reference to calculate this scale and for an objective of 70 mm focal 

length this scale is found to be 100 pixels= 32.2 mm. This means that if we want to detect fine 

structures (~ few mm, say 5 mm) in this set up, we must choose the minimum pixel value equal 

to 30 pixels. On the other hand a larger structure (say 20 mm) can be detected by choosing a 

higher pixel number (62 in this case). The effect of pixel size on the blob detection was studied 

for discharge # 27264 .The camera speed was 20000 fps and the intensifier voltage and 

exposure time were 650 V and 5 us respectively. The detected light in this discharge was mainly 

due to the recycling of the neutrals in the edge with ECH (no limiter puffing). The threshold 

intensity in the code was set to 70% of the maximum intensity in the particular frame and the 

averaging number equal to 10 while the minimum pixel number was varied. Two cases were 

studied one for 10 pixels and another for 50 pixels. The results are shown in fig 33(a) and (b). In 
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the first case very small structures (negative blobs) as well as bigger blobs were detected while 

in the second case (pixel number 50), the smaller blobs were filtered out and only the bigger 

blobs were detected. An important thing to notice here (fig. 33 (b)) is that the fine structures 

(smaller than 50 pixels) within a big blob (bigger than the pixel number) such as the nucleus of 

the blob are not detected. The nucleus of a blob can be defined by a high positive or negative 

intensity region within the blob which can be seen in fig.22 (a). This image is the magnification 

of the biggest blob detected in the left image of fig.21 (a).  

Thus one limitation of the blob detection algorithm is that it does not detect fine structures 

smaller than the size of the blob itself even when this information is present in the measured 

data.   

 3.1.2 Threshold Intensity 

It can be clearly seen from the above mentioned example that if we want to detect fine 

structures within a blob we must reduce the pixel size and increase the threshold intensity 

value. The code was run again for the same case but for a threshold intensity value of 80 and 

pixel size of 5 .The result is shown in fig.34(b). A comparison of fig 34(a) and 34(b) shows that 

smaller structures within the big blob are now detected.  

In order to assign a value to the threshold intensity an intuitive approach can be adopted which 

is as follows. We know that the blob detection algorithm operates on deaveraged images which 

are intensity fluctuations above the background plasma intensity. Now for a given intensifier 

exposure time (time for which the camera collects signal), a high frequency fluctuation or a high 

amplitude lower frequency fluctuation will result in a high intensity region; assuming that the 

fluctuations are stationary in space (auto correlation time higher) during this time. Therefore, if 

we want to study fine structures corresponding to high frequency or high amplitude low 

frequency phenomenas we should set a high threshold intensity in the code. 

This is another limitation of the analysis method. We cannot differentiate fine structures 

corresponding to low amplitude high frequency phenomenas from large amplitude low 

frequency phenomenas.    

 

 

 

 

 

 

 
Fig. 33(a): Blob detection in coherent double bundle image for intensity threshold= 70 and pixel number= 10 

(Squares marked in the images are the blobs detected by the code) 
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Fig. 33(b): Blob detection in coherent double bundle image for intensity threshold= 70 and pixel number= 50 

(Squares marked in the images are the blobs detected by the code) 

Fig.34(a): Magnified view of blob detected in the left 

image of fig.33(a). Intensity threshold= 70 and pixel 

number= 10 (Squares marked in the images are the 

blobs detected by the code) 

Fig. 34(b): Magnified view of the same region as 

in fig. 34(a) but for Intensity threshold= 80 and 

pixel number= 5 (Squares marked in the images 

are the blobs detected by the code) 
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3.1.3 Averaging Number 

It has been explained in the previous section that the turbulent structures (blobs) corresponding 

to the intensity fluctuations are not very clearly seen in the raw images because the camera 

captures the total visible emissions. In order to observe the structures clearly we need to 

remove the average background intensity coming from the plasma. Ideally we would like to have 

an independent method of determining this background intensity distribution. For e.g. 

determining the intensity by knowing the electron and neutral density along the same viewing 

chord as the camera, for the entire 2D viewing region for all times. However, due to the lack and 

complexity of such a method, we have to rely on our own intuitive method. 

