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Abstract
The objective of this thesis is to study the dynamics of the 3D radiative
structures in the Large Helical Device (LHD) during the resonant magnetic
perturbation (RMP) assisted plasma detachment experiments. Plasma detachment
is foreseen as an important operational regime for future fusion devices. This
inevitability is due to the ability of detached plasmas to keep the overall heat loads
on the plasma facing components within the engineering design limits, eventually
prolonging the lifespan of those expensive components. Plasma detachment is a
phenomenon with a rich mix of diverse physical processes. The RMP assisted
plasma detachment experiment carried out on LHD has shown a modulation in
the edge radiative structures, once the discharge enters in to the detachment phase.
The dynamics of the radiative structures in LHD are studied in two dimensions
(2D) using an Infrared imaging Video Bolometer (IRVB). The plasma edge of
LHD is modelled using the EMC3-EIRENE code which, qualitatively, shows
trends similar to the experimental observations. Qualitatively, there is a
disagreement between the experimental and the modeling results which will be
addressed as a part of this research project.
This thesis has two broad bifurcations. Firstly, the IRVB diagnostic has
been improved in terms of its sensitivity and signal to noise ratio, calibrated
thoroughly to quantify the measurements, several validations and noise
estimations are carried out to gain confidence in the analyzed data and the
quantitative results, the first of their kind, are presented and compared with the
modeling results from EMC3-EIRENE. Secondly, the dynamics of the plasma
radiation are experimentally studied and a quantitative comparison with the
modeling is attempted. Such a quantitative comparison is a first step towards
xvii | P a g e

establishing and validating a set of free parameters used in EMC3-EIRENE
transport code and will improve the assumptions made in the transport model. As
a part of the diagnostic upgrade, the IRVB installed at the top diagnostic port of
LHD was chosen to be modified since it offers a unique view of the toroidal and
radial extent of the plasma. An infrared periscope was designed and built to
increase the sensitivity and the signal to noise ratio (SNR) of the diagnostic.
Addition of the periscope to the IRVB led to a theoretical improvement of the
sensitivity by 1.4 times and the SNR by 4.5 times. The effective SNR has actually
increased by a factor > 4 after this upgrade which matches closely with the
theoretical estimate.
Along with the improvement in SNR and sensitivity of the diagnostic the
calibration of the IRVB platinum foil is also necessary to accurately estimate
spatial variation of the thermophysical properties of the foil. A calibration method
for estimating thermal diffusivity of the foil, was adopted and demonstrated. The
heat diffusivity estimated for the Pt foil using this method was found to be 2-2.5
times lower than the literature value. This was attributed to the effect of the
graphite coating applied to improve the emissivity of the foil. The decrease in the
thermal diffusivity also explains the higher sensitivity of the platinum foil over
the gold foil. This method is independent of any assumptions and fast enough to
calibrate the entire foil and analyze the data in < 6 hours.
The improved and calibrated IRVB was used during the 17th experimental
campaign to study the RMP assisted detachment. The merits of the diagnostic
upgrade are evident from the qualitative comparison of the experimental results
with the modeling results. Modeling predicted a flip in the radiation from the
RMP X-point to the O-point during detachment, at higher densities. This fact
was confirmed, for the first time, experimentally by using the improved IRVB
diagnostic. The IRVB was for the first time brought to a stage by all the
improvements and calibration that it can confidently quantify the radiation
xviii | P a g e

emitted by the plasma. These quantified experimental results serve as a guide line
for choosing the correct impurity diffusion and sputtering coefficient which can
improve the match between the radiation estimated by the EMC3-EIRENE model
and the experimental observations. In an attempt to establish a better match
between the experiment and the modeling, firstly, the impurity diffusion
coefficient was changed from D⊥=1 m2/s to D⊥=2 m 2/s which diffuses the
radiation distribution to better match the experiments. The quantitative
comparison is attempted using the normalized integrated power from the
experiment and the modeling. The comparison signifies that the model still
predicts more power than the experiment, especially after the detachment, which
is indicative of the change in the sputtering coefficient after the plasma detaches.
The sputtering coefficient is reduced from 1% to 0.5% after the discharge goes
into the detachment to establish a better match between the experiments and the
modeling. This significantly reduces the amount of radiation estimated by the
code and there modeling results are in better agreement with the experiments.
Such a comparison is an ongoing process and would result in to a set of
parameters for which the model and experiments would converge. Hence the
improved and calibrated IRVB serves as a guideline for fine-tuning the model
assumptions.
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Chapter 1

Introduction

1.1 Energy crisis and the case for nuclear fusion
Electricity has been the bread and butter for human life for more than a
century. Its growth has increased exponentially over the years with the increase
in its easy accessibility to a majority of the population in the industrialized world.
The thirst for electricity has seen such a steep rise owing to its cost effective
production, ease in transportation and utilization. The popularity of electricity, in
part, is due to the flexibility that it offers in its conversion to other useful forms
of energies like light and sound, at the flip of a button. Such a wide spread
acceptance of electricity has made it a yardstick to measure the human
development index (HDI) of a country, signifying the quality of life, which is
determined by the per capita consumption of electricity [1]. The demand is
expected to increase around three fold by the middle of this century due to a
steady rise in the economies of densely populated parts of the world like India
and China. Around five billion people are expected to join the brigade of
electricity consumers (expected consumption equivalent to the world average to
begin with and eventually to the average of the developed world) by the middle
of this century due to the rise in their average standard of living. Hence immense
energy hunger can be expected in the near future. Currently, a majority of the
energy needs are sufficed by burning fossil fuels like coal, oil and natural gas.
This has resulted in fast depletion of the fossil fuel reserves along with a looming
danger of global warming from the greenhouse gases which are produced as a byproduct. Coal is the main fossil fuel used for the generation of electricity and is
expected to last for a couple of centuries. The renewable energy sources like solar,
wind and hydro, despite seeing several radical improvements, are only expected
to play a supporting role to meet the peak hour requirements of the industries.
These renewable sources lack the much required energy density desired for
feeding power, self-sustainably, to the industrial establishments and the urban
households. According to an estimate, 66% of the world’s oil reserves are owned
by 6% of the nations [2], which is a highly uneven distribution and thus often
2|Page
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results in political conflicts, as the world has encountered in the past couple of
decades. The conventional fission reactors can supplement the use of fossil fuels
to a certain extent but they are not seen as a substitute for a fossil fuel driven
scenario because of widely pronounced public opposition due to genuine
concerns about proliferation, radioactive wastes and fear about nuclear disasters
like Chernobyl and more recently Fukushima. Hence, a viable alternative energy
resource is sought-after which has sufficiently high energy density, based on
efficient and environment friendly energy generation from the fuels that are
available globally in abundance, and consequently receiving a wide public
acceptance.
Humans have always turned to nature to seek solutions to many problems.
The answer lies above the horizon, deep in space with the stars and the process
that keeps them burning. The nearest star and center of the our solar system, the
sun, is powered by nuclear fusion where two light hydrogen nuclei fuse together
to form helium and the mass deficit is converted to energy by Einstein’s equation
E=mC2. Fusion can only be realized if both the fusing nuclei come sufficiently
close to each other, whereby, the short range nuclear forces dominates the long
range coulomb repulsive force due to their like charges. The reactant nuclei need
to be heated to millions of degrees °C so as to impart enough kinetic energy to
overcome the electrostatic repulsive force. At such a high temperature matter
turns to plasma which is a quasi-neutral mixture of electrons and ions, exhibiting
a collective behavior, often termed as the fourth state of matter. The fusion
reaction between the most favored reactants, the two heavy isotopes of hydrogen,
Deuterium (D) and Tritium (T) is depicted in Fig. 1.1. The by-products of the
fusion reaction are a α-particle (helium nucleus) accounting for 3.5 MeV energy
and a highly energetic 14.1 MeV neutron. The energy of a α-particle will be used
for self-heating of the plasma while the energy of the neutron will be tapped for
the generation of electricity.
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FIG. 1.1 D-T Fusion reaction [6]

FIG. 1.2 Reaction rates for various fusion fuel candidates [3]

Fig. 1.2 elucidates the reason for the D-T reaction to be the most favored one to
initiate fusion with. The figure shows the reaction rates of various fuel candidates,
which peak around 70 keV for the D-T case, making it comparatively easy to
realize [3]. Deuterium is a stable hydrogen isotope found in abundance in sea
water (30 g m-3), while tritium is radioactive with a half-life of 12 years and has
to be bred in a reactor from lithium also abundant in nature (30 ppm). The high
energy density of the fusion reaction with all other merits like abundant and
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equally distributed fuel resources, safety and environment friendliness makes
fusion a suitable substitute to meet the energy demands of the future. The plasma
being at such a high temperature, needs to be held isolated from any material
surface just to make sure it does not accumulate enough impurities from plasma
surface interaction that may cool and quench the plasma by impurity radiation.
Holding the plasma in a magnetic bottle is a solution where by both of the charged
species are compelled to follow the magnetic field lines confining the high
density and high temperature plasma, long enough for fusion to occur. Currently
two such magnetic confinement concepts, namely the Stellarator [4] and the
Tokamak [5] are widely explored and practiced. The tokamaks (ITER [6], JET
[7] & DIII-D [8]) use a toroidally symmetric magnetic field and a strong plasma
current producing a poloidal field resulting in helically twisted magnetic field
lines. The second configuration, stellarator (W-7X [9] and LHD [10]), uses
twisted coils to helically twist the magnetic field lines. Unlike tokamaks, the
magnetic field topology of a stellarator has a complex three dimensional shape,
hence lacks the toroidal symmetries.
1.2 Concept of divertor and its merits
The magnetic bottle concept presented in section 1.1 is far from being
perfect and there are several mechanisms like turbulence, drifts and inter particle
collisions that results in cross-field (i.e., perpendicular to the field lines) transport
of the energy and particle flux. To replenish these losses the plasma needs to be
heated and fueled continuously by heating sources like neutral beam injectors and
microwaves which can resonate with both the charge species and impart them the
required energy to overcome the energy losses. The externally applied heating
power as well as the internally generated fusion power needs to be removed from
the plasma in a steady state operation. The heat and particle flux leaving the
plasma are often terminated at the material surface deliberately placed inside the
confinement chamber called the plasma facing components (PFCs). The PFCs
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called limiters, used in older confinement devices, cut the nested field lines and
define the last closed flux surface (LCFS). The open field lines outside the LCFS,
termed as the scrape-off layer (SOL), terminates on the limiter guiding the
exhaust from the plasma on the PFCs. The bombardment of high energy particles
from the plasma on the limiter causes material sputtering which contributes to the
impurities which radiate and cool down the plasma to radiative collapse. Hence
it is desirable to have the plasma surface interaction take place at a location
remote from the main confined plasma. Also it will be mandatory for the future
fusion reactors to remove the α-particles from the plasma after they transfer their
energy to keep the plasma burning. The excess of helium ion in the main plasma
chamber would reduce the fusion reaction rate by diluting the fuel in the core
making the realization of breakeven and ignition difficult [13]. Pumping of this
helium-ash can take place only at the plasma edge where the temperatures are low
enough for the plasma surface interaction to take place. Such a favorable
alternative to limiters is used in almost all the modern confinement devices and
is termed as a divertor. The divertors can be shaped appropriately to reduce the
heat and particle fluxes bombarding the divertors and to increase the neutral
pressures near the pumping ducts which increases the helium-ash pumping
efficiencies while reducing the impurities production. Fig. 1.3 shows the
schematic of the most popular divertor configuration called the poloidal divertor,
along with various key regions of the plasma.
1.2.1 Poloidal divertor and relevant terminology
In a tokamak the poloidal divertor configuration can be realized by using a
external poloidal field coil carrying a current ID in the same direction as the
plasma current IP which shapes the magnetic field lines to form the flux surfaces
with a figure 8 shape in a poloidal cross-section [11]. At a specific poloidal
location the fields produced by ID and IP cancels each other and the resulting
magnetic field is zero forming a null which is termed as an X-point.
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FIG. 1.3 Schematic of poloidal divertor geometry showing various regions of the
plasma [12]

The magnetic flux lines passing through the X-point are termed as the
separatrix. The points where the separatrix hits the target plate are termed as the
strike points. The closed flux surfaces inside the separatrix contain the confined
plasma, termed as the plasma core. The particles that manage to diffuse across
the separatrix, while traveling along the open set of flux tubes are terminated on
the solid material surfaces termed as divertor targets which cut the flux surfaces
and act as sink for plasma. The closed flux surface adjacent and inside the
separatrix is called the LCFS which separates the core plasma from the open SOL
field lines terminating on the divertor target. The region of the SOL adjacent to
the confined region is termed as upstream and the one near the target plates as
downstream. The poloidal divertors are axi-symmetric, toroidally.
All the distinct regions in the plasma can also be defined in terms of the
normalized poloidal flux coordinate, ρ [13]. ρ = 1 represents the LCFS and ρrad is
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the region with intense impurity radiation and typically represented as ρrad ~ 0.9.
Table 1.1. summarizes all these regions of the plasma differentiated in terms of ρ,
along with their typical radiation characteristics.
Table 1.1. Regions of plasma and their radiation characteristics

Region of
the
divertor
plasma core

Extent in
terms of ρ
ρ ˂ ρrad

Typical characteristics in terms
of impurity radiation




core
periphery

ρrad < ρ < 1

scrape-off
layer

ρ>1
(excluding the
divertor region)
ρ>1
(near the X-point)





divertor
region








private flux
region

ρ<1
(below the X-point)





the neutral particle density is
negligible
low-Z impurities are fully stripped
the radiated power density is low
neutrals may exist in small numbers
low-Z impurities are not fully stripped
significant radiation can occur
neutrals may exist in small numbers
low-Z impurities are not fully stripped
significant radiation can occur
high neutral densities
high impurity levels
high radiation density
high neutral densities
high impurity levels
moderate radiation density

1.2.2 Merits of divertor and need for detachment
Merits of the divertor are summarized below:
 The divertor targets can be located at far enough distances from the LCFS
by making a deep divertor configuration which will help in reducing the
impurities penetrating directly into the core plasma.
 The divertor configuration naturally allows the build-up of high neutral
pressures there by facilitating the effective pumping of helium ash by the
pumping ducts embedded in the divertor channel, preventing the dilution
of the burning plasma in the core
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 The divertor modules can be shaped to make a shallow angle with the
magnetic flux lines hence reducing the plasma flux. The power loads on
the plasma-facing components can also be effectively controlled by
volumetric loss processes, a key advantage available to divertors
 A favorable regime for high power operation called plasma detachment
was first realized in the divertor configuration
The parallel transport along field lines is faster than the perpendicular
transport which restricts the radial power fall-off lengths outside the LCFS to a
few cm in the region above the X-point. The majority of the energy and particles
entering the SOL from the core are transported to the divertor targets, parallel to
the field lines and less on the machine walls through cross-field transport. Around
150-200 MW of power exhaust is expected to enter the SOL for ITER [14]. The
peak power loads expected for ITER divertors are > 20 MW/m2 against the
engineering limit of 10 MW/m2 which leaves more than 50% of the exhaust
power to be quenched by other suitable alternatives. The divertor target material
near the strike point is constantly bombarded by energetic particles resulting in
its erosion by physical sputtering. This increases the impurity concentration and
has a significant adverse effect on the useful lifespan of the PFCs. Physical
sputtering cannot occur below certain threshold energies hence it is advantageous
to have low plasma temperatures near the target plates. Hence an operational
regime is necessary which can effectively bridge the contrary requirements of the
core and divertor regions of the plasma confinement device. Such a regime where
the plasma detaches from the divertors was first identified on ASDEX [15] and
is termed as the detachment regime. The divertor detachment is characterized by
reduced particle flux, a drop of plasma pressure along the field lines, low plasma
temperature and high neutral pressures in the vicinity of the targets. The plasma
accesses the detachment regime through a series of predecessor regimes, as
discussed in section 1.3.
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1.3 Divertor operation regimes
1.3.1 Sheath Limited regime
The plasma densities are gradually ramped up as a part of fuelling to attain
the desired operational densities. To start with, the divertor will access the sheath
limited regime, when the plasma density in the SOL is sufficiently low. Here,
ideally there is no temperature gradient parallel to the magnetic flux tubes but
practically it is negligible. Hence all the power entering the SOL reaches the
divertors, purely through convective transport. The power deposition is highly
localized close to the divertor strike points. A Debye sheath is formed due to the
interaction of plasma with the material surface and the power entering the SOL
that can be removed by the divertors is limited by the power crossing the sheath
region. Hence this regime is called the sheath limited regime. Since the upstream
and downstream temperatures are almost equal in the sheath limited regime, the
divertors experience very high heat loads due to high particle fluxes as depicted
by Fig. 1.4(a).
1.3.2 High Recycling regime (Conduction limited regime)
The plasma particle flux to the targets increases with the increase in the
plasma density in the SOL by fuelling. The charged particles of a plasma
recombine on the target surfaces to form neutrals that get released subsequently
from the target back into the plasma resulting into a process called recycling. The
recycling intensifies with increasing density as the number of neutrals entering
the SOL increases and can be conveniently termed as the high recycling regime.
These recycled neutrals get ionized in the SOL plasma, near the target plates
removing the energy from the SOL. Consequently the temperature along the field
line drops. The presence of impurities (source: the target plates, the walls and/or
induced impurity, i.e., impurity seeding) also contributes to decreasing the SOL
plasma temperature by enhancing the radiative losses, further cooling down the
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divertor plasma. This positive feedback steepens the temperature gradient
between the upstream and downstream locations. The pressure along any
magnetic flux line is still maintained in this regime since the density increases
and the temperature decreases. The collisionality escalates, favored by low
temperatures and high densities in front of the target, the conduction supersedes
the convection and hence this regime is also termed as the conduction limited
regime. Since the recycling neutrals are now being ionized in front of the divertor
target, the target plates acts as the dominant particle source, unlike the SOL in the
case of the sheath limited regime. Noteworthily, the volumetric radiation in front
of the targets reduces the power flux reaching the divertor, thereby increases the
lifetime of the divertor target plates as shown by Fig. 1.4(b).