 In the ‘blobhunter’ code which we use in our analysis, the background intensity is defined as 

the average value of a certain number of frames. This average is then subtracted from each of 

the frames resulting in a deaveraged frame. Consequently, the deaveraged frames will have 

intensity values ranging from a certain positive value to some negative value. These 

deaveraged frames are then further analysed to detect and characterize the blobs and may 

result in the detection of positive and negative blobs corresponding to the positive and negative 

intensity values; also depending upon certain other user defined parameters like the threshold 

intensity and minimum pixel number. 

In order to avoid a false detection of the structures, it is important to carefully define the 

averaging number and as mentioned before this can only be done intuitively.  

Photography thumb rule says that in order to capture a sharp image of a moving object the 

camera shutter speed must be equal to or higher (i.e. exposure time lower) than the speed of 

the object; else the image would be blurred. Same rule is applied in the fast camera diagnostics. 

Before the experiment, we must know the approximate velocity of the structures that we want to 

see. This imposes a restriction on the maximum value of the intensifier exposure time. A set of 

frames (movie) is acquired for this exposure time and forms the raw data for further analysis.  

In our gas puff imaging experiments we expect a high intensity region near the puffing zone due 

to the higher neutral density. Also, it is assumed that the phenomena and hence the resulting 

intensity fluctuations occurring in this region are much faster than the characteristic times of the 

emerging turbulent structures (which determine the exposure time) .Therefore the region of gas 

puff should be visible as a plume with smooth edges in the averaged images.  

We studied the averaging effects for different exposure times but with similar plasma conditions 

in order to determine the correct averaging number corresponding to a given exposure time. 

An example of the effect of the averaging number is shown in the images in fig 35. These 

average frames were obtained from the movie recorded at an intensifier exposure time of 

0.1µsec. In fig 35(a) a sharp feature (marked with a dotted circle) can be seen which can lead to 

a false detection of a negative blob when this image is subtracted from the raw data. Averaging 

over different frames was tried to see the effect in the smoothing of the edges. 
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A comparison of the three images shows that the edge of the plume becomes smoother (as 

required according to our assumption) for averaging values of 20 or higher. Our studies showed 

that for higher exposure times we could work with lower averaging values and hence reduce the 

code running time. An example of the averaged image of the plume is shown in fig. 36. 

Our intuitive approach of defining the averaging number was later found to have a more logical 

explaination which is as follows. The raw movie frames are acquired with a certain rate defined 

by the camera speed. The averaging and deaveraging processes have an effect similar to a 

high pass filter i.e. if the camera speed is ‘s’ and we take an average over ‘n’ frames so that the 

time length corresponding to these frames is t=n/s , then in the deaveraged images we will see 

the intensities of only those phenomenas which occur at a frequency higher than 1/t. 

This implies that in our case we observe blobs corresponding to frequencies higher than the 

frequency of neutral density fluctuations occurring in the plume.  

 

 

             

             

(a) Avg.: 5 frames (b) Avg.: 10 frames (c) Avg.: 20 frames 

Fig. 35: (a), (b) and (c) are the images obtained after averaging over 5, 10 and 20 frames respectively. The 

lower images are magnified images of the upper ones. Contrast has been enhanced for better visibility. 
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Fig. 36: An averaged image of the gas plume showing the smooth edges. 
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4. Detection of Fine Structures 

In this section a qualitative analysis of the structures detected in the TJ-II plasma edge are 

presented. In the beginning of this thesis the aim was only to determine whether we are able to 

detect some fine (few mm) features using the intensified camera system or not and analysing 

the results statistically with the blob detection code. But later we decided to do first a qualitative 

comparison of the detected structures in different plasma conditions (ECH and NBI), poloidal 

limiter positions and using the recycling and gas puff imaging techniques for different intensifier 

parameters. In addition it was also realised that the detection code needed some corrections 

before using it for quantitative analysis. The automatic detection of blobs is more useful when 

statistical studies on the blob behaviour has to be done. As mentioned in the previous chapters, 

this requires a wider plasma viewing zone and operating the camera at very high speeds which 

was not the case in our experiments. This will be done in the near future. 

In the different conditions which we studied, we tried to avoid saturation and maintain a good 

signal to noise ratio in the images, which on an 8-bit gray scale corresponds to an intensity level 

in the range of 100 to less than 255. This however is a tricky matter since the intensity level is 

greatly affected by the fluctuating plasma conditions which sometimes cause the image 

intensities to be out the mentioned range. Since we were interested in detecting fine structures 

we tried to go down to as low exposure values as possible, typically less than 1 µs. At the same 

time we also studied the changes in the detected features at higher values of exposure in the 

range of 5-10 µs.  

The effect of limiter position on the detection was studied for two limiter positions, one in which it 

was positioned at the LCFS and the other when it was kept about 30 mm outside the LCFS. The 

limiter position has been marked as a black dotted line in the analysed images.  

The image analysis was done using the improved version of the blob detection code but due to 

the lack of time we used only the de-averaging subroutine and the detected structures were 

visually compared for the different cases. The size of the features can be deteremined from the 

pixel to length scale shown in the analysed images (100 pixels = 32.2 mm for a 70 mm 

objective). 

For each of the cases discussed, an example of the average image for that particular case is 

shown to indicate the absolute plasma intensity levels and also to show that the edges of the 

plasma image is smooth and does not give a false indication of the blob feature. To recall, these 

average images are the stationary background plasma emission. 

The raw and analysed movie files are uploaded on the Ciemat webpage: 

http://www-fusion.ciemat.es/camaras/THESIS P.SEMWAL 
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A snapshot of the TJ-II data visualization program showing the time evolution of different signals 

is shown in fig (37). Although there are nearly 100 diagnostics in TJ-II, we focus only on those 

which are important for our analysis purpose as shown in the image. In the beginning of each 

shot the coils are charged to achieve a stable on axis toroidal magnetic field of 1T. This is 

followed by a pre-fill of hydrogen gas into the plasma chamber which is done remotely by giving 

a voltage pulse to the piezo-electric valve either through the limiter or some other locations on 

the vessel. After this ECH power is injected simultaneously using two gyrotrons of 300 kW each. 

The ECH phase continues for about 120 ms. Before switching off the ECH power, NBI power is 

injected into the plasma using a single injector having a nominal power of 1 MW. During the 

ECH phase the plasma temperature is measured from the Electron Cyclotron Emission (ECE) 

signal but during the NBI phase there is no diagnostic to measure the temperature and a 

qualitative idea is obtained from the X-ray (RX) signal. A rise in the RX signal indicates that the 

NBI power is being dissipated into the plasma. As the power dissipation increases confinement 

increases and there is a rise in the line averaged electron density which can be observed in the 

plot. The electron density shown in the images are on a scale of 1018 m-3.With the rise in the 

density there is a simultaneous increase in the total diamagnetic energy of the plasma and a 

sudden fall in the H-alpha signal which is an indication of the onset of the H-mode. The H-alpha 

signal shown in the image is the one looking on the poloidal limiter which measures the H-alpha 

emission coming from the recycled hydrogen. A fall in this signal is a result of an increase in the 

hydrogen confinement in the NBI phase. As the electron density increases the power density of 

the plasma decreases due to the increased radiation losses. With time the electron density 

reaches a peak value but the injected power is constant and at this point it is insufficient to 

maintain the power density in the plasma. The plasma starts cooling, which can be seen as a 

fall in the RX signal and finally collapses. A characteristic feature of the NBI phase is the Edge 

Modes which are frequently observed in the TJ-II edge and are seen as strong bursts in the H-

alpha signal shown in the plots. 