FIG. 1.4 Schematic showing various regimes for the divertor operation.[12] (a) the sheath
limited regime - highly localized particle flux, only surface recombination (b) the high
recycling regime - radiative cooling due to neutrals and volumetric recombination
(c) detachment regime - leading to MARFE instability (d) partial detachment regime suitable for future machines. (black arrow – plasma flux in the SOL, blue arrows –
neutral atoms, red arrows – radiation)
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1.3.3 Detachment regime and divertor operation in a fusion reactor
The high recycling regime saturates with further increase of the plasma
density and the amount of charged particles reaching the divertor falls to
negligible levels. This can be inferred by the reduction of the Langmuir probe
signals embedded in the divertor plates. The impurities released by the targets,
walls or deliberately seeded to enhance the radiation in the divertor volume
further reduce the temperature of the plasma by radiative cooling with increasing
density. When the temperature of the divertor volume decreases to ~ 1 eV the
electrons and ions can recombine to form neutrals volumetrically as shown by
Fig. 1.4(b). A positive feedback is realized when these volumetric neutrals along
with the recycling neutrals increase the friction with the plasma species, giving
sufficient time for the plasma species to recombine, making this process more
likely to happen. The neutrals can transport the power and momentum to a
broader volume around the divertor since they no longer follow the field lines.
This reduces the peak power levels at the strike points, well within the
engineering design limits, enhancing the effective lifecycle of the PFCs. This
regime is known as the detachment regime. The detachment regime suitably
bridges the contradictory requirements for upstream and downstream regions.
Despite the inevitability of the detachment regime, it is often challenging
to stabilize the detachment when plasmas become fully detached. The plasma
looses its robust boundary conditions imposed by the divertor target (i.e., sink
action). Due to cooling of the divertor volume the ionization front (i.e., the region
where neutrals ionize) moves upstream towards the X-point. The ionization front
in the vicinity of the divertor targets is replaced by volume recombination (i.e. the
region where plasma recombines). The neutrals have a long mean free path in
such a cold plasma (~ 1 eV), large enough to penetrate into the confined region.
The neutral and impurity influx from the detached divertor volume can cause a
positive feedback of density increase and radiation enhancement resulting in the
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thermal instability and eventually the plasma terminates by a radiative collapse
or a disruption. The phenomenon leading to thermal instabilities is often
accompanied by Multi-faceted Asymmetric Radiation from the Edge (MARFE) as
shown by Fig. 1.4(c) and needs to be avoided. Hence a regime termed as a partial
detachment regime is favored for the divertor operation of future machines, where
the plasma is detached only from the strike points whereas plasma remains
attached to the rest of the divertor, in the high recycling regime. This also prevents
the onset of a MARFE, eventually stabilizing the partial detachment as depicted
by Fig. 1.4(d).
1.4 Motivation and Contribution
Divertor detachment, being such an important operation regime, has been
demonstrated on all major tokamaks, such as JET [16], DIII-D [17], CMOD [18],
ASDEX-U [19] and JT60-U [20]. Numerous experiments in various devices have
demonstrated that the detached divertor (also termed as radiative divertor)
plasma can be a solution to this problem by dispersing heat flux to a larger area
through impurity radiation [21–24]. The study of detachment has also been
carried out on LHD [25, 26] and W7-AS [27, 28]. The radiation from the edge of
LHD for various phases of divertor operation has been modeled [25, 26] by
EMC3-EIRENE [29, 30]. The radiative divertor regime has also been studied for
changing radiation patterns, experimentally by Infrared imaging Video
Bolometer (IRVB) [31] and several discrepancy has been observed between the
modeling and the experimental results [32, 33]. The motivation of this study is to
increase the degree of understanding of underlying physics and improve the
quantitative agreement between the experiment and the modeling.
The work reported in this thesis is divided into two major categories.
Firstly, the development of a new IRVB for the 6.5-U diagnostic port which is
located at the top diagnostic port of the LHD vacuum vessel. This IRVB images
the vertically elongated plasma column of LHD and is best suited for studying
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the spatiotemporal changes taking place in the radiation pattern during the
radiative divertor operation. The IRVB used for the 16th LHD experimental cycle
was modified by the addition of a periscope, increasing its sensitivity and signal
to noise ratio, simultaneously. A new calibration technique for estimating the
thermal diffusivity of the IRVB foil material has been introduced. A quantitative
estimation of radiated power from the LHD plasma was attempted after
establishing the spatial variation of all the thermal and optical properties of the
foil material. Several improvements were made to the data analysis technique
which improved the confidence in experimental results.
Secondly, an attempt has been made to increase the degree of quantitative
agreement between the experiment and modeling. Fig. 1.5 serves as an appetizer,
showing the synthetic image obtained from the modeling data and an
experimental image from the modified upper port IRVB module. Both the images
shows the radiation concentrated towards the inboard side of the torus after the
detachment.

FIG. 1.5 A qualitative comparison between the results from modeling and
experiment

1.5 Organization of the thesis
This chapter provided a brief overview about the divertor and its
operational regimes. Chapter 2 reviews the process of detachment in further
detail, gives a brief introduction about LHD and various diagnostic systems and
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describes the detachment experiments on LHD with relevant observations.
Chapter 3 gives a brief introduction about the IRVB diagnostic used to study the
radiation during the detachment experiments on LHD and elaborates on its figure
of merits and necessity for improvement in its sensitivity. Chapter 4 gives a brief
description about the infrared periscope along with the radiometric considerations
and evaluation of the optical performance of the periscope. This chapter also
compares the experimental data with and without the periscope and justifies the
improvement in the signal to noise ratio and the sensitivity improvement with the
addition of the periscope. Various calibration techniques, used for determining
the thermophysical and optical properties of IRVB foil material, are reviewed in
chapter 5 and under the light of their drawbacks, a new photo thermal technique
is introduced for determining the thermal diffusivity of the IRVB foil. The merits
of this technique are also discussed along with other interesting observations that
affect the sensitivity of the IRVB. After improvising the diagnostic sufficiently
and having calibrated the IRVB foil, the data analysis procedure needs to be
reviewed and validated for confidently quantifying the measured radiation from
the plasma using the IRVB in chapter 6. The noise estimates are also reconsidered
in chapter 6. The quantified results from the IRVB diagnostic are then compared
with the results from the EMC3-EIRINE code in chapter 7 and an attempt is made
to improve the correlation between the experiment and modeling by varying the
free modeling parameters in the EMC3-EIRINE code. Chapter 8 concludes the
thesis with an outlook over the future prospects of this study.
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2.1 Divertor detachment - a qualitative understanding
The previous chapter introduced the word detachment and the journey of
the divertor to access the detached regime via several predecessor regimes. The
chapter also gave the reasons to support the operation of future machines in
detached or partially detached regimes. This chapter intends to give an insight
into the detachment phenomenon and also discuss some interesting results
regarding the detachment scenario observed on LHD.
The detachment observed on any machine is characterized by the following
observations [1].
1) high energy radiation losses from the SOL region (Qrad) [2,3]
2) low plasma temperature near the divertor plates (Td)
3) strong decrease of the plasma particle and energy fluxes onto the plates (Γd)
4) strong plasma pressure drop along magnetic field lines in the divertor
volume
5) relatively high neutral gas density in the divertor volume (Nd)
The detachment regime is in fact a saturated high recycling regime where
the recycling neutrals from the divertor supersede the particle source from the
core plasma. Hence the plasma flux from the core to the SOL, Γs, is much smaller
than the flux from the target, Γd , i.e. Γs /Γd <<1. In such a situation, one can
neglect any particle source from the core plasma and consider the SOL region as
a "closed box" with a finite number of particles. The only input to the SOL is the
energy flux, Qs, from the core. This energy flux is dissipated by various channels,
namely, the ionization energy, Eion, required to ionize the recycling neutrals,
energy dissipated onto the target plates by charged species, γpTd, where Td is the
plasma temperature in front of the target plates and γp=5~8 is the sheath energy
transmission coefficient, energy loss due to impurity radiation, Q rad, and energy
loss to the walls by neutrals, QN, to name a few.
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The energy loss due to impurity radiation can be approximated as

Qrad  imp (np )2Vp rad

(2.1)

Where, imp and np are impurity fraction and plasma density respectively and
Vp rad is the radiating volume. Similarly, the energy loss due to the neutrals can be

written as

Q N  S N NTw C w

(2.2)

where, SN is the area of the target and surrounding wall, N is the neutral density,

Tw is the temperature, and Cw is the sound speed near the wall. It can be noted that
radiation energy loss is volumetric whereas the neutral energy loss is restricted to
the surface. But since both of them are dependent on densities, they will increase
with increasing density (explaining point # 1).
The flux from the target, Γd, and these energy losses should satisfy the
following energy balance equation in the SOL [1].

 d  (Qs  Qrad  QN ) / ( Eion   pTd )  Qs / Eion

(2.3)

Now since Q s is almost fixed, the increase in density will result in an
increase in Q rad and QN leaving less energy for neutral ionization. Hence, as (Qs Qrad - QN ) → 0, it is naturally evident that Td will decrease monotonically to zero
(explaining point # 2) resulting into the decrease of Γd from Eq. 2.3 (explaining
point # 3).
The particle flux from the target can also be expressed as

 d  St nd Cd sin  St Pd / Td

(2.4)

Where, St is the area of the target, nd is the plasma density, Cd is the sound
velocity at the target given by Cd  Td / M ,  is the field line angle, M is the ion
mass and Pd = nd Td is the plasma pressure. Equating Eq. 2.3 and 2.4 gives
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Td / ( Eion   pTd )

(2.5)

Which shows that with decreasing Td with (Qs - Qrad - QN ) → 0, the plasma
pressure Pd will also decrease (explaining point # 4). With the drop in the target
temperature Td with (Qs - Qrad - QN ) → 0, there is less energy available for the
ionization, hence the ionization events decrease, raising the neutral density Nd in
the vicinity of the target (explaining point # 5).
2.2 Experimental observations of divertor detachment

FIG. 2.1 Density dependence of key plasma parameters measured experimentally [4]

Fig. 2.1 shows the first set of measurements from ASDEX showing the
variation of key plasma parameters with density, going to the detachment regime,
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translating through several other regimes. The sheath limited regime is towards
the low density region where the divertor density nd increases linearly with the
line averaged density <ne> and the divertor temperature Td is > 10 eV. With
increasing <n e> the discharge enters the high recycling regime characterized by
the cubic increase of nd and the quadratic decrease of Td as a function of <ne>. At
higher <ne> the plasma detaches from the divertors where nd saturates and starts
to roll-over. The Td is ~ 5 eV at the point of roll-over. Detachment is observed on
almost all the diverted machines [5-10] and is reviewed in Ref. 11. The
observations from JET [12] show a distinct feature of detachment where the ionsaturation current, ISAT, measured by the divertor Langmuir probes, decreases
with the nd roll-over whereas the Dα radiation from the divertor region keeps on
increasing. This anti-correlation is in sharp contrast with the predecessor regimes
of detachment and thus is the most characteristic feature of detachment. Another
key feature of detachment, that is, substantial drop of plasma pressure along the
SOL, is reported in CMOD [13]. In the sheath limited regime, Te is almost
constant and hence pressure is conserved. In the high-recycling regime,
substantial parallel Te gradients are observed but the pressure is conserved, while
in the detachment regime substantial pressure loss exists along the flux tubes. The
change in the hydrogenic line emission ratios is another important characteristic
of detachment indicative of volume recombination [5, 14, 15]. An increase in the
Dγ / Dα ratio, coinciding with the ISAT roll-over is observed on JET [5] laying
emphasis on the volume recombination as an essential element for divertor
detachment. The increase in the Dα radiation during detachment is attributed to
the recombination driven processes in the divertor volume. The divertor heat flux
monitored by the IR camera has shown a substantial 3-5 times reduction in the
peak heat loads during the detachment [16], making it an attractive regime to
work with for the future reactor grade machines.
The intense radiation zone which originates in front of the divertor target
in the high-recycling regime, moves upstream as the discharge enters and
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progresses through detachment and settles near the divertor X-point forming the
MARFE. The reason for preferential intense radiation from the X-points can be
explained as follows. A useful criteria for the detachment based on the power
flow ratios of upstream and recycling regions can be given by Eq. 2.6 as follows
[17].
2

 qr 
14 cz Lz nu2 L
   1
3 qu
 qu 

(2.6)

Where, qr and qu are the powers in the recycling and upstream regions,
respectively. cz and Lz are impurity concentration and radiated power coefficient,
respectively. L is the connection length and nu is the upstream density.
Detachment will occur when the power reaching the recycling region approaches
to zero as discussed in section 2.1. From Eq. 2.6 it can happen when the following
inequality is satisfied

14cz Lz nu2 L
 qu
3

(2.7)

The inequality in Eq. 2.7 suggests that the recycling region can be "power
starved" by the following approaches
1. increasing cz by addition of intrinsic impurity seeding
2. increasing Lz by using impurities with higher radiation rates
3. raising upstream density, nu
4. increasing connection length, L
5. decrease qu by increasing core radiation
The radiation in the SOL will peak for conductive parallel heat flow in the
region of largest parallel temperature gradients. This is the case in the region near
the divertor strike point (i.e., on the separatrix) and around the X-points where
the pitch angle is extremely shallow, reducing the effective heat conduction
coefficient which ultimately results in a strong temperature gradient poloidally
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near the X-point resulting in high radiation [17]. The connection length, L, around
the separatrix approaches infinity, which increases the tendency for strong
radiation to be localized around the X-points. Also, the radiation is proportional
to the volume of the radiating region (Eq. 2.1). From the flux tube geometry near
the separatrix it is evident that the flux tubes are “expanded” as they cross the Xpoint, increasing the radiating volume and eventually the radiation from that zone.
The high radiation zone localized near the X-point is thus preferentially cooled
over the flux tubes further away from the separatrix. This also explains the
experimental observations about the initiation of the detachment near the strike
points, while the plasma is still attached to the divertor for the flux tubes further
away from the separatrix. This is the reason why detachment is often termed as
partial detachment.