 



 

 

Fig.37 : A Snap
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4.1 Recycling Condition 

 

As discussed in the previous sections, in the case of recycling the light emission is mainly due 

to the recycling of the hydrogen neutrals from the limiter. When we insert the poloidal limiter 

typically 20 mm inside the LCFS as defined by the vacuum defined magnetic surfaces, the 

plasma flux to the surface and therefore the recycling increases which results in an increase in 

the intensity levels.  

An example of the intensity levels measured in recycling condition in an ECH plasma with limiter 

at inserted 20 mm inside the LCFS is shown in fig 38. During the discharge the langmuir probes 

mounted on the poloidal limiter get heated to very high temperatures and emit intense 

blackbody radiation and are therefore seen as saturated in the images. A gradient in the 

intensity levels can be seen when moving away from the limiter. The intensity values in the 

region within 30 mm from the limiter are in the range 50-60% of the maximum indicating strong 

recycling in this region. 

In general, the intensity levels in the case of recyling condition are much lower than that with 

gas puffing which is demonstrated in the next section. 

 
 
  

Fig. 38: Intensity levels in the regions above the limiter showing  high recycling 

regions within 30 mm from the limiter. (Contrast has been enhance to improve 

the visibility). 

30 mm 

Langmuir probes 
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4.1.1 ECH, ττττexp = 0.6 μsec, 700 V, Limiter position = 20 mm inside LCFS 

The first case considered in the recycling condition is that of ECH plasma, with exposure time of 

0.6 µsec (low exposure case) and limiter positioned 20 mm inside the LCFS. At low exposures 

the intensity levels are reduced due to the short camera + intensifier integration time which 

means that in the case of NBI the signal level would be very low and therfore for the case of 

recycling  and at low exposures we consider only the case of ECH plasma. The intensifier 

voltage was maintained at 700 V which is high due to the greater amplification needed in this 

condition. 

For the recycling condition we have considered only high exposure case for NBI plasma and is 

discussed in the next subsection. 

The average and devaraged images for the low exposure case in ECH phase are shown in 

fig.(39) and (40) respectively.  

It can be seen in the deaveraged images that most of the blobs detected in this case are very 

near to the limiter surface. This may be due to the higher neutral density in this region which 

makes these blobs visible. There may be blobs above this region but are not visible in the 

images due to the low neutral density in this region and also due to the low exposure time. We 

also see that a positive blob is almost always accompanied by a negative blob in its vicinity. The 

fine edges of these blobs are not very clearly visible and are near the noise level due to the high 

intensifier voltage which generates some noise in the images. We may say that the detection of 

fine structures for this plasma condition and camera settings the detection of fine structures is 

difficult.  

 

 

  

Fig.39: An average image in ECH plasma condition with recycling. 

Shot # 27281.  
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Fig. 40: Some examples of deaveraged image of ECH 

plasma with recycling and limiter at 352, 0.6μsec, 700 V. 
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 4.1.2 ECH, ττττexp = 10 μsec ,600 V, Limiter position=10 mm inside LCFS 

Next we consider the case of ECH plasma conditions but at higher exposure times. The 

average image and de-average image for the ECH case are shown in fig. (41) and (42) 

respectively. The exposure time in this case was 10 µsec and intensifier voltage 600V with the 

limiter positioned at z=352 which is 10 mm inside the vacuum defined LCFS. 

A comparison of the averaged image with the earlier case shows a comparatively higher 

background intensity levels which may be due to the higher camera integration time for this 

case. Also, in the present case we observe less noise in the images due to the low intensifier 

voltage in this case. The blobs seen are big (more than 1 cm in diameter) but their fine features 

are not seen possibly due to their high velocities and the higher intensifier integration times 

which results in the blurring of the fine features making  the blob appear with smooth rounded 

edges (as explained in the introduction).   

Here again we observe a positive and negative blob appearing simultaneously. We do not 

expect much difference in the neutral densities in the regions of these blobs. It has been 

discussed in the previous chapter (Ref. Edge physics and H-alpha emission) that emission in 

the TJ-II edge conditions is mainly due to electron induced collisions and therefore we may say 

that these regions of positive and negative blobs are regions of high and low electron density. 