2.3 The basic 'Two-Point Model' [18] and divertor detachment
The two point model presented in this section is restricted to the divertor
SOL and gives a first order understanding about the simple analytic relationships
linking the upstream and the target parameters. It is called the two point model
since all the equations relate only two locations in the poloidal cross-section of
the machine. The first is the upstream location somewhere at the poloidal midplane and the second is in front of the target. Some basic assumptions are made
to keep the model simple.
1. Ion-neutral friction is negligible along the SOL
2. Radiation losses along the SOL are negligible compared to PSOL
3. All neutrals recycling from the targets are immediately ionized in front of
the targets on the same flux tube as the original impinging ions
4. The only parallel plasma flow is that between the ionization zone and the
target, v = 0 upstream and v = cs at the target sheath entrance
5. No cross-field particle and momentum transport
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6. Surfaces are the only particle sinks, no volumetric recombination
Considering the momentum and energy balance along the flux tube one can
write three equations as follows

Tu3.5  Td3.5 

7q// u L
(energy transport )
4k 0e

(2.8)

nuTu  2nd Td (momentum transport )
q// u   nd kTd cd

(2.9)
(2.10)

(boundary condition at divertor plate)
Which can be solved to determine three unknown physical quantities of interest,
that is, Td, Tu and nd.
2
7

 7 q/ / u L 
Tu  

2

0e 

4/7 2
Td  q10/7
L
nu
/ /u

(2.12)

6/7 3
nd  q//8/7
L
nu
u

(2.13)

4/7 2
 d  q//3/7
L
nu
u

(2.14)

(2.11)

Using the above set of equations one can attempt to identify some factors
and constraints which play a role in explaining detachment which otherwise is a
phenomenon with rich complexities of various low temperature phenomenon and
hence often difficult to explain with evidence universal model.
There is enough experimental evidences to suggest that detachment occurs
at low (Td ≤ few eV) which can be explained by Eq. 2.12 where Td drops
quadratically with the density. But the simple two point model fails to explain the
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decrease in ISAT (reduction in Γd), drop in the pressure along the flux tubes and
reduction in the power reaching the target, with increasing plasma density.
Clearly the model lacks the consideration of power (fpower) and momentum (fmom)
loss factors. The volumetric power loss is due to radiation and charge exchange
losses and the momentum loss is due to friction with neutrals, viscous forces, and
volume recombination. The fraction of parallel power carried by conduction is
accounted for the conduction factor (fcond). The two point model can be extended
by considering these loss factors, and the key parameters can be expressed as
follows.

Tu   fcond 
Td 

2
7

(1  f power )2
f

2
4/7
mom cond

f

(2.15)

(2.16)

2
6/7
Tu
fmom
fcond

Td (1  f power )2

(2.17)

3
6/7
f mom
f cond
nd 
(1  f power )2

(2.18)

2
4/7
f mom
fcond
d 
1  f power

(2.19)

qd   nd kTd cd (1  f power )

(2.20)

Using the set of equations 2.15-2.20 and considering two major generic
loss factors, fpower and fmom, one can try to see if considering any one or both can
explain all the features associated with detachment. Considering the drop in fmom
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alone would explain a drastic drop in Γd since Γd decreases quadratically with fmom
(Eq. 2.19). The loss of plasma pressure with a drop in fmom can also be explained
owing to their linear relation (Eq. 2.16 and Eq. 2.18). But the decrease in the
power qd would not be accounted for by considering the decrease in fmom (Eq.
2.20). Similarly, we consider the power loss factor (i.e., the drop in 1- fpower) and
inspect its effects on various target parameters typical to detachment. The divertor
flux Γd would actually rise with the drop in the power term since both are
inversely proportional to each other (Eq. 2.19). There will be no drop in the
pressure (Eq. 2.16 and Eq. 2.18). But since the divertor power qd is proportional
to 1- fpower the decrease in power reaching the divertor can be explained with the
decrease in 1- fpower (Eq. 2.20). Hence it becomes evident that neither the loss of
momentum nor the loss of power, acting alone, would be sufficient to explain all
the experimental observations about the detachment. Hence both the loss
channels are necessary and should complement each other in order to explain all
the features associated with the detachment phenomenon. Section 2.4 gives a
brief overview of LHD and lists all the diagnostics that are used for this study.

2.4 A short introduction to the LHD
The Large Helical Device (LHD) is the largest heliotron type plasma
confinement device with an aim to demonstrate the steady state plasma operation
[19]. The plasma produced in LHD is effectively current-less and has no
disruptions unlike tokamak plasmas. LHD has plasma major and average minor
radii of 3.9 m and 0.65 m, respectively. The confining field for the LHD plasma
is produced by two sets of helical superconducting coils with a poloidal winding
number l=2 and m=10 field periods toroidally [20]. The maximum field at the
magnetic axis is 3T. The plasma volume is 30 m3 for the standard configuration
with the magnetic axis radius, Rax=3.6 m.
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FIG. 2.2 Poloidal cross-section of LHD showing various magnetic coils, as well as
horizontal and vertical plasma elongations signifying 3D shape of the LHD plasma

FIG. 2.3 A 3D view of LHD magnetic coils along with the LID coils at the top and
bottom ports

29 | P a g e

Chapter 2

Divertor detachment scenario on LHD

FIG. 2.4 Top view of LHD showing various heating systems
Table 2.1 LHD plasma diagnostics used for this study

Diagnostics

Parameters measured

Resistive Bolometer

Total radiated power (Prad)

FIR laser Interferometer

Line integrated plasma density (ne(r))

Thomson scattering

Plasma temperature (Te(r)), ne(r)

Langmuir probe

Edge Te, ne, divertor flux (Γd)

Magnetic probe

Plasma stored energy (Wp)
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The plasma can be shaped in various configurations by changing currents of three
sets of poloidal superconducting coils, namely, inner vertical (IV), outer vertical
(OV) and inner shaping (IS). The position of the magnetic axis can be changed
by the OV and IV, whereas the ellipticity of the plasma is controlled by IS. Fig.
2.2 shows the poloidal cross-section of the LHD bell jar showing all the key
magnetic coils and vertically and horizontally elongated plasma cross-sections.
In addition to these coils, ten sets of normal conducting local island divertor (LID)
coils are placed on the top and bottom ports. These coils are used to introduce an
m/n=1/1 island in the ergodic edge of the plasma which can be used for canceling
residual fields as well as for sustaining plasma detachment, which is extensively
studied in this thesis. Fig. 2.3 shows the LID coils in a 3D view along with other
magnetic field coils.
The LHD plasma can be initiated either by electron cyclotron heating
(ECH) [21] or by neutral beam injectors (NBI) [22]. Three tangential, negative
ion-based NBIs with a nominal acceleration voltage of 180 keV form the main
plasma heating system for LHD capable of injecting 10-15 MW of heating power.
Two out of these three NBIs are counter clockwise and one is operated in
clockwise mode. Fig. 2.4 gives an overview of the heating systems installed on
LHD. Table 2.1 lists the diagnostics used for this study. Section 2.5 discusses the
magnetic field structure of LHD due to the helical coils.

2.5 Magnetic field structure of LHD
The confining field for LHD is generated by a pair of helical coils. The
field lines form a mode spectrum having several magnetic islands with different
mode numbers. These islands overlap each other giving rise to a stochastic field
structure in the edge region. Fig. 2.5(a) shows the connection lengths distribution
at the plasma edge of LHD where the stochastic field lines are characterized by
the connection length > 100 m. The inadequately overlapped magnetic islands
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results in remnant islands which are characterized by infinite connection lengths
at the island O-points. The region consisting of the long connection field lines
with the remnant islands is called the stochastic region. As one moves outwards
from the stochastic region, one encounters the region which is characterized by
the mixture of long and short connection lengths.

FIG. 2.5 The distribution of connection lengths with and without m/n=1/1 RMP [25]

While, both the short and long connection length field lines connect the
divertor plates, those around the separatrix travel longer distances. This region is
called the edge surface layer. Fig. 2.5(b) shows the connection length distribution
in the presence of an m/n=1/1 RMP which creates an island in the stochastic
region. The RMP island O-point is characterized by an infinite connection length
and shown by white color. The island X-point is located poloidally opposite to
the O-point. Section 2.6 describes few detachment related observations on LHD.
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2.6 Detachment related observations on LHD [25]
As discussed in chapter 1, the control of the detached divertor regime in
the diverted configuration tokamaks still remains a challenge since the atomic
and molecular processes, both for the fuel and the impurity species, involved in
the detachment phenomenon have strongly non-linear dependence with the
background plasma temperature. Also, the parallel and perpendicular energy
transport and hence the magnetic field topology also play an important role. As
discussed earlier, the radiating zone, which is in front of the divertor before the
detachment, moves upstream parallel to the magnetic field lines and becomes
stabilized around the X-points forming a MARFE in the tokamaks. This situation
is very delicate and slightest imbalances may lead to disruption, terminating the
plasma. On the other hand, the helical devices such as LHD and W7-AS have
large flexibilities for changing their magnetic field structures, which facilitates
the investigation of effects of magnetic field topologies on the detachment
stabilization. The results from W7-AS have shown that the size of the island and
the field line pitch inside the island influences the detachment stability [24, 23].
The LHD has experimentally demonstrated that divertor detachment can be
achieved and sustained by the addition of an externally induced m/n=1/1 resonant
magnetic perturbation (RMP). The RMP is introduced into the stochastic
boundary of the LHD plasma by energizing 10 pairs of saddle perturbation coils
installed at the top and bottom ports as discussed in section 2.4. Addition of the
RMP seems to favor the detached plasma regime by localizing the radiating
region near the island X-point, restricting its movement and penetration into the
core, hence avoiding plasma termination by radiative collapse.
2.6.1 Typical observations about sustained island assisted detachment
Fig. 2.6 shows the shot summaries of a typical RMP assisted detachment
discharge #121351. The discharge initiates at t=3.3 s with NBI. The ion saturation
current (ISAT) measured by Langmuir probes increases linearly with density ramp.
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FIG. 2.6 Shot summary for a detached discharge # 121351

The ISAT do not show any high recycling regime characteristics such as quadratic
increase with density, unlike diverted tokamaks. This is attributed to parallel
momentum loss in the stochastic SOL [26-28]. The density is gradually ramped
up, with a constant NBI power, until the plasma detaches from the divertors at
t=4.6 s. The detachment can be clearly visualized from the ISAT graph showing a
factor of 3 decrease in ISAT measured by the divertor probes located on the inboard
side near the seventh port. Detachment is accompanied by an increase in the
radiated power and the plasma stored energy (after a brief negative spike) at the
time of detachment. The feedback controlled gas puff rate also decreases,
indicating increase in particle confinement time during the detachment. The line
ratio of Hγ / Hβ measured by visible spectroscopy also shows an increase with
detachment transition, indicating the presence of volume recombination. The
increase of the stored energy during the detachment also indicates less impurity
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contamination of the plasma core. This may be attributed to the impurity
screening by the stochastic field at higher densities [25]. The detachment seems
to be stably sustained till the discharge terminates by the shutdown of the NBI
beam. Fig. 2.7 shows the electron temperature (Te), density (n e), and pressure
(Tene) profiles measured before and after detachment. Te decrease by a factor of
2.5 while ne increases by a factor of 4 during the detachment. The resultant
pressure profile increases after the detachment transition with a steeper gradient
at the edge region.

FIG. 2.7 Radial profiles of (a) Electron temperature (Te), (b) plasma density (ne) (c)
pressure (Tene) measured by Thompson scattering for detachment discharge # 121351
35 | P a g e

Chapter 2

Divertor detachment scenario on LHD

2.6.2 Radiation pattern during the detachment

FIG. 2.8 (a) AXUVD radiation profiles for discharges with (right) and without (left)
RMP. (b) the lines of sight for AXUVD array [25]

The RMP modifies the temperature profile at the edge by introducing a
modulation of Te by flattening the profile inside the island. This results in
significant differences in the radiation pattern during RMP assisted detachment.
Fig. 2.8(a) shows the line integrated radiation profile from AXUVD with (right)
and without (left) RMP, respectively. Fig. 2.8(b) indicates the sightlines of the
diagnostic. Fig. 2.8(a) show the discharge without RMP (left) goes into radiative
collapse around t=4 s. Before the collapse the radiation profile is broadly spread
over all the channels of the AXUVD diagnostic while for the discharge with RMP
(right) the radiation seems to be localized near channel 4 towards the bottom of
the plasma cross-section where the X-point of the island is located. The difference
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is attributed to the flattening of the temperature profile with Te ~ 10 eV in the
m/n=1/1 island X-point which favors the strong radiation from the carbon and
thus the radiation tends to localize near the island X-point. An indication of
selective cooling of the island X-point also comes from the divertor probe
measurements, which indicates that the X-point flux tubes enters a rollover
slightly earlier than the O-point flux tubes [25]. The results obtained from
AXUVD and the divertor probes are consistent with each other, indicating that
the Te modulation introduced by the m/n=1/1 island significantly affects the
radiation distribution which seems to localize around the X-point.
2.6.3 Effect of island size and location on detachment stabilization
The size of the island is determined by the current in the perturbation coils
(Icoil). It is interesting to investigate the effect of island size on the detachment
stabilization. Fig. 2.9 shows the plot of the perturbation coil current versus the
detachment transition density, ndetach, and the radiative collapse density, ncollapse.
From the graph it is evident that n collapse is independent of Icoil whereas on the other
hand ndetach increases as Icoil decreases and becomes almost equal to ncollapse around
1500 A. Sustained detachment can only be achieved for Icoil > 1900 A. This plot
indicates a significant influence of Icoil on the detachment density. Fig. 2.10 shows
the radiation from the resistive bolometer plotted against the line averaged density
for various Icoil. The figure clearly highlights the fact that higher Icoil results in
higher radiated power which eventually lowers the value of ndetach. It can also be
noted that after the detachment the radiation intensity becomes less sensitive to
the line averaged density. The figure shows an abrupt increase in the radiation
around ñe = 8×1019 m-3 for Icoil ≤ 1500 A resulting in the radiative collapse. The
radial location of the island also plays a major role in sustaining the detachment.
Detachment cannot be sustained for the discharges with radially inward shifted
island configurations, achieved by changing the iota profile. The ideal location

37 | P a g e

Chapter 2

Divertor detachment scenario on LHD

for the magnetic island should be outside the LCFS, within the stochastic edge
region, to sustain the detachment [25].

FIG. 2.9 Perturbation coil current, Icoil, versus detachment transition density, ndetach ,
and radiative collapse density, n collapse [25]

FIG. 2.10 Line averaged density versus the radiation evolution from the resistive
bolometer for various perturbation coil currents [25].
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2.7 Summary
This chapter explains the divertor detachment, introduced in chapter 1,
further with qualitative and analytical treatment. Typical experimental
observations from various machines, specific to divertor detachment have been
mentioned. LHD is briefly introduced along with its diagnostics and the magnetic
field structure. Some observations related to divertor detachment experiments on
LHD has been reported along with the change in the radiation pattern in presence
of the resonant magnetic perturbation island. The effect of island size and location
on the detachment stabilization has also been discussed. Fig. 2.8 shows a change
in the radiation with the introduction of an RMP in the stochastic layer. The
poloidal radiation profile measured by the AXUVD diode shown by Fig. 2.8 and
the conventional resistive bolometer arrays is the line integrated radiation from
one toroidal location. Such one-dimensional measurement is insufficient for a 3D
magnetic field geometry like LHD. A 2D measurement of the radiated power
from the LHD plasma would reveal more information about the change in the
radiation structures in the presence of an RMP. Infrared imaging video bolometer
(IRVB) is one such diagnostic which has the potential to image the radiation from
the plasma in 2D. Chapter 3 is focused on the introduction of the 2D bolometers
and IRVB and the various issue associated with its sensitivity are discussed
briefly in chapter 3.
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3.1 Introduction to Bolometry
Radiation from the plasma plays an important role in the overall power
balance of the plasma. The main source of radiation from the plasma edge (SOL)
is impurity radiation. The radiation cools down the plasma and leads to several
instabilities which, if left unregulated, leads to termination of the plasma.
Radiation has also positive effects. The energy entering the SOL from the core
needs to be dissipated to prolong the lifespan of the PFCs. Enhancing impurity
radiation in the divertor volume is one of the channels whereby significant
amount of exhaust power can be quenched, radiatively. Hence measuring the
radiation from the plasma is one of the key loss channels, necessary for
establishing the power balance. Bolometers are used for measurement of radiated
power from the plasma. Conventional bolometers, used for early fusion devices
are either semiconductor bolometers or metal foil resistive bolometers, often
having only one channel [1-5]. Later many such bolometers were interconnected
to form a linear array giving the poloidal profile of radiated power [6]. Multiple
channels increases wiring and mounting complexities. Both, single channel and
linear array assumes toroidal symmetry. But recent advances in the fusion studies
goes beyond the simple axi-symmetric confinement geometries to more complex
three dimensional (3D) geometries like helical devices and ergodic divertors. This
demands a two dimensional (2D) imaging of the radiation from the plasma.
Increasing the number of channels would increase the wiring complexities and
needs several electrical feed-through to carry the signal out of the vacuum vessel.
Another disturbing aspect with the wiring of these conventional bolometers is the
electromagnetic noise pickup while mounted inside the vessel. The neutron
environment also raises serious concern on the lifetime of the in-situ radiation
measurement devices. Hence a robust radiation measurement diagnostic, which
fits well into the access constraints of the machine, having good sensitivity, low
noise, allowing several data channels, less wiring complexities and essentially
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radiation-hard was sought after. One such bolometer using an IR camera was
proposed [7], which has all the merits discussed above. The concept proposed in
Ref. 7 is a matured version of Infrared imaging bolometery which started with a
single detector measuring the radiation from a single metal foil [8, 9]. The use of
an infrared camera to measure the foil temperature was first proposed by G.
Apruzzese and G. Tonini [10]. The concept of a 2D IR imaging bolometer (IRIB)
using raised segmented matrix of nails was proposed by G. A. Wurden [7] which
eventually resulted into the segmented mask infrared imaging bolometer (SIB), a
2D array of metal foil pixels [11], first tested on the compact helical system
device [12]. The limitations of the SIB led to further improvement in the concept
where an un-segmented mask replaced the segmented one and was called Infrared
Imaging Video Bolometer (IRVB) [13].
3.2 Segmented mask Infrared imaging Bolometer (SIB)

FIG. 3.1 (a) Foil sandwiched between two identical segmented masks. (b) Heat
distribution due to absorbed power from LHD plasma.

A thin metal foil is sandwiched between two identical copper masks having
a 2D pattern of matching holes. Each hole in the mask forms an SIB pixel which
is exposed to the plasma on one side and to the IR camera on the other side. Fig.
3.1(a) shows the SIB detector, i.e., a thin foil sandwiched between two masks.
The front side of the pixel array is exposed to the plasma through an aperture
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made in a plate of suitable thickness. An IR camera views the backside of the
array through an IR transmitting vacuum window. The radiation falling on the
foil raises its temperature which is measured by the IR camera as shown by Fig.
3.1(b). Both sides of the foil and the foil holder are blackened with graphite spray
to increase the emissivity on the camera side and absorption on the plasma side
as shown in Fig. 3.1(a). The copper masks play a dual role, firstly they act as a
heat sink for each pixel and secondly they support the thin foil, making it robust.
The size of the pixel hole, thickness of the mask plate and thermal properties of
the material used as a mask, determines the sensitivity, K (in °C/W), and thermal
diffusion time, τ of the pixel. The mask is the only sink for the heat generated by
the absorbed radiation, since the foil-mask assembly is mounted inside the LHD
vacuum vessel under high vacuum, effectively eliminating any convective
cooling. The radiation detected by the IR camera is another means of heat loss,
along with the conductive losses. The mask also should thermally isolate the foil
pixels from each other, reducing the crosstalk between the channels. The tradeoff
between the expected photon energy and the required sensitivity of the SIB
decides the foil thickness, tf. The diameter of the pixel should be chosen such that
the thermal diffusion time of the pixel matches the frame interval Δt of the camera.
The radiation falling on the foil can be estimated by solving the heat diffusion
equation with appropriate boundary conditions. Since the pixels are well defined
they can be easily calibrated using a chopped laser of known power and the
calibration parameters, τ and K are established for each pixel. The power falling
on each pixel can then be estimated by

Prad 

1
K

T 

T




t 


(3.1)

with T the temperature of the foil with respect to the mask.
The limitation of the SIB is that it suffers from shadowing of the foil by
the mask. There are thermal energy losses due to thermal contact by the edge of
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the pixel to the mask. Often it is difficult to avoid the crosstalk between the
channels. To counter the problems posed by the SIB, a new mask, with a
rectangular cutout, instead of holes was proposed by B.J. Peterson [13] as
discussed in section 3.3.

3.3 Infrared Imaging Video Bolometer (IRVB)

FIG. 3.2 (a) Foil sandwiched between two identical IRVB frames. (b) Thermal image
of the foil showing the temperature distribution on the IRVB foil during detachment.

The IRVB is a fairly simple pin-hole geometry concept where an aperture in
the plate collimates the radiation from the plasma on a blackened (with aerosol
based graphite spray), metal foil held in a copper frame. The foil holder is
mounted inside a modular light shielding tube made of aluminum to keep the
overall weight of the module low. The copper frame has a rectangular cut-out
instead of several segmented holes. The dimension of the cut-out should be
roughly proportional to the IR camera detector dimension. The foil acts as a
radiation absorber and its temperature is monitored by an infrared camera through
an IR vacuum window. The pinhole has a knife edge to reduce the diffraction
effects due to the finite thickness of the pinhole plate. The IR cameras being used
for monitoring the foil temperature are placed inside a single or double layer soft
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iron magnetic shield box depending upon the magnetic field strength at the port
location and the type of IR camera being used. The power falling on the IRVB
foil is estimated from the spatiotemporal variation of the foil temperature by
numerically solving the 2D heat diffusion equation given by Eq. 3.2 [14]

1 T  2T  2T
 rad  bb 
 2 2
 t x
y
Where  bb 

and  rad 

 SB (T 4  T04 )
kt f

Prad
kt f l 2

(3.2)

is the blackbody radiation term

is the power density term,

Where tf, k and κ are thickness, thermal conductivity and thermal diffusivity of
the foil respectively. T is the measured temperature, l2 is IRVB pixel area and t is
the time. σSB is the Stefan-Boltzmann constant and ε is the emissivity of the
graphite overcoat. The spatial variations in thermophysical (ktf & κ) and optical
(ε) properties of the IRVB foil are determined by dedicated laboratory calibration
experiments [15-18]. The calibration of IRVB is complicated in the absence of
individual channels unlike the SIB, but there is no shadowing due to the mask nor
any thermal energy losses in the IRVB. Images from the IRVB are easy to
interpret and it also offers flexibility to choose the number of channels after the
experiment. For the IRVB the metal foil can be easily damaged, as it is weakly
supported, although experience has shown that actual damage is rare.
3.4 Sensitivity comparison - SIB and IRVB [13]
Noise equivalent power (NEP) of the bolometer indicates the power
required to make the signal to noise ratio (SNR) of the diagnostic equal to one.
The NEP, for both, the SIB and the IRVB should be compared to select a better
candidate with a lower NEP and hence having higher sensitivity.
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The average temperature over the SIB pixel is given by

4 P
Tavg (t )  4 rad
 b kt f

1  exp[m2t ]

m4
m 1


(3.3)

where Prad is the power incident on the pixel, b is the pixel radius, βm= αm/b and

αm are the zeros of the zeroth order Bessel function of the first kind. The circular
geometry of the pixels calls for the use of a Bessel function. Eq. 3.3 can be
simplified using the first term of the series and writing K  4  14 kt f and

  b 2  12 , as Eq. 3.4, which resembles Eq. 3.1.

Tavg (t )  KPrad [1  exp(  t /  )]

(3.4)

Applying standard error analysis [19] and considering the error in temperature
measurement by the IR camera usually termed as noise equivalent temperature
difference (NETD), σIR, the noise equivalent power ηSIB can be written as

 SIB

14

kt f
4

 IR
mN IR

 2 Apix

 1
 2



t
m
IR
 1


(3.5)

where ΔtIR is the frame interval of the IR camera, m is the number of frames being
averaged over and Apix= πb 2 is the area of the bolometer pixel.
The 2D heat diffusion equation (Eq. 3.2) is solved numerically using the
forward time center space (FTCS) discretization and can be expressed as Eq. 3.6.
Applying standard error analysis [19], considering the error in temperature
measurement by the IR camera measurement, σIR, and the noise equivalent power
ηIRVB can be written as Eq. 3.7
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Prad ( x, y, t )  t f k l 2 [T ( x, y, t )  T ( x, y, t  t )] / t
 [4T ( x, y)  T ( x, y  l )  T ( x, y  l )
(3.6)

 T ( x  l , y)  T ( x  l , y)]t t 

 IRVB  2 2 kt f


 IR  1 Apix

1


mN IR  2  t IR m 

(3.7)

FIG. 3.3 Ratios of ηSIB and ηIRVB Vs Apix/κ∆tIRm for same pixel area
and foil material [13]

The ratio of ηSIB and ηIRVB is plotted against a dimensionless quantity, Apix/κ∆tIRm
as shown in Fig. 3.3. The figure shows that IRVB is always more sensitive as
compared to SIB, at-least by a factor of 2. The sensitivity of the IRVB is higher
as compared to the SIB since the individual pixel of SIB are cooled due to copper
mask. The spatial resolution of IRVB also increase as compared to the SIB, since
more IR camera pixels view the foil. These merits make IRVB a suitable
candidate for studying the radiation from the LHD plasmas.
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3.5 Sensitivity of the IRVB with Crank-Nicholson discretization
The NEP equation derived in section 3.4 considered a FTCS discretization
scheme. The FTCS being an explicit scheme, should satisfy the stability criteria
given by l2 ≥ 2κ∆t, where l2 is the pixel area, κ is the thermal diffusivity of the
foil material and Δt is the frame interval. The solution becomes unstable if this
criteria is not met and hence it constrains the temporal resolution of the IRVB.
To address this issue with the FTCS scheme, an implicit method called the CrankNicholson scheme was adopted [14, 15]. The blackbody term was not considered
for deriving Eq. 3.7, which is considered here to appropriately account for all the
heat loss channels. Eq. 3.2 can be rewritten as

Prad

2
kt f l 2 T
 2T 
2
4
4
2  T

  SBl T  T0   kt f l  2  2 
 t
y 
 x

(3.8)

Eq. 3.8 can be discretized using Crank-Nicholson scheme and can be expressed
as Eq. 3.9.
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2

2
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2

(3.9)
Applying standard error analysis [19] considering the error in the temperature
measurement by the IR camera measurement, σIR, the noise equivalent power
ηIRVB can be written as Eq. 3.10.
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10kt f  IR
mN

l4
4l 4 2 S2BT 6
1 2 2 2 
5 m tIR
5k 2t 2f

(3.10)

where m is the number of frames being averaged over and ΔtIR is the frame
interval of the IR camera. Eq. 3.10 indicates that the NEP of the IRVB is a
function of the thermal, physical and optical properties of the foil material along
with the IR camera parameters like the number of pixels and the frame rate. The
improvement in the sensitivity with the IR camera performance is discussed in
section 3.6.
3.6 Camera Performances and Sensitivity
The noise equivalent power density (NEPD) which is the figure of merit of an
IRVB can be written by dividing the noise equivalent power given by Eq. 3.10
by the bolometer pixel area [20, 21] as given by Eq. 3.11.

S Bolo

10kt f  IR
 N
 IRVB bol 
Af
f IR N IR

3
3
Nbol
fbol Nbol fbol

2
Af
5 2

(3.11)

Eq. 3.11 is derived in terms of the NETD of the IR camera, σIR, operating at a
frame rate of fIR and having NIR pixels. Frame rate, fbol, and number of channels,
Nbol, are the IRVB parameters and Af is the area of the foil. Lower SBolo results in
a more sensitive IRVB. Eq. 3.11 clearly shows that the noise equivalent power
density, SBolo, decreases with the square root of the number of cameras pixels
averaged within each bolometer channel (NIR/Nbol) and of the number of camera
frames being averaged over (fIR/fbol). A lower NETD, σIR, i.e., better IR camera
performance, also reduces the noise equivalent power density, SBolo. Table 3.1
show an improvement in the IRVB sensitivity with the improvement in the
specifications of the IR camera. Fig. 3.4 plots the theoretical values of the IRVB
NEPD versus the number of bolometer pixels. Fig. 3.4 suggest that for a given
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number of IRVB channels, the IRVB NEPD decreases significantly just by
choosing an IR camera with better specifications. Fig. 3.4 also suggest that the
IRVB NEPD decreases with reducing number of IRVB channels which signifies
an increase in the number of IR camera pixels re-sampled per IRVB channel.
Table 3.1 and Fig. 3.4 clearly indicates that the sensitivity of the IRVB can be
improved by using an IR camera with better technical specifications. NEPD
calculations in Table 3.1 and Fig. 3.4 considers a 2.5 µm platinum foil. A FLIR
SC655 IR camera was chosen for the upper and lower port IRVB on LHD after
considering a tradeoff between the IRVB sensitivity and the cost effectiveness of
the IR camera. FLIR SC655 will replace the FLIR SC500 being used earlier at
the upper port IRVB which will improve the sensitivity of this IRVB by four
times.
Table 3.1 Performance parameters of IR cameras and the resulting SIRVB for a
platinum IRVB foil with Nbol = 432, Af =130 cm2, tf =2.5 µm, fbol = 30 Hz
( µbolo – microbolometer )

Maker/

FLIR/

FLIR/

FLIR/

FLIR/

FLIR/

IR Camera

Omega

SC500

SC655

SC4000

SC8000

λ (µｍ)

7.5-13.5

7.5-13

7.5-13

3-5

3-5

S IR

100

100

50

25

25

type

µbolo

µbolo

µbolo

InSb

InSb

cooling style

none

none

none

Sterling

Sterling

NIR

160 ×

320 ×

640 ×

320 ×

1024 ×

120

240

480

256

1024

fIR (Hz)

30

60

50

420

132

SBolo (µW/cm 2)

455

161

44

14

7

(mºK＠30ºC）
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10000

SBolo ( µW / cm2 )

1000

OMEGA

SC 500

SC 655

SC 4000

SC 8000

100

10

1

1

10

100

1000

10000

Nbol
FIG. 3.4 SBolo versus Nbol for a platinum IRVB foil with Af = 130 cm2, tf = 2.5 µm, fbol =
30 Hz for 5 different IR cameras

3.7 Selection of foil material
The noise equivalent power and the sensitivity of the IRVB depends on the
thermal properties of the foil material as can be seen from Eq. 3.10 and Eq. 3.11.
Hence the selection of the foil material would play a significant role in
determining the sensitivity of the IRVB. Assuming the first and third term under
the square root in Eq. 3.10 to be negligible for temperatures less than 1000 ºC,
Eq. 3.10 can be expressed as follows

IRVB 

2kt f  IRl 2
3

tIR m N

 kt f   1 Bolo. Sensitivity

(3.12)

Eq. 3.12 signifies that the bolometer sensitivity is proportional to the ratio κ/k,
both of which are material properties. Several candidate materials for the IRVB
foil are studied and evaluated for their strength, photon absorption bandwidth,
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neutron cross-section and sensitivity in Ref. 21. Initially Gold (Au) was used as
the foil material but eventually it was replaced by Platinum (Pt) due to following
considerations.

FIG. 3.5 Attenuation Length vs. photon energy for (a) Au and (b) Pt [20, 23]
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Although the κ/k ratio for Pt is lower than Au, it is experimentally
confirmed that the Pt foil is 9 times more sensitive than the Au foil [22]. The
neutron cross-sections should also be considered for the selection of the foil
material since neutrons are expected from D-D experiments on LHD in the near
future. The best candidate with the lowest neutron cross-section is Pt [21]. Using
2.5 µm thick Pt foil instead of 1 µm Au, the upper limit of absorbed photon is
raised from 5.5 to 8.2 keV [20]. This can be clearly inferred from Fig.3.5 which
shows the attenuation lengths as a function of photon energy for both of these
materials. Hence Pt is an appropriate material for the foil having the smallest
neutron cross-section, broader energy absorption bandwidth and better
sensitivity.
3.8 IRVBs installed on LHD

Fig. 3.6 Location and fields of view of IRVBs installed in LHD
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Four IRVBs are installed at different strategic locations on LHD to study
the radiation form the 3D LHD plasma. The top and the bottom diagnostic ports
of LHD have one IRVB each, termed as 6.5-U and 6.5-L, respectively along with
a view from the tangential port, 6-T and a semi-tangential view from the outer
port, 10-O. The fields of view for all the four IRVBs, superimposed on the top
view of the LHD, are shown in Fig. 3.6. Each IRVB is briefly discussed in the
following sections. Fig. 3.7 shows the CAD FoVs for all the IRVBs of LHD. The
CAD FoV shows the view inside the machine as imaged by the foil through the
pinhole. The CAD FoV shows the IRVB channels (grid), the helical diverter Xpoints (red and pink lines), the magnetic axis (yellow line) and the helical divertor
modules (green bands).
3.8.1 Upper port IRVB (6.5-U) for 16th LHD experiment cycle
The IRVB installed at an upper diagnostic port of the LHD is mainly
considered and improved for this thesis, along with simultaneous improvement
and addition of other IRVBs. The toroidal cross-section of the LHD vacuum
vessel is as shown in Fig. 3.8 showing key components of the IRVB module. This
IRVB module images a vertically elongated plasma cross-section with a platinum
foil of dimensions 130×100 mm2 (toroidal × radial) through a square pinhole of
8×8 mm2. The temperature rise of the foil is monitored by FLIR SC655 infrared
camera having a 640×480 microbolometer based focal plane array sensitive to the
7.5~12 µm wavelength range. The pixel pitch is 17 µm and operates at a frame
rate of 50 frames per second (fps) in full frame mode. The camera NETD is 50
mºK and is equipped with a f/# =1.0 f-number lens having an effective focal
length of 41.3 mm resulting in a field of view of 15º×11º. The lens unit has a
built-in shutter for periodic non-uniformity correction (NUC). The f-number is
the ratio of the effective focal length and clear aperture of the optics. The focusing
of the optics and the operation of the shutter can be controlled from the data
acquisition and control software FLIR ResearchIR.
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FIG. 3.8 Concept of the IRVB, showing aperture, IRVB foil, light shielding pipe and
the IR camera mounted inside a double soft iron shield. The inset picture shows the
IRVB foil (bound by a rectangle) as seen by the IR camera. The IR camera pixels
imaging the foil are 190 × 150.