Fig. 41: Average image of ECH plasma with limiter at 352mm, exposure 

time 10μ sec, 700 V, recycling condition.  Shot# 27276 
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Fig. 42: some examples of deaverage image of NBI plasma with limiter at 

392mm, exposure time 0.2μ sec, 750 V, recycling condition. Shot# 28347 
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4.1.3  NBI, ττττexp = 10 μsec , 600 V, limiter position= 10mm inside LCFS 

The next case analysed here is the case of NBI plasma with the same limiter position and 

intensifier settings as in the previous case. The average and de-average images for this case 

are shown in fig. (43) and (44) respectively. 

A comparison of the average images in this case with the previous case of ECH plasma at high 

exposure value shows a reduced intensity levels in the NBI plasma as discussed in the 

beginning of this section. This appears to be a result of the better confinement and hence low 

recycling in the case of NBI which has been observed with other diagnostics also and is 

discussed in the beginning of this chapter. 

The de-averaged images show a long filament like structures about 40 mm inside the LCFS. 

The intensity level however is low in this case which makes the image appear noisy. In other 

cases there are more intense blobs seen near the limiter but here also the finer features are not 

clearly distinguishable possibly due to their high velocities and high camera integration times. 

In general we feel that for the case of recycling it is difficult to observe the fine features even in 

the case of enhanced recycling with the limiter pushed about 10-20 mm inside the LCFS. We 

lose the detection of features either due to the noise generated by the intensifier which has to 

be maintained at high voltage at short exposures or due to smoothing of the features due to 

higher camera integration time in case of long exposure. 

  

Fig. 43: Average image of NBI plasma with limiter at 352mm, 

exposure time 10μ sec, 700 V, in recycling condition.  Shot# 27276 
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Fig. 44: some examples of deaverage image of NBI plasma with limiter at 

392mm, exposure time 0.2μ sec, 750 V, recycling condition. Shot# 28347 
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4.2 Gas Puff Imaging 

It is clear from the previous case that the neutral density due to recycling is not sufficient and we 

must increase it by additional puffing known as the gas puff imaging technique. In the gas puff 

imaging method we introduced controlled hydrogen neutral through a tube in the poloidal limiter 

using a peizo-electric gas feed valve. The voltage pulse in all the cases of gas puff imaging 

discussed here was the same although there is a provision to vary this pulse remotely. 

4.2.1 ECH, ττττexp = 0.3 μsec , 600 V, Limiter position=  LCFS 

The first case considered here is the case of ECH plasma with limiter positioned at the LCFS. 

The absolute levels in this case cannot be compared with the previous case of recycling to the 

fact that the scales are not the same in the two cases. The scales shown in the images are only 

for comparison of relative intensity levels in the particular image. Nevertheless the difference in 

the absolute levels are easily observed in the raw images (not shown)  and also due to the fact 

that in this case we could go down to lower exposure values and intensifier voltages. The 

smooth average image of the gas plume can be seen in fig. 45 and some examples of the de-

averaged raw images are shown in fig. 46. These images are selected from a sequence of 

analysed images acquired with a camera speed of 20,000 fps.  A qualitative comparison of the 

averaged image in the case of puffing with that of recycling shows that in the puffing case the 

intensity (neutral density) is confined within a small region which corresponds to the region of 

gas plume. In the previous case of recycling the intensity levels were more or less uniform near 

the limiter.The deaveraged images show blobs concentrated within about 30 mm above the 

limiter. The edges of the blobs are however more clearly defined in this case as compared to 

that in the cases of recycling. We can also see fine features of the blobs (less than 1 cm) which 

can be estimated from the scales shown in the images. In some cases it appears that bigger 

blobs are disintegrating into smaller ones and the fine line of contact between the two is also 

very clearly seen. In some cases positive and negative blobs are seen in close vicinity of each 

other with very fine boundary separating the two. The noise level also appears to be low due to 

the low intensifier voltage. The insensity fluctuation in the positions of the blobs can be 

determined by taking an ratio of the intensity level in the deaveraged image with respect to the 

averaged image. For. e.g. for the upper image of 46(a) the maximum fluctuation in the case of 

positive blob is ~30 %. 

Fig. 45: Average image of ECH plasma with limiter at 362mm, exposure 

time 0.3μ sec, 600 V, with puffing.Shot# 27290 
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Fig. 46 (a): Average image of ECH plasma with limiter at 362mm, exposure time 

0.3 μ sec, 600 V, with puffing. Shot# 27290 
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Fig. 46(b): Continuation of sequence 46(a) 
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Fig. 46(c): Continuation of sequence 46(b). 
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4.2.2 NBI, ττττexp = 1.0 μsec, 600 V, Limiter position= LCFS 

The next case considered here is the case of NBI. The limiter was maintained at the same 

location as in the previous case. Due to the low absolute intensity levels in the case of NBI we 

could not go to exposure values below 1µsec keeping the intensifier voltage again at 600 V as 

in the previous case. 

A distinguishing feature in the shape of the blobs seen in the case of NBI as compared to that of 

ECH is that elongated thin structures are seen in almost every NBI discharge at positions of 

about 30-40 mm above the LCFS. We believe that these elongated structure in the plasma 

boundary correspond to the shear layer formation during the NBI phase. Here again we can see 

the fine evolution of the blobs and some fine features which we did not see in the previous case 

of recycling with NBI plasmas. In this case also we see the presence of positive and negative 

blobs simultaneously. 

 

Fig. 47 : Average image of NBI plasma with limiter at 362mm, exposure 

time 1μ sec, 600 V with puffing.  Shot# 27289 
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Fig. 48(a): Average image of NBI plasma with limiter at 362mm, 

exposure time 1μ sec, 600 V. Shot# 27289 

Fig. 48(a): Average image of NBI plasma with limiter at 362mm, exposure time 1μ 

sec, 600 V with puffing. Shot# 27289 
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Fig. 48(b): Continuation of sequence 48(a). 
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Fig. 48(c): Continuation of sequence 48(b). 
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Another case which we wanted to study was the effect in the fine structure detection with the  

limiter positioned outside the LCFS.  In the cases considered here, the limiter was kept about 30 

mm outside the vacuum defined LCFS. 

The limiter position is not seen in the images shown in this section but the position of the gas 

puffing nozzle mounted in the limiter can be seen and has been marked with a white arrow. 

4.2.3 ECH, ττττexp = 0.3 μsec ,750 V, Limiter position=30 mm outside LCFS 

The first case shown for this limiter position is the ECH plasma case for short exposure time of 

0.2 µsec. Due to the limiter position being far from the core and the low exposure time we had to 

maintain the intensifier voltage at a high value of 750 V. The effect of this can be seen as noise 

in the images. The fine structures of the blobs can be seen but in order to discard the idea that 

these may be noise, we must correlate the structure in one bundle with an identical one in the 

other bundle at the same relative position. Here the orientation of the two objectives of the 

double bundle imaging becomes important and we find it difficult to correlate fine features in the 

two bundles. This however can be corrected in the experimental set-up with a modified design 

of the objective holder but it was not available during the period of this thesis work. 

Looking at the blob locations we see that they are present in the entire region viewed. Very 

occasionally a small blob is also seen close to the limiter where puffing is stronger which makes 

it clearly distinguishable at these low exposure values. 

Fig. 49: Average image of ECH plasma with limiter at 392mm, exposure time 0.2μ sec, 

750 V with puffing.  Shot# 28347 
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Fig. 50: Average image of ECH plasma with limiter at 392mm, exposure 

time 0.2μ sec, 750 V with puffing. Shot# 28347 
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4.2.4 NBI, ττττexp = 0.2 μsec , 750 V, Limiter position= 30 mm outside LCFS 

The last case considered here is that of NBI plasma with limiter positioned at the same location 

and camera and intensifier maintained at the same values of 0.2 µsec and 750 V. 