The magnetic field at the upper LHD port is around 1 KG. The SC655
camera and its power supply unit both are extremely sensitive to magnetic fields
and the camera disconnects from the control PC for fields higher than 200 G.
Hence, both the camera and the power supply are mounted inside a double soft
iron magnetic shielding box having a total thickness of 16 mm. The camera views
the foil through a gold plated bend mirror having reflectance, R > 95% and an
anti-reflection coated zinc selenide (ZnSe) vacuum viewport with a
transmittance, τ > 90%.
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FIG. 3.9 Block Diagram for 6.5-U IRVB
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The IRVB foil is highlighted by a rectangle in the inset image in Fig. 3.8
and is imaged by 190 × 150 pixels, which are merely 9% of the total number of
IR camera pixels. The acquired thermal images are transferred to the control
computer via a Gigabit Ethernet optical fiber link and archived for further
processing. Fig. 3.9 shows the block diagram for the 6.5-U IRVB, highlighting
the camera triggering and communication path between the camera in the LHD
hall and PC in the control room. The thermal images are cropped to exclude the
FoV outside the foil dimension and are re-sampled to 24 × 18 IRVB pixels. The
number of IRVB pixels are determined by the pinhole dimensions and various
tradeoffs expressed by Eq. 3.11. Each IRVB pixel is a linear interpolation over
64 IR camera pixels which results in an improvement of the SNR of the IRVB by
eight times since the noise reduces as the square root of the number of IR camera
pixels being averaged over.
3.8.2 Tangential port IRVB (6-T)
This IRVB module images a tangential plasma column with a platinum foil
of dimensions 90×70 mm2 (radial × poloidal) through a square pinhole of 4×4
mm2. The temperature rise of the foil is monitored by a FLIR SC4000 infrared
camera having a 320×256 pixel Indium antimonide (InSb), Sterling cooled, focal
plane array sensitive to the 3~5 µm wavelength range. The pixel pitch is 30 µm
and operates at a frame rate of 100 frames per second (fps) in full frame mode.
The camera NETD is 18 mºK and is equipped with a f/# =2.5 f-number lens
having an effective focal length of 100 mm resulting in a field of view of
5.5º×4.4º. The focusing of the optics is manual and has to be done before the
campaign and the non-uniformity correction (NUC) can be done remotely from
the control room with the data acquisition and control software FLIR
ThermaCAM Researcher Pro. The magnetic field at the tangential port LHD port
is around 0.35 KG. The SC4000 camera and its power supply unit both are
sensitive to magnetic fields because of the sterling cooler and the cooling fan.
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Hence, both the camera and the power supply are mounted inside a soft iron
magnetic shielding box having a thickness of 6 mm. The camera views the foil
through an anti-reflection coated Calcium Fluoride (CaF2) vacuum viewport with
a transmittance, τ > 90%. The acquired thermal images are transferred to the
control computer via a Gigabit Ethernet optical fiber link and archived for further
processing. The thermal images are cropped to exclude the FoV outside the foil
dimension and are re-sampled to 32 × 24 IRVB pixels. Thus each IRVB pixel is
a linear interpolation over 94 IR camera pixels which improves the SNR of this
IRVB by 9.5 times.
3.8.3 Lower port IRVB (6.5-L)
This IRVB module images a vertically elongated plasma cross-section with
a platinum foil of dimensions 150×110 mm2 (toroidal × radial) through a square
pinhole of 8×8 mm2. The temperature rise of the foil is monitored by a FLIR
SC655 infrared camera having a 640×480 microbolometer based focal plane
array sensitive to the 7.5~12 µm wavelength range. The pixel pitch is 17 µm and
operates at a frame rate of 100 frames per second (fps) in half frame mode. The
camera NETD is 50 mºK and is equipped with a f/# =1.0 f-number lens having an
effective focal length of 41.3 mm resulting in a field of view of 15º×11º. The lens
unit has a built-in shutter for periodic non-uniformity correction (NUC). The
focusing of the optics and the operation of the shutter can be controlled from the
data acquisition and control software FLIR ResearchIR. The magnetic field at the
lower LHD port is around 1.2 KG, hence, both the camera and the power supply
are mounted inside a double soft iron magnetic shielding box having a total
thickness of 16 mm. Even though adequate magnetic shielding was provided the
FLIR SC655 is found to disconnect from the PC during the inward shifted
magnetic axis configurations when the LHD magnetic field exceeded 2.75 T. This
can be fixed by the addition of more shielding and/or by annealing the shielding
boxes. The camera views the foil through a gold-plated bend mirror having
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reflectance, R > 95% and an anti-reflection coated zinc selenide (ZnSe) vacuum
viewport with a transmittance, τ > 90%. The acquired thermal images are
transferred to the control computer via a Gigabit Ethernet optical fiber link and
archived for further processing. The thermal images are cropped to exclude the
FoV outside the foil dimension and are re-sampled to 26 × 20 IRVB pixels. Thus
each IRVB pixel is a linear interpolation over 41 IR camera pixels which
improves the SNR of this IRVB by 6.5 times.
3.8.4 Semi-tangential port IRVB (10-O)
This IRVB module images a semi-tangential plasma column with a
platinum foil of dimensions 90×70 mm2 (radial × poloidal) through a square
pinhole of 4×4 mm2. The temperature rise of the foil is monitored by a FLIR
SC7600 infrared camera having a 640×512 pixel Indium antimonide (InSb),
Sterling cooled, focal plane array sensitive to the 3~5 µm wavelength range. The
pixel pitch is 15 µm and operates at a frame rate of 100 frames per second (fps)
in full frame mode. The camera noise equivalent temperature difference (NETD)
is 20 mºK and is equipped with a f/# =2.5 f-number lens having an effective focal
length of 50 mm resulting in a field of view of 11º×8.8º. The focusing of the
optics is manual and has to be done before the campaign and the non-uniformity
correction (NUC) can be done remotely from the control room with the data
acquisition and control software Altire and Cirrus. The magnetic field at the
tangential LHD port is around 0.25 KG. The SC7600 camera and its power supply
unit both are sensitive to magnetic fields because of the sterling cooler and the
cooling fan. Hence, both the camera and the power supply are mounted inside a
soft iron magnetic shielding box having a thickness of 6 mm. The camera views
the foil through an anti-reflection coated Calcium Fluoride (CaF2) vacuum
viewport with a transmittance, τ > 90%. The acquired thermal images are
transferred to the control computer via a Gigabit Ethernet optical fiber link and
archived for further processing. The thermal images are cropped to exclude the
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FoV outside the foil dimension and are re-sampled to 32 × 24 IRVB pixels. Thus
each IRVB pixel is a linear interpolation over 350 IR camera pixels which
improves the SNR of this IRVB by 18.5 times.
3.9 Summary
This chapter reviews various kinds of bolometers used in the fusion devices
and explains their limitations for a 3D machine geometry like LHD. Two types
of infrared bolometers, namely IRVB and SIB, capable for measuring the
radiation in 2D are introduced briefly. The noise equivalent power and the
sensitivity of the diagnostic was also evaluated for both of them and IRVB was
found to have better sensitivity as compared to the SIB. Various aspects affecting
the sensitivity of the IRVB are also discussed and the camera and the foil material
are chosen to achieve an optimal balance between the IRVB sensitivity and the
cost of the diagnostic. A brief description about all the four IRVB modules
installed on the LHD is given along with their technical specifications. It can be
noted from Fig. 3.8 that the IRVB foil is imaged by a limited number of IRVB
pixels. But Eq. 3.11 suggests that the sensitivity of the IRVB can be improved by
increasing the number of camera pixels being re-sampled per bolometer channel.
Higher sensitivity for the IRVB can be achieved by increasing the number of
camera pixels viewing the IRVB foil. Chapter 4 is focused on improving the
sensitivity of the 6.5-U IRVB by addition of an infrared periscope.
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4.1 Introduction
The radiation from the plasma during detachment is found to be localized
near the magnetic island X-point which can be effectively measured and studied
by an Infrared imaging Video Bolometer [1-3]. Also, it will be of intriguing
interest to look at the 3D distribution of the radiation from the plasma, by
employing tomographic inversion techniques. Both of these areas are currently
being pursued in greater depth and detail using 4 IRVB modules installed
currently on LHD. A wider IRVB FoV would serve as an advantage for a
tomographic inversion technique since it would drastically reduce/eliminate the
number of non-visible voxels in the plasma [4]. High temporal resolution of the
IRVB is necessary to study the time evolution of radiation localization during
detachment and for the study of the plasma collapse mechanism. High temporal
resolution for an IRVB can be achieved provided both the SNR and IRVB
sensitivity are improved. But, unfortunately the SNR increases while sensitivity
decreases with the separation between the IRVB foil and the IR camera. Addition
of a re-imaging IR periscope to the upper port IRVB module on LHD will
improve the SNR while improving the IRVB sensitivity. The periscope increases
the sensitivity of the IRVB by increasing the spatial footprint of the IRVB foil on
the IR detector, which increases the number of IR camera pixels being averaged
to form one IRVB channel.
4.2 IRVB Sensitivity
A lower noise equivalent power (NEP) makes a more sensitive detector. The
IRVB NEP can be evaluated by propagating the error in the temperature
measurement through the heat diffusion equation as seen in chapter 3 and is given
by Eq. 4.1 [5].

S Bolo

10kt f  IR
 N
 IRVB bol 
Af
f IR N IR

3
3
N bol
f bol N bol fbol

A2f
5 2

(4.1)
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Eq. 4.1 clearly signifies that IRVB sensitivity will improve with the square root
of the number of camera pixels and the camera frames being averaged over, and
evidently with IR camera performance [5, 6]. As highlighted in chapter 3, the
effective number of IR camera pixels imaging the foil are only 9% of the total
number of pixels. This is due to the widening of the FoV of the IR camera with
distance from the foil. The NEPD of the upper port IRVB is 28 µW/cm2. The
sensitivity of the upper port IRVB can further deteriorate if the distance between
the IRVB foil and the IR camera is further increased to improve the IRVB FoV
and SNR. Increasing the image footprint of the IRVB foil on the IR camera
detector by designing an infrared periscope will help in maintaining/improving
the sensitivity of the IRVB with increasing the SNR and FoV. The camera NETD
is the only term in the NEPD equation which is affected by the involved optics.
Hence it becomes necessary to evaluate the effect of various optics parameters
like f/# and optical transmission τ0 that might affect σIR. The radiometric
estimation of the power reaching the detector through the optics and its influence
on the NETD of the IR camera is investigated in section 4.3.
4.3 Radiometric estimations
The radiometric estimation has been carried out starting from the power
emitted by the plasma to the power reaching the detector through the IRVB foil
and intermediate optics to assess the effect of the optical parameters on σIR. The
flow of the radiometric estimation is shown in Fig. 4.1. Such estimation enables
one to establish a fair comparison among various optical configurations while
considering various geometrical parameters of the IRVB. The total NBI power
input to the plasma is considered to be 10 MW and the radiated power is estimated
to be 3.5 MW. The power incident on the foil through the pinhole geometry is
given by Eq. 4.2
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FIG. 4.1 Caricature showing the flow of radiometric estimation
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Pincident 

2aAap Apixel Prad
4 L2ap  foilV p

where

Aap Apixel
L2ap  foil

is the etendue

(4.2)

where a is the plasma minor radius, Vp is the plasma volume, Prad is the radiated
power from the plasma, Aap and Apixel are pinhole and bolometer pixel area,
respectively and Lap-foil is the distance between the pinhole and the foil (the focal
length of the IRVB). The steady state temperature rise of the IRVB foil can be
estimated by dividing the incident power by the product of the thermal
conductivity, k, and thickness, tf, of the foil and is expressed as Eq. 4.3.

T 

Pincident
kt f

(4.3)

This temperature rise results in the IR radiation which is sensed by the IR camera
and can be given by Eq. 4.4

M   SB ((T0   T ) 4  T04 )

(4.4)

where M is the foil exitance, ε is the emissivity, σSB is Stefan-Boltzmann constant
and T0 is the background temperature. The effective power Meff emitted by the
heated foil falling within the IR camera's spectral sensitivity band of 7.5~12 µm
can be estimated by multiplying the foil exitance, M, by the bandwidth factor

F  FT2  FT1  0.560.11 0.45 obtained from the integrated spectral radiant
emittance curve derived from the universal blackbody curve [7] shown in Fig. 4.2
and expressed by Eq. 4.5.

M eff ( 1  2 )  M  F

(4.5)

Eq. 4.6 gives the power reaching the infrared detector through the intermediate
optics considering the camera equation [8, 18].
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FIG. 4.2 Estimation of bandwidth factor F from the integrated spectral radiant
emittance curve derived from the universal blackbody curve. The region of interest is
highlighted by a pink band.

PI R d e t

 0 M e ff A d

4( f / #)2

(4.6)

where Ad is the pitch of the detector. The NETD of the IR camera can be
determined by Eq. 4.7 where ΔT is the foil temperature rise and NEPIRdet is the
noise equivalent power of IR detector. NEPIRdet is estimated to be 9 pW [9, 10].

NETD ( IR ) 

T NEPIRdet
PIRdet

(4.7)

This value of NETD, having all the optical parameters included, can be used with
Eq. 4.1 for the theoretical evaluation of the NEPD of the IRVB. It is interesting
to note that both Eq. 4.2 and Eq. 4.6 are independent of the distance from the
object and vary inversely with the square of the focal length of the pinhole camera
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or the optical system. This is due to the fact that the product of the detector solid
angle and the object area (i.e., throughput) is conserved [18]. The NETD for the
SC655 calculated with this approach considering f/# = 1.0 and τ0 = 0.98 [11] turns
out to be 49.2 mºK which matches closely with the manufacturer specification
value of 50 mºK. The NEPD for the upper port IRVB evaluated using this
calculated value of NETD, IR camera frame rate of 50 fps and IRVB frame rate
of 10 fps turns out to be 28 µW/cm2 as mentioned in section 4.2. The following
section 4.4 finalizes the design parameters for periscope optics considering
various trade-offs between the requirements and the cost.
4.4 Design Specifications
Many optical design studies of similar periscope systems on various
machines [12-16] were reviewed before finalizing the periscope configuration for
LHD. Although the reflective Cassagrain configuration is preferable as an
objective [6,14], it was decided to design a refractive periscope since the optics
involved will not be subjected to intense heat and neutron fluxes which may
hamper the long term usefulness of the periscope optics. A re-imaging optical
configuration was chosen for this design. The re-imaging optics consist of an
objective lens forming an intermediate image, a collimator/relay lens relaying the
intermediate image to the imaging lens which forms an image on the IR detector.
A re-imaging configuration was selected since it offers certain advantages [17].
Firstly, the clear aperture of the objective can be minimized, which results in
reduction of spherical aberrations and cost. Secondly, the stray radiation from a
hot background can be effectively eliminated. Finally, since the elements of the
re-imaging optics are modular they offer the liberty to mount the objective lens
inside the LHD vacuum vessel. Ideally, the entire foil dimension of 130×100 mm2
should be imaged onto the detector to achieve maximum sensitivity. But the
periscope is designed to image an area of 154×115 mm2, leaving enough tolerance
for any installation misalignments and minor shift of the camera soft iron shield
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in high magnetic fields. Thus the magnification for this periscope is 0.07, which
can be achieved with an effective focal length of 114 mm for the foil at 1730 mm
from the objective. The detector with a pixel pitch of 17 µm can best resolve a
spatial frequency of 29.4 lp/mm. Very fast optics with f/#=0.7 are required for
the image spot size to be diffraction limited, considering the wavelength λ=10 µm
according to Eq. 4.8. [18]

Airy disk diameter  2.44    f #

(4.8)

The aperture for such optics turns out to be 162 mm. Such optical configurations
are often difficult to optimize and costly to manufacture. Also a large aperture
area means higher spherical aberrations hence more optical components are
needed to correct for those aberrations, decreasing the overall transmission of the
optics. The spatial resolution for this configuration is 0.24 mm. But as discussed
in chapter 3, several IR camera pixels are averaged to form one IRVB pixel to
improve the SNR of the diagnostic. Hence such a fine spatial resolution is not
desirable. This concept can be thought of as "the radiometric resolution (getting
higher SNR) is more important than the spatial resolution (resolving finer
details)". Typically the spatial resolution at the foil should be better than the
bolometer pixel size of 5 mm. Hence, a compromised configuration with a spatial
resolution of 1 mm is chosen which allows 25 IR camera pixels for averaging into
one IRVB pixel. The spatial resolution of 1 mm also allows the binning of a 3×3
pixel cluster which results in the effective pixel pitch of 51 µm. Such a
compromised configuration will be diffraction limited for an f/#=2.0 for λ=10
µm. The IRVB sensitivity estimates using f/#=2.0 result in 1.5 times lower values
as compared to the optics using an f/#=1.0 objective. Hence an intermediate value
of f/#=1.35 is chosen for the compromised configuration which achieves better
sensitivity, cost effectively. The spatial resolution for this configuration is 0.72
mm and the spatial frequency resolution reduces to 9.8 lp/mm.
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FIG. 4.3 Wide FoV IRVB equipped with an IR periscope. Ray-tracing from the foil to
the IR detector is also shown. The inset picture shows a larger footprint of the IRVB
foil (bound by a rectangle), as imaged by the IR camera. The IR camera pixels
imaging the foil have increased to 535×410 which is a significant 7.5 fold increase
compared to the previous configuration.