A remarkable difference is observed here as compared to the previous case of ECH and also 

observed in the case of NBI at higher exposure values with limiter at LCFS. We see filament like 

elongated structures in the plasma boundary. Occassionally some rounded positive blobs 

(intensities higher than the background plasma) are also seen near the limiter, coinciding in time 

with the H-alpha burst. We believe that these correspond to the disruption of the shear layer. 

Here also due to the high intensifier voltage and correlation problem due to the orientation of the 

two objectives make it difficult to distinguish the fine features from noise. 

  

Fig. 51: Average image of NBI plasma with limiter at 392mm, exposure time 0.2μ sec, 

750 V with puffing.  Shot# 28347 
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Fig. 52: some examples of deaverage image of NBI plasma with limiter at 

392mm, exposure time 0.2μ sec, 750 V, with puffing. Shot# 28347 
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Conclusions 
 

 A qualitative analysis of detection of fine structures of blobs in the TJ-II edge using 

intensified fast camera has been presented in this thesis work. The use of double 

bundle measurement technique has been very significant in confirming that the fine 

structures visible in the images are real and not noise generated in the intensifier. The 

strength of this technique over the single bundle method, in discriminating noise and 

signal has been demonstrated with examples showing detection of fine features 

identically in the double images. This technique has proved to be very powerful tool and 

is the heart of the image analysis, especially when detecting fine features where the 

dimensions and intensity levels become comparable to a possible noise generated by 

the system.  

The qualitative analysis of the raw images was carried out using the modified version of 

the blob detection code. The inclusion of the normalization subroutine and modifications 

made in the threshold detection logic has improved the uniformity of the detection of 

blobs in the double bundle images. The code can now be used for statistical studies of 

the blob dynamics with a wider viewing zone and at higher camera speeds. 

The automatic detection of saturation in the raw images has been useful in the analysis 

and can be further improved to generate short movie clips automatically from the raw 

data after removing the saturated frames or to select images of desired intensity levels 

and time period from the raw movie; which is now done manually and is time 

consuming. In addition some other improvements can also be made to correct mis-

alignments between the images of the two bundles using the Matlab image processing 

toolbox. 

The method adopted during this thesis work, to determine the correct averaging number 

by confirming a smoothness in the plume edges in the averaged (background plasma) 

images is also now routinely used in the analysis procedure. 

The effect of the intensifier parameters, limiter positions and plasma conditions on the 

fine structure detection was qualitatively studied. 

It was seen that the light emission from the recycling neutrals is insufficient even in the 

ECH phase with the limiter inserted well inside the plasma and therefore makes the 

detection of fine structures difficult since low exposures in this condition requires 

operating the intensifier at high voltages which introduces noise in the images.  

On the other hand the use of Gas Puff Imaging technique has proved to be useful in 

maintaining a good signal to noise ratio in the images in both ECH and NBI plasma 
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conditions with the limiter placed at the LCFS. In this condition, short exposure times of 

0.2 µs in ECH and 1 µs in the NBI phase could be reached at low intensifier voltages of 

600 V and fine structures having dimensions less than 1 cm were detected.  

In the cases where the limiter was placed outside the LCFS also we could reach low 

exposure values of 0.2 µs in both ECH and NBI phases but the intensifier voltage had to 

be kept high in these cases making the images slightly noisy as compared to the case 

of ECH plasma. Nonetheless, the signal to noise ratio in this case with gas puffing was 

significantly higher than that in the case of recycling. We also suspect that this 

difference in the images which appears to be noise is a result of the fine difference in 

the alignment of the two objectives. This can be confirmed in future experiments with a 

better alignment of the two bundles with respect to each other. 

A difference in the shape, size and location of the blobs was seen in ECH and NBI 

plasmas and also during occasional bursts in the NBI phase. A quantitative analysis of 

this can be done using the code and can be matched with other diagnostics such as the 

H-alpha signal or Langmuir probes mounted on the limiter.  
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