FIG. 4.4 CAD FoV traced from the foil location through the aperture. The CAD shows
IRVB pixels (grid), magnetic axis (curved brown line), upper and lower helical diverter
X-points (pink and indigo lines respectively) and helical divertors (thick green bands)
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Table 4.I Detector and optical design parameters for the re-imaging periscope optics

Detector and optical

Targeted value

design parameter
IR detector

Pixel # : 640×480 ; Pixel Pitch : 17 µm
Spectral response : 7.5~12 µm
Area of the detector : 10.88×8.16 mm2

Detector foot print on foil

154×115 mm2

Foil dimensions

130×110 mm2

Magnification

0.07

Focal length

114 mm

Spatial resolution at foil

≤ 1 mm

Optics f/#

≤ 1.4

Transmission

≥ 85%

MTF

Better than 70% @ 9.8 lp/mm

Distortion

≤ ±1%

Ensquared energy

≥ 80 % for 51 µm pixel pitch

The reduced spatial frequency requirement also helps to achieve better
transmission since fewer number of optical components will be needed to
optimize the design to achieve the desired modulation transfer function (MTF)
values for this spatial frequency. The designed IR periscope is shown in Fig. 4.3
and uses six germanium and zinc selenide lens elements and a gold-plated bend
mirror. All the lenses have an anti-reflection coating to improve the transmission.
The effective transmission of this optical system is τ0 = 0.89. The gold mirror was
used to bend the light path, which has several advantages. The horizontal
mounting of the camera will ease the mounting of the heavy magnetic shielding
box and can also accommodate neutron shielding if required in the future. This
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will also protect the IR camera detector from direct exposure to neutrons by
minimizing the cross-sectional area. The camera NETD calculated using Eq. 4.7
deteriorates by a factor of 2 for an optical configuration of f/#=1.35 and τ0 = 0.89.
Table 4.2 Comparison between various parameters (section 4.3) for upper port IRVB
with and without IR periscope

Without IR
periscope

With IR periscope

(16th LHD
experimental
cycle)

(17th LHD
experimental
cycle)

1.3 mW/cm2

4.1 mW/cm2

Pincident
kt f

1.75 ºK

5.75 ºK

Meff (1 2 )  M  F

4.6 W/m 2

15.2 W/m2

3.25×10-10 W

5.35×10-10 W

Prad  3.5 MW , NEPIR det  9 pW
Detector Pitch  17  m

2aAap Apixel Prad
P
1
Sdensity  incident 

2
Apixel
4 Lap foilVp Apixel

T 

(F  0.45 for 7.5 12m)

PIR det

 M A
 0 eff d2
4( f / #)

SNRIR 

PIR det
NEPIR det

NETD ( IR ) 

S Bolo 

[0  0.98, f # 1.0] [0  0.89, f # 1.35]

T
SNRIR

10 kt f  IR

SNRBolo 

f IR N IR

S density
S Bolo

3
3
N bol
f bol N bol f bol

A 2f
5 2

36.3

59.5

49 mºK

96.5 mºK
(~2 times worse)

28 µW/cm2

19.5 µW/cm2
(improved 1.4
fold)

46.5

210.5
(improved 4.5
fold)

77 | P a g e

Chapter 4

Optical design and resulting improvement in IRVB

FIG. 4.5 3D CAD schematic of periscope optics

Fig. 4.3 also shows that as the foil is moved closer to the plasma center, the
distance between the foil and pinhole plate is also reduced to widen the IRVB
FoV. The thermal image of the IRVB foil through the periscope is shown as an
inset picture in Fig. 4.3 which also shows that the number of IR camera pixels
imaging the foil increases to 535×410 by the addition of a periscope which is a
significant 7.5 times increase as compared to the IRVB without a periscope. Fig.
4.4 shows the CAD drawing of a widened IRVB FoV. Theoretically, the IRVB
sensitivity is expected to improve by 1.4 times with the addition of this periscope.
Fig. 4.5 shows a 3D CAD image of the final assembly along with certain key
components. Since a shutter is required for frequent NUC, a provision for
installing a shutter is made in the re-imaging unit as shown in Fig. 4.5, which will
replace the built-in shutter in the FLIR camera lens. A UNIBLITZ CS45 shutter
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is used with a UNIBLITZ D880C driver controller for the NUC which can be
remotely actuated with a TTL pulse from the LHD control room using a
LabVIEW application. The controller unit for this shutter is also accommodated
into the soft iron shielding box. The operation of the shutter is found to be normal
for the maximum magnetic field operation of the LHD at 3 Tesla on its magnetic
axis. Table 4.1 summarizes important detector and optical design parameters for
the periscope optics. Table 4.2 shows the comparison between various parameters
discussed in section 4.3, among both the configurations, i.e., with and without
periscope optics. This design has been evaluated and resulting improvements in
the SNR are reported in sections 4.5 and 4.6.

4.5 Evaluation of optical performance
The targeted parameters tabulated in Table 4.1 need to be evaluated by the
design software after the optical design is optimized to estimate the quality of the
design. The spatial resolution at the foil location can be evaluated by a spot
diagram. The spot diagram in Fig. 4.6(a) gives the distribution of polychromatic
rays originating from an infinitesimal point on the foil traced through the optics.
A test pattern with sixteen arbitrary points in the field of view was chosen at the
foil location. Out of these sixteen points, eleven were chosen to be on the foil
shown by area A in Fig. 4.6(a) and five points at locations outside the foil
dimensions shown by area B. The effective spatial resolution can be computed as
the root-sum-squared value of the RMS spot size, the effective pixel size (51 µm)
and size of the airy disk (Eq. 4.8), all parameters projected individually at the foil.
The spatial resolution for the largest RMS spot size of 0.0226 mm located in area
B (i.e., outside the foil dimension) is found to be 0.85 mm which is less than the
targeted value of 1 mm as mentioned in section 4.4. All the points inside area A
(i.e., on the foil) have a better spatial resolution than 0.85.
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FIG. 4.6(a) Polychromatic geometrical spot diagram. FIG. 4.6(b) Percentage
distortion. FIG. 4.6(c) Polychromatic diffraction MTF. FIG. 4.6(d) Ensquared energy

The distortion is an important parameter to be evaluated while imaging a
flat target like the IRVB foil with a flat detector. In Fig. 4.6(b) the percent
distortion (x-axis) is plotted for the normalized object heights (y-axis), from the
center to the edge of the field. The plot shows that the residual barrel distortion
after optimization is -0.85 %, which is also well within the limits of the set target
value. The MTF plot shown in Fig. 4.6(c) signifies the ratio of object contrast and
resulting (due to the optics) image contrast (y-axis) at different spatial frequencies
(x-axis). The plot shows a contrast better than 70% for a spatial frequency of 9.8
line pairs/mm corresponding to a 51 µm pixel pitch for all the 11 field points
inside area A, distinctly identified by lines of different colors. The ensquared
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energy is the fraction of image energy illuminating the detector (y-axis) is plotted
in Fig. 4.6(d) against the detector dimension (x-axis) for all the 11 field points
inside area A, distinctly identified by lines of different colors. For a well
optimized design the typical value should be > 80%, and such a compliance is
shown by Fig. 4.6(d). Figs. 4.6(a)-(d) indicate a well optimized design.

4.6 Improvement in IRVB performance with addition of periscope
The re-imaging periscope was installed on the upper port IRVB during the
17th experimental cycle. Two almost similar discharges # 115065 from the 16th
and # 121010 from the 17th LHD experimental cycle are selected for a
comparison. The fIR=50 fps and the data is analyzed at the IRVB frame rate
fbol=10 fps. Typical time traces of both these discharges are shown in Fig. 4.7
Both the discharges are a part of a dedicated RMP assisted divertor detachment
experiment on LHD. The density is gradually ramped up, with a constant NBI
power, till the plasma detaches from the divertors. The detachment can be clearly
visualized from the ion saturation current (ISAT) graph showing an abrupt decrease
in ISAT measured by the divertor probes located on the inboard side near the 7th
port. Detachment can also be inferred from a slight increase in the radiated power
and plasma stored energy (after a brief negative spike) at the time of detachment.
The detachment seems to be stably sustained till the discharge terminates due to
the shutdown of the NBI beam. The time instance chosen for the comparison is
6.5 seconds during the divertor detachment phase, highlighted by a pink band.
Almost all the plasma parameters for both the discharges are comparable, except
slightly higher radiated power for # 115065 due to a difference in density, at the
chosen analysis time. Fig. 4.8(a) shows the power density obtained after solving
the heat diffusion equation, using the temperature obtained by the IR camera for
LHD discharge # 115065. Fig. 4.8(b) shows the power density estimation for
LHD discharge # 121010. Both of the images are processed at a bolometer
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frequency of fbol=10 fps and show the localization of the radiation towards the
inboard side near the X-point of the RMP. It is clearly inferred from both these
figures that there is a significant reduction in the noise levels for the configuration
with the periscope (Fig. 4.8(b)) and radiation localization can be inferred more
clearly as compared to the configuration without a periscope (Fig. 4.8(a)). The
reduction in noise may be attributed to the increase in the number of IR camera
pixels being averaged over.

FIG. 4.7 Shot summaries for two discharges # 115065 without periscope and
# 121010 with periscope

The difference in the signal levels shown by the color bars is also in good
agreement with the estimated increase in SNRBolo shown in Table 4.2. It is also
observed from Fig. 4.8(d) that the power density estimates and the contrast of the
image for the experiments with the periscope do not show any significant
variation when the IRVB frame rate is increased to fbol=20 fps, which is not the
case for Fig. 4.8(c) without the periscope. Hence addition of the periscope also
improves the temporal resolution.
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FIG. 4.8(a). Power density estimation for discharges # 115065 at fbol=10 fps (without periscope, 16th LHD experimental cycle)
FIG. 4.8(b). Power density estimation for discharges # 121010 at fbol=10 fps (with periscope, 17th LHD experimental cycle)
FIG. 4.8(c). Power density estimation for discharges # 115065 at fbol=20 fps (without periscope, 16th LHD experimental cycle)
FIG. 4.8(d). Power density estimation for discharges # 121010 at fbol=20 fps (with periscope, 17th LHD experimental cycle)

Chapter 4
Optical design and resulting improvement in IRVB

83 | P a g e

Chapter 4

Optical design and resulting improvement in IRVB

The NETD of the IR camera with the periscope was measured by
considering the ratio of noise estimated at 30 °C and the gain in signal by
elevating the blackbody temperature by 1 °C (i.e., difference in signal at 30 °C
and 31 °C). Both the noise and difference in signal were estimated by averaging
over 200 IR camera frames. The NETD estimated by this exercise is found to be
100 m°K which closely matches the calculated values of NETD in Table 4.2. The
estimation about the improvement in the NEPD has deliberately not been
attempted here since the error in temperature measurement by the IR camera
(NETD, σIR) is only taken into account to calculate NEPD in Table 4.2. Actual
measurement would need the errors in estimation of various calibration
parameters.
4.7 Summary
This chapter illustrates various reasons and the necessity for improving the
sensitivity and SNR simultaneously to widen the IRVB FoV and improve its
temporal resolution. The criteria for choosing the optical transmission and f/#
along with other parameters for the design are mentioned and the design
parameters are finalized. The designed periscope is evaluated for its optical
performance and the resulting improvements are presented. It is found that the
addition of this re-imaging optics to the IRVB simultaneously improves the
sensitivity and SNR by factors of 1.4 and 4.5, respectively even though the NETD
of the IR camera becomes poorer by a factor to 2 due to the choice of slower
f/#=1.35 optics. The sensitivity of the IRVB can be further improved by using
faster (lower f/#) optics. The improvement in the SNR, showing good agreement
with the calculated values, is also demonstrated by comparing the experimental
results, with and without using periscope optics. The temporal resolution of the
IRVB can also be increased two fold without any significant effect on the power
density estimation. The overall gain in the IRVB sensitivity is 5.6 times when
FLIR SC655 with a periscope replaces FLIR SC500 for the upper port IRVB.
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5.1 Introduction
A thin metal foil is used as a broad band radiation absorber for the InfraRed
imaging Video Bolometer (IRVB) [1]. The two dimensional (2D) heat diffusion
equation of the foil needs to be solved numerically to estimate the radiation falling
on the foil through a pinhole geometry. The thermal, physical and optical
properties of the metal foil are among the inputs to the code besides the
spatiotemporal variation of temperature, for reliable estimation of the exhaust
power from the plasma illuminating the foil. The foil being very thin and of
considerable size, non-uniformities in these properties need to be determined by
suitable calibration procedures. The graphite spray used for increasing the surface
emissivity also contributes to a change in the thermal properties. This chapter
discusses the application of the thermographic technique for determining the
spatial variation of the effective in-plane thermal diffusivity of the thin metal foil
and graphite composite. The advantages of this technique in the light of
limitations and drawbacks presented by other calibration techniques being
practiced currently are also discussed. The technique is initially applied to a
material of known thickness and thermal properties for validation and finally to
thin foils of gold and platinum both with two different thicknesses. It is observed
that the effect of the graphite layer on the estimation of the thermal diffusivity
becomes more pronounced for thinner foils and the measured values are
approximately 2.5 to 3 times lower than the literature values. It is also observed
that the percentage reduction in thermal diffusivity due to the coating is lower for
high thermal diffusivity materials like gold. This fact may also explain, albeit
partially, the higher sensitivity of the platinum foil as compared to gold.
Currently four IRVB modules are installed on LHD at various strategic
locations. The dimensions of the foil vary with the space constraints, hence the
size for the radial ports is 90×70 mm2 where as for the upper and the lower
diagnostic ports the dimensions are 130×100 mm2 and 150×110 mm2,
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respectively. Initially gold foils were used as a radiation absorber but they were
replaced by platinum since platinum was found to be more sensitive than gold
[2]. The neutron cross-section of platinum being smaller than gold is another
reason for the replacement of the gold foil. The thin foils are procured from
Nilaco Corporation, Japan [20]. The foils are often found to have several pinholes
and micro cracks which may hamper the thermal properties of these foils and
hence literature values cannot be used. It has been observed that these foils also
have a thickness variation across their area and the thickness estimated by
weighing with a microbalance is often found to be below the values specified by
the foil suppliers. These thin foils are sandwiched between two identical copper
mask which also double as a heat sink. The thermal properties may change in the
vicinity of the copper mask due to the sink effect. Also the graphite spray used to
overcoat the foils for increasing their emissivity may have some effect on the
thermal properties since the thicknesses of the coating and the metal substrate are
comparable. Significant underestimation in the thermal diffusivity of the thin
metal foils coated with graphite has been reported [3]. These issues call for an
independent estimation of all the thermal, physical and optical properties
involved with the heat diffusion equation to be determined by suitable foil
calibration experiments. The estimation of the thermal diffusivity by a
thermographic method is emphasized here along with a brief description of other
techniques being practiced currently.
5.2 Review of IRVB calibration techniques
The spatial variation in thermophysical (ktf & κ) and optical ( ) properties
of the IRVB foil needs to be determined by suitable calibration experiments for
reliable estimation of the power density illuminating the foil. Several such
calibration experiments, some of them focusing on the in-situ calibration
capability are reported [4-8]. The very initial IRVB foil calibration experiments
[4] were carried out using a 500 W lamp with reflectors to collimate the light.
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The foil is mounted inside a vacuum chamber so as to minimize convection
losses. All the calibration parameters were meticulously obtained by combining
the experiments and curve fitting techniques. The drawback of this procedure is
the non-uniformity of the calibration source itself. The spatial variation of the
parameters can only be studied in a general sense and not individually for each
bolometer pixel because of the sheer size of the calibration source. This problem
was solved by using lasers, since they have a finite beam diameter and are
collimated sources. Their power distribution profile can be measured by suitable
power and profile meters at the location where the foil is supposed to be mounted
for calibration. This can take care of the transmission and reflection losses by the
folding/steering mirrors and vacuum windows of the calibration chamber and can
also be used for in-situ calibration inside the machine [5, 6]. The initial
experiments with the laser were carried out by steering the laser beam with
mirrors to illuminate different IRVB pixels while fixing the foil vertically inside
the calibration chamber [2, 5, 6]. Steering the beam results in illumination nonuniformities due to changes in the path length of the beam through the vacuum
window [7]. The calibration experiments were done for each quadrant due to the
limited field of view of the IR camera which needs several vacuum vents during
the experiment since there was no provision to re-position the foil without
breaking the vacuum. The problem will be much more pronounced for larger foil
sizes being used for the upper and the lower LHD IRVBs. Above all this
technique as totally manual, hence time consuming. Apart from these physical
constraints, this calibration technique relies heavily on solving, a large number of
finite element models (FEMs) for each irradiation point [5, 6, 8]. This is very time
consuming and often requires several days for analyzing the data. The time may
increase for large foil dimensions and for finer spacing between the irradiation
points, which is ultimately decided by the dimensions of the pinhole. FEMs also
demand good precision in the irradiation position in experiments, failing which
may result in false interpretation of calibration parameters. Currently, the FE
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solver (ANSYS) being a different package than the Interactive Data Language
(IDL) which is used for data analysis, a lot of human intervention is required for
cross feeding the processed data. The physical limitations were addressed by
designing an X-Y scanning platform with mechanical vacuum feed-through
driven by stepper motors [7]. The laser and the IR camera are now held static but
the foil holder mounted horizontally on this platform scans the entire foil at
desired intervals. The scanning and data acquisition is automated by using
LabVIEW. Some calibration methods assume the IRVB pixel area for diffusivity
estimation [1] and consider the literature value for thermal conductivity [5, 6, 8].
The first may not be justified since the diffusivity should be invariant, irrespective
of the IRVB pixel area. For the second case the thermal conductivity may not be
the same as the literature value due to the fact that the foil often has many pinholes
and cracks. To avoid any assumptions and the involvement of time consuming
FEMs for diffusivity estimation, a new method was suggested for measuring the
surface heat capacity Cs of the foil material using pulsed ultraviolet (UV) light
emitting diodes (LEDs) [7] and is discussed briefly in section 5.3.
5.3 Estimation of surface heat capacity Cs using UV LED
5.3.1. Concept and procedure
Eq. 3.2 can be alternatively written in terms of the surface heat capacity,
Cs, as follows

 rad

where

T
 bb  Cs
 kt f
t

bb SB (T 4  T04 )

and rad 

Prad
l2

  2T  2T 
 x 2  y 2 



(5.1)

is the blackbody radiation term

is the plasma radiation term.

91 | P a g e

Chapter 5

IRVB foil calibration

The surface heat capacity, Cs, is the product of volumetric heat capacity, Cv, and
the foil thickness, tf. For an unknown profile of the heat source it can be expressed
as Eq. 5.2.

Cs ( x , y ) 

Eabs
 J 
2
Aabs T ( x, y )  cm  K 

(5.2)

where Ēabs is the absorbed energy, Aabs is the area of averaging and ΔT is the
temperature rise.
Fig. 5.1 shows the schematic of the calibration chamber along with other
apparatus which can be used, both for calibration with a laser and UV LEDs. The
UV LED module NS375M-SFHM from Nitride Semiconductors is used as a
pulsed energy source mounted inside the calibration chamber as shown in Fig.
5.2(a). This module has four LEDs spaced at 5.3 mm which can simultaneously
illuminate four spatial points on the foil. This particular LED module was chosen
since it can be easily pulsed with a millisecond time interval and it also has a
built-in heat sink which prevented the module from overheating as the calibration
has to be performed in vacuum. An aperture plate having four 3 mm apertures is
set onto the LED module, shown in Fig. 5.2(b), to form four distinct peaks onto
the foil. Energy calibration using an Ophir Nova II energy meter and 3A-P-V1
thermal head is done for each LED with a 3 mm aperture. One hundred short
pulses of 2, 4, 6, 8 and 10 milliseconds each are generated by a National
Instruments NI 9263 analog voltage output module and the energy is measured.
This procedure is repeated for all four LEDs. A linear fit of time vs. LED energy
is obtained as shown in Fig. 5.3(a) and the slope is obtained for each LED.
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FIG. 5.1 Schematic showing the IRVB foil calibration setup using a laser. This setup
can also be used with UV LED

FIG. 5.2(a) NS375M-SFHM module having four UV LED mounted inside the
calibration vacuum chamber. FIG. 5.2(b) The plate having four 3 mm diameter
apertures is shown mounted onto the LED module to form four distinct LED spots on
the IRVB foil

After the LED energy calibration the foil is mounted onto the X-Y scanning
platform to make sure that the distance between the foil and LED module is no
more than couple of millimeters. Enough care needs to be exercised while
mounting the foil so that the LED module does not hit and rupture the foil. The
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vacuum vessel is pumped down to less than 0.2 Pascal to avoid any convective
losses. The temperature rise of the foil illuminated by LEDs is measured by a
FLIR SC4000 IR camera having 320×256 indium antimonide pixels, through a
zinc selenide vacuum window. The maximum frame rate of the camera is 420 Hz
and is connected to the control PC by a Gigabit Ethernet cable. Image Pro Plus
software is used for data acquisition by the IR camera and the frame sequence is
stored as a TIFF file. The acquisition of frames by the camera is synchronized
around the LED exposure time. Each measurement requires two frames, one
before the LED pulse and another just after the pulse. The difference between the
frames gives the net temperature rise for the given LED pulse width. The LED is
pulsed for 2, 4, 6 and 8 milliseconds to acquire 50 sets of IR images for each pulse
duration, resulting in 400 frames for every spatial location on the foil. The
average temperature rise for 50 measurements is linearly fitted against the pulse
length and the slope is obtained for each LED as shown in Fig. 5.3(b). The ratio
of the slopes obtained from the energy and temperature calibration, divided by
the area of averaging gives the value of Cs. Once the acquisition is complete, the
stepper motors rotate to position the foil at a different location, and the
measurements are repeated until the entire foil is calibrated. The data acquisition
for a foil of dimensions 130×100 mm2 with 10×10 mm2 spacing between adjacent
measurement locations, along with the LED energy calibration experiment takes
around five hours and the data processing using IDL for the entire foil takes
around 30 minutes. Hence this method is less time consuming, part of which is
attributed to partial automation by LabVIEW.
30 mm

5.3.2. Calibration results and drawbacks

Fig. 5.4 shows the Cs map obtained by the above mentioned calibration
procedure for a foil of dimensions 130 mm×100 mm. The Cs map shows 22×16
IRVB pixels instead of 26×20 (considering IRVB pixel size of 5×5 mm 2).
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FIG. 5.3(a) Graph showing the linear fit between the average LED energy and LED
pulse length, for all four LEDs

FIG. 5.3(b) Graph showing the linear fitting between the average temperature rise
due to LED pulse of various duration, for all four illumination locations
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This is due to the size of the LED module which cannot approach closer than 10
mm to the foil frame edge. This map also shows lower values of Cs in the center
than at the edge. This may be due in part to the sagging of the thin foil in the
center which decreases the distance between the LED module and the foil
resulting in a higher temperature rise for the same LED power. This becomes
clear from Fig. 5.5(a) and 5.5(b) which shows the temperature image at the edge
and at the center respectively. The LED illumination spot diameter is smaller and
the temperature shown by the color bar is higher at the center than the edge.
According to Eq. 5.2 this will result in an underestimation of the Cs value. This
effect becomes more pronounced for bigger foil sizes. Replacing the aperture
plate with a 2×2 lenslet array may not help to address this problem since focusing
the LED beam at a particular location will de-focus it at another location and vice
versa. Another alternative is to use an electron gun, which will require a new
setup altogether. Also the denominator in Eq. 5.2 for calculating Cs must be
chosen in such a way that the product of Aabs and <ΔT> is an invariant. This is
necessary to make sure that the estimation of Cs is independent of the area of
averaging, since both the terms Aabs and <ΔT> are inversely proportional to each
other. Above all the vacuum needs to be broken to install the LED module inside
the calibration chamber which is also used for the estimation of ktf and ε using
laser irradiation as discussed in Ref. 8. Hence it effectively needs two separate
methods to evaluate three calibration parameters.
These limitations and drawbacks of the LED calibration technique call for
an alternative calibration method, which is equally fast, independent of any
assumptions and can be accomplished without any major modifications to the
existing calibration set-up. Such a technique for estimating the thermal diffusivity
by the infrared thermography method is discussed in section 5.4.
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FIG. 5.4 Cs map for a 2.5 µm platinum foil having 130 mm×100 mm dimension

(a) Edge

FIG. 5.5(a) Thermal image acquired by the IR camera showing four distinct LED
spots towards the edge of the foil
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FIG. 5.5(b) Thermal image acquired by the IR camera showing four distinct LED spots
at the center of the foil. LED spot size is smaller and the temperature is higher than
the thermograph shown in FIG. 5.5(a) indicating reduced distance between foil and
LED

5.4 Thermographic technique for estimation of κ
5.4.1. Concept and its theoretical validation
Lasers can be used as collimated energy sources instead of LEDs; hence the
measurement is independent of the distance between the source and the target.
Several photo-thermal techniques are proposed for the accurate and remote
measurement of the thermal diffusivity of bulk materials, namely, the laser flash
method [9-11], lock-in thermography [3] and the thermographic method [12,13].
The laser flash method needs the thickness of the sample as an input for the
diffusivity estimation, which may not be possible for the thin foils being used for
an IRVB since there is a significant variation in foil thickness across the foil. The
lock-in technique needs either a laser chopper or an acousto-optic modulator
along with a lock-in amplifier which adds extra cost and complexity to the
method. Hence the thermographic technique is being considered for this paper,
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where no apriori knowledge of material thickness and additional hardware is
required. This technique is based on the instantaneous heating of one surface of
the sample with an intense Gaussian pulse (using a laser), and the tracking of the
spatial distribution of the temperature on the opposite surface, with time.
Although the method is very well established, a series of simulated pre-checks
were carried out to gain enough confidence in the technique and the analysis code.
A detailed mathematical treatment of this technique can be found in Ref. 13. The
temperature rise for an infinite plate-like isotropic sample of thickness L due to
an instantaneous Gaussian heating source of radius R is given by the solution to
the three dimensional heat conduction problem expressed in cylindrical
coordinates which is expressed by [Eq. 6, Ref. 13]

 [(2 n  1) L ]2
T (r , L, t ) 
 exp   4 t
  3t n  

2Q




2 r 2  
 exp   2

 R  8 t  


1


2
  ( R  8 t )
(5.3)

where Q is the heating energy, ε is the effusivity, r is the distance from the center
of the illumination spot, κ is the diffusivity and t is the time. The temperature
decay (normalized to maximum temperature) obtained from Eq. 5.3 is plotted in
Fig. 5.6(a) indicated by scattered data points as a function of r at various times.
Thermal properties of AISI stainless steel 304 (SS304) are considered for plotting
Eq. 5.3 where ε=8049 J/m2s1/2K, κ=4.0× 10-6 m2/s, Q=1, R=5 mm and L=2 mm.
Fig. 5.6(a) clearly shows the widening of the Gaussian curve with time. The
Gaussian beam radius can be obtained from the temperature decay curves by
fitting a Gaussian function to the data points, shown by solid lines. A linear fit of
the squared beam radius versus time is obtained as shown in Fig. 5.6(b). The
thermal diffusivity which is proportional to the slope of the linear fit can thus be
retrieved. It is observed that the thermal diffusivity can be retrieved successfully
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from the validation code, independent of the heating energy, Q, beam radius, R
and material thickness, L. Hence it is clear that the size of the beam is decided
only by the Gaussian term of Eq. 5.3 bound by the curly braces.

FIG. 5.6(a) Simulated thermal decay for AISI SS304 using Eq.5.3, shows widening of
the Gaussian profile with time

FIG. 5.6(b) Linear fit of squared Gaussian beam radius vs. time derived from FIG.
5.6(a). The slope of the fitted line is proportional the thermal diffusivity
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5.4.2. Analysis code and its experimental validation
The experimental validation of this technique was performed in atmosphere
with two samples of known thickness and having different thermal diffusivities.
The first sample is an AISI SS304 plate of 1 mm thickness, illuminated by a 100
mW diode pumped solid state laser working at 532 nm wavelength. The diameter
of the laser beam is 2 mm. The irradiation duration is precisely controlled by
using a Melles Griot optical shutter. Both the samples are coated with AerodagG aerosol based graphite spray for improving the absorption of the laser power
on one face and the emissivity on the IR camera side. The thickness of these
samples increased 20 µm after graphite coating. A FLIR SC4000 camera was
used to acquire the data having a noise equivalent temperature difference of 18
mK. The frame rate of 100 Hz was chosen for this experiment. The FLIR SC4000
camera is equipped with a 50 mm lens having 11°×8.8° field of view. A 12 mm
extender ring was used for mounting the lens to reduce the minimum focus
distance of the lens to achieve better spatial resolution. The spatial resolution of
the camera is 0.1 mm at the location of the plate. The data acquisition by the IR
camera and the optical shutter are synchronized by using a National Instruments
NI 9263 analog voltage output module. The laser beam irradiates the sample for
500 ms. The data acquisition by the IR camera is delayed by 500 ms after the
shutter is closed to partially address the finite duration effect [14, 15]. Data is
acquired for 5 seconds resulting in 500 frames. The experiment was repeated ten
times and for two different locations of the sample to obtain enough statistics
about the measurement errors. The data analysis code is developed in IDL. The
data is analyzed for 500 ms at suitable time intervals. The experiments are carried
out in transmission mode, i.e., the laser source irradiates one face whereas the IR
camera monitors the opposite face of the sample. The schematic is shown in Fig.
5.7(a). The last frame of the sequence is subtracted from each frame being
analyzed to minimize the background effects. Fig. 5.7(b) shows the normalized
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thermal image and a horizontal profile passing through the center of the laser spot.
A 2D Gaussian function is fit to these normalized thermal images using the
MPFIT2DPEAK subroutine [16] for spatial smoothening and obtaining the center
of the illumination spot. Horizontal and vertical profiles as shown in Fig. 5.8(a),
passing through this center are obtained for each time slice being analyzed. Fig.
5.8(a) also shows the widening of the Gaussian profile due to thermal decay.
Various profile properties like peak, centroid and width are obtained by Gaussian
fitting these profiles using the MPFITPEAK subroutine [16]. A least absolute
deviation fit of the squared beam width vs. time using the IDL function LADFIT
is obtained as shown in Fig. 5.8(b) which, as discussed in section 5.4.1, is
proportional to the thermal diffusivity. The diffusivity is one-half the slope of this
straight line. The divisor of the slope must be chosen to satisfy Eq. 2 and Eq. 3 of
Ref. 12. The value of the thermal diffusivity for the AISI SS304 sample obtained
by this technique is 3.97 (± 0.35) × 10-6 m 2/s. This agrees well with the standard
value for the diffusivity of 4.0 × 10-6 m2/s [13]. The second sample used for
validation of this technique was a 100 µm thick copper plate which was
illuminated by a 1 W Nd:YAG laser working at 1064 nm wavelength. The
diameter of the laser beam is 3 mm. The frame rate of the IR camera was increased
to 300 Hz, since copper has a high diffusivity. The experiments were done
without any automation and precise control of the laser exposure time. The value
of the thermal diffusivity for the copper sample obtained by this technique is
119.6 (± 11.3) × 10-6 m2/s. This also agrees within the measurement error with
the standard value for the diffusivity of copper of 116.0 × 10-6 m2/s [3]. These
results demonstrate the validity of the technique.
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FIG. 5.7(a) Thermal image of AISI SS304 sample illuminated with laser spot. The
figure also shows a horizontal profile passing through the center of the spot

FIG. 5.7(b) Thermal image of AISI SS304 sample illuminated with laser spot. The
figure also shows a horizontal profile passing through the center of the spot
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FIG. 5.8(a) Thermal decay for AISI SS304 observed with thermal imaging camera,
shows widening of the Gaussian profile with time

FIG. 5.8(b) Linear fits (thick lines) and 95% confidence intervals (pairs of thin lines) of
squared Gaussian beam radius vs. time derived from FIG. 5.8(a) The thermal
diffusivity is one-half of the slope of this straight line
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5.5 Diffusivity estimation for IRVB foil
5.5.1. Experiment and results
After validating this technique with samples of finite thickness as described
above, the application was extended to the thin foils being used for an IRVB. The
intension was not only to determine the effective thermal diffusivity of the foil
material but also to investigate the effects of the graphite overcoat used for
increasing the emissivity. In the case of the IRVB foils, the graphite coating
should play a role since the thicknesses of the coating and the metal foil substrate
are comparable, which is not the case of the thicker samples described above.
This fact can be realized from Fig. 5.9 showing the image of a scanning electron
microscope (SEM) examination carried out on a graphite coated 2.5 µm platinum
foil sandwiched between stainless steel plates. It is clear from the SEM
examination that the effective thickness of the graphite coating is more than the
substrate thickness. Fig. 5.9 also justifies the need for estimation of the
thermophysical properties by appropriate calibration methods for a metalgraphite composite where the thermal properties of the metal substrate may no
longer be considered as dominant.

FIG. 5.9 SEM image showing the cross-section of a graphite coated 2.5 µm platinum
foil used for IRVB
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The thermal diffusivity of gold and platinum foils for two different thicknesses
of 10 µm and 2.5 µm were estimated by this technique. The foils are sandwiched
between the copper foil holders and placed inside the calibration chamber
maintained at 0.2 Pascal to essentially eliminate the convection losses. The
illumination and measurement apparatus is the same as used for the AISI SS304
sample and described in section 5.4.2. The frame rate of the IR camera was
increased to 400 Hz [17, 18] for studying diffusion in thin foils. The experiments
with 10 µm gold and platinum foil and 2.5 µm gold foil were done with two
different laser exposure times (depending on the foil thickness), with and without
a Melles Griot neutral density filter (0.5 optical density). The experiments were
repeated ten times, at two different locations on each foil to obtain better statistics
about the measurement errors.

FIG. 5.10 κ map for a 2.5 µm platinum foil having 130 mm×100 mm dimension

Finally, this technique was applied to 2.5 µm thick platinum foil having
dimension of 130×100 mm2. The diffusivity estimation was performed for an area
of 10×10 mm2 resulting into a diffusivity map of 13×10 points for the entire foil
dimension. The size of the laser spot sets a limitation on the calibration step size.
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The laser spot is illuminated at the center of the measurement area by opening the
shutter. The data is acquired for 1 sec after the shutter is closed, resulting in 400
frames per sequence. The experiment is repeated five times for each location,
resulting in 650 (13×10×5) sequences of thermal images. The foil was
automatically scanned by using the X-Y scanning stage driven by two stepper
motors. The entire experiment sequence is automated by a LabVIEW application.
The thermal diffusivity map is shown in Fig. 5.10. The results from all these
experiments are summarized in Table 5.1.
5.5.2. Discussion on experimental results
From the results shown in Table 5.1, one notes that the effective
diffusivities obtained by the thermographic technique in the case of the thin Au
and Pt foils are significantly lower than the standard values given by the literature.
This is attributed to the effect of the graphite coating on the thermal properties of
the foil, since in the case of the thin foils the thickness of the graphite coating is
comparable to the thickness of the foil. Most likely this coating results in an
increase in the heat capacity [5], which would decrease the effective diffusivity
due to the inverse relationship between the heat capacity, c, and the diffusivity

  1 c . This effect can be seen to be stronger as the foil becomes thinner due
to the relative thickness of the graphite coating. It is also interesting to note that
the effect of graphite coating on a 10 µm gold substrate with higher thermal
diffusivity is less compared to a lower thermal diffusivity substrate like platinum
of same thickness. This may be attributed to the dominance of the thermal
diffusivity of highly diffusive materials over the diffusivity of the graphite
coating. Such a comparison for materials of 2.5 µm may not be justified, since
the material integrity of such thin foils may not be guaranteed. Also the reduction
in the thermal diffusivity of 10 µm platinum foil observed by the thermographic
technique is approximately of the same order as observed for a 10 µm nickel foil
in Ref. 3 [18].
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Table 5.1 Thermal diffusivities for various materials with different thickness. Reported
experimental values are mean and standard deviation over several data samples
taken at various spatial locations. The linear correlation coefficient for the straight
line fit for all the measured values is better than 0.95.
Material
(Thickness)

Effective thermal
diffusivity obtained by
Thermographic
technique

Literature
value of
thermal
diffusivity

Absolute
deviation from
the literature
value

( × 10-6 m2/s )

( × 10-6 m2/s )

(%)

AISI SS304

3.97 (± 0.35)*

4.0 [13]

0.75

(1 mm)

* 20 data samples

Copper

119.6 (± 11.3)**

116.0 [3]

3.1

(100 µm)

** 12 data samples

Gold

97.5 (± 4.0)***

(10 µm)

*** 60 data samples

Gold

45.9 (± 0.84)***

(2.5 µm)

*** 60 data samples

Platinum

14.6 (± 1.6)***

(10 µm)

*** 60 data samples

Platinum

9.33 (± 0.98)****

(2.5 µm)

**** 130 data samples

23.2
127.0 [@]
63.8

41.6
25.0 [@]
62.6

@ Calculated using standard values of metal thermophysical properties from Ref. 19

Such a comparison is justified since the thermal diffusivities of both nickel and
platinum are comparable. Thus it can be concluded that the effect of a graphite
coating decreases for thicker and/or highly diffusive materials. Hence it is
recommended to use thicker foils (~ 5 µm) for the IRVB locations where
significant power is available (since the IRVB sensitivity is inversely
proportional to the foil thickness [2]), for instance at the upper diagnostic port on
LHD. It is also recommended to use a thinner and more uniform graphite coating
(~ 200 nm) preferably deposited using plasma sputtering techniques. Use of a
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thicker foil with thinner coatings would significantly reduce the adverse effects
of coating [3] and foil material abnormalities like pinholes and cracks. The data
analysis was done, both using raw data (i.e., camera digital level) and temperature
data. A 5% difference in the estimation of the thermal diffusivity is observed
between these two approaches. This difference may be attributed to the spatial
non-linearity introduced during the conversion from the digital level to the
temperature.
5.5.3. Merits of thermographic technique
The data acquisition for the foil having the dimensions 130×100 mm2 at the
specified intervals, takes about 2.5 hours and the data analysis for all the 650
thermal sequences take around three hours. Hence the total calibration duration
is less than six hours, which is comparable to the LED technique and shows a
significant reduction in time as compared to the technique involving FEMs. This
technique is independent of any assumptions about area, material thickness,
thermal property and the illumination source parameters like power and radius.
This technique uses a laser, and hence has better source collimation as compared
to LEDs, making it independent of the distance from the foil. Since the calibration
method for estimating tf and ε [8] also uses the same setup; both the techniques
can be combined appropriately to further reduce the calibration time and avoid
any vacuum breaks. Since the analysis procedure is relatively simple, it may be
possible to embed the analysis algorithm into the already existing LabVIEW
program for automation, hence avoiding the need for a separate analysis package
(IDL). The thermographic method can also be used in a reflection mode, i.e.,
with the IR camera and the laser being on the same side of the foil, and hence can
be extended to the in-situ calibration of the foil while installed inside LHD,
provided that the Gaussian nature of the illumination spot remains unchanged
while scanning the beam.
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5.6 Summary
This chapter illustrates various reasons and the necessity to calibrate the
IRVB foil for confidently estimating the radiated power from the plasma. The
evolution of the IRVB foil calibration techniques is reviewed. The LED
calibration technique is discussed with apt detail and its limitations are
elaborated. A thermographic technique, as an alternative, is briefly introduced,
validated theoretically and experimentally with samples of known thickness for
building confidence. Subsequently this technique is applied to thin foils and the
role of the graphite coating in reducing the diffusivity, significantly below the
literature values, is highlighted. The reduced value of diffusivity may be seen a
cause of higher sensitivity of the platinum foil [2], since reduced diffusion
would be balanced by an increase in thermal emission. It is also interestingly
noted that the influence of the graphite coating increases with a reduction in the
substrate thickness and diffusivity, which also seems factual, intuitively. Use of
a thicker foil with thinner coating is also suggested. The chapter ends while
highlighting the potential of the thermographic technique in dealing with many
limitations and drawbacks presented by previous calibration techniques.
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6.1 Introduction
The upgrades on the IRVB to improve its signal to noise ratio (SNR),
sensitivity,

and

calibration,

which

ultimately

provides

quantitative

measurements of the radiation from the plasma has been discussed in chapter 4
and 5. The reliability of the quantified data needs to be established by various
checks. The IRVB foil being very thin, spatial uniformity of the thermophysical
properties cannot be guaranteed. There is a significant non-uniformity in the
application of the graphite spray, which will escalate the problem. A significant
spatial variation and reduction (by a factor of 2~2.5) in the thermal diffusivity,
κ, was found experimentally as discussed in Chapter 5. This may jeopardize the
use of Eq. 3.2 for estimating the power since this equation is valid for isotropic
materials. It is necessary to justify the use of the 2D heat diffusion equation for
power estimation even with a significant amount of spatial variation of thermal
diffusivity of the Pt foil. The NEPD of the IRVB given by Eq. 3.11 merely
considers the error in the temperature measurement. This equation is re-derived
by considering the errors in the measurement of the thermophysical and optical
properties of the foil for more realistic noise estimates, and the noise in the IRVB
is estimated theoretically and experimentally. The charge exchange neutral
particle contribution to the IRVB is theoretically estimated. It is also established
that the power measured by the IRVB originates from the impurity line radiation
and not from the heated divertor tiles in the FoV of the IRVB. The spatiotemporal
averaging and smoothing is done several times on the raw thermal data from the
IR camera to reduce the noise and improve the sensitivity of the diagnostic. The
first frame of the thermal sequence is also subtracted from the rest of the
sequence to eliminate the thermal background and certain artifacts such as
narcissus. The effect of spatiotemporal averaging and background subtraction
are studied. The data analysis program is validated for its accuracy in predicting
the radiation from the plasma by using a laser with known output power. This
chapter answers many fundamental questions relevant to the IRVB and
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illustrates the care to be exercised while processing the IRVB data. The
estimations and analysis discussed and presented in this chapter are necessary to
establish the reliability and confidence in the analyzed data.

6.2 Justification for the use of the heat diffusion equation with regard to
the spatial variation of the thermal diffusivity κ estimated by the
thermographic method

FIG. 6.1 κ map for a 2.5 µm platinum foil having 13×10 cm2 dimension.

The spatial variation of the thermal diffusivity estimated by the
thermographic method is shown by Fig. 6.1 [1]. It can be noted from Fig. 6.1 that
the thermal diffusivity obtained by thermographic calibration shows 2~2.5 times
the reduction in the thermal diffusivity of the foil as compared to the literature
value of 25x10-6 m2/s. This may be attributed to the increase in the heat capacity
of the material due to a graphite coating. The variation of thermal diffusivity
across the foil surface raises questions regarding the use of Eq. 3.2 for estimating
the power falling on the foil. Since only the diffusive term of Eq. 3.2 is affected
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by the variation in κ, it can be re-written as Eq. 6.1 to accommodate the spatial
variation in the thermal diffusivity across the foil.

T
   T 
t

(6.1)

  2T  2T 
T
  bb  
   T    2  2 
t
y 
 x

(6.2)

   rad   bb  
   rad

Eq. 6.2, for isotropic materials would reduce to Eq. 3.2 under the assumption
   0 . Eq. 6.2 can be treated equivalent to Eq. 3.2, provided that the first term

on the right hand side of Eq. 6.2 is much less than the second term. This is possible
if the terms on the right hand side satisfy the following condition


 2T


T

(6.3)

The condition expressed by Eq. 6.3 was evaluated using the variation in the
thermal diffusivity from the calibration experiments and the variation in the foil
temperatures observed experimentally. It is found that the ratio on the right hand
side is more than 300 times higher than the left hand side ratio. This satisfies the
condition in Eq. 6.3, hence the use of Eq. 3.2 is valid for estimating the power
falling on the foil.

6.3 IRVB Noise equivalent power density (NEPD) – revisited
The NEPD of the IRVB is the figure of merit of the diagnostic, as it serves as
a basis to compare IRVB performance (sensitivity) with other devices. It is the
ratio of the noise equivalent power (NEP) and the detector area as expressed by
Eq. 3.11. This equation is derived in terms of the error in the measurement of the
temperature by the infrared camera, i.e., in terms of the noise equivalent
temperature difference (NETD), σIR, of the IR camera [2]. Eq. 3.11 is derived by
propagating the error in the measurement of the temperature, through the heat
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diffusion equation Eq. 3.2 applying standard error analysis procedures [3]. The
heat diffusion equation also includes several thermal, physical and optical
properties of the foil material which are evaluated experimentally as discussed in
chapter 5 and Refs. [1, 4]. Hence the error in the power estimation for the IRVB
using the heat diffusion equation should also include the errors in the
measurement of the thermo-physical (ktf and κ) and optical (ε) properties. The
error in temperature measurement should also include the errors introduced
during the conversion of camera digital levels to the temperature by polynomial
interpolation and the errors that may be introduced during the linear interpolation
done to reduce the noise as mentioned in section 6.1. Eq. 3.11 was re-derived to
estimate the error in power estimation due to the errors sourced from the involved
parameters. Eq. 3.2 can be re-written in terms of the radiated power, Prad, and can
be discretized by using the Crank-Nicholson scheme as shown by Eq. 6.4.
Prad ( x, y, t ) 

kt f l 2 
t
t 
T ( x, y , t  )  T ( x, y , t  ) 
 t 
2
2 


 SB l 2  4
t
t
t
t 
T ( x, y, t  )  T 4 ( x, y, t  )  T0 4 ( x, y, t0  )  T0 4 ( x, y, t0  ) 
2 
2
2
2
2 
kt
 f  4T ( x, y )  T ( x, y  l )  T ( x, y  l )  T ( x  l , y)  T ( x  l , y) t  t
2
2
kt f

 4T ( x, y )  T ( x, y  l )  T ( x, y  l )  T ( x  l , y )  T ( x  l , y) t  t
2
2

where t0, is the first time instance. Substituting
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term by T , Eq. 6.4 can be re-written as follows:
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The noise equivalent power considering the errors in the measurement of
temperature and thermal properties is expressed by Eq. 6.6. The individual error
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terms are not treated as independent since the temperature appears in all the terms
of Eq. 6.4.
1
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since Prad (T ,  , kt f ,  )

where σT, σktf, σκ, and σε are the errors in the measurement of the temperature
(NETD of the IR camera), product of thermal conductivity and foil thickness,
thermal diffusivity, and emissivity, respectively.
The first term of Eq. 6.6 bound by a parenthesis can be evaluated as follows
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simillarly other derivatives can be evaluated as follows
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Substituting Eqs. 6.7-6.10 in Eq. 6.6 the noise equivalent power is given by Eq.
6.11. The blackbody term is neglected in the first term of Eq. 6.11, since its
contribution is found to be less than 1% [2].
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The noise equivalent power density (NEPD) can be obtained by dividing Eq. 6.11
by the area of the IRVB detector as shown by Eq. 6.12.
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The noise equivalent power density (NEPD) expressed in terms of IR camera and
IRVB parameters can be expressed as shown by Eq. 6.13.
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where fIR and fbol are the camera and the IRVB frame rates respectively. NIR and
Nbol are the number of IR camera and IRVB pixels, respectively. Af is the area of
the foil and σSB is the Stefan-Boltzmann constant. Eq. 6.13 also considers the
reduction in the noise sources due to spatial and temporal averaging. The noise
equivalent power density (NEPD) equation given by Eq. 6.13 can be simplified
as shown by Eq. 6.14.
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where ∆TTD is the temperature difference in the time derivative term, ∆TSD is the
Laplacian term and ∆TBB is the difference of the biquadratic temperatures in the
blackbody term. The experimental value of the NEPD was estimated by taking
the standard deviation of the processed data from the discharges without plasma
from the LHD. The experimental value from several test discharges is found to
be 260 ± 10 µW/cm2. The theoretical value of Eq. 6.14 was evaluated by
substituting the temperature difference terms with the error in the measurement
of temperature. The mean values of foil thickness, tf, thermal diffusivity, κ,
emissivity, ε, and the errors in their measurements obtained from the calibration
experiments [1, 4] were also substituted. The theoretical value turns out to be 275
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µW/cm2 which matches closely, within 5.5%, with the mean experimental value.
The discrepancy may be attributed to the selection of mean values for the material
properties and their errors used for theoretical estimation. The theoretical
estimates also give the contribution of each term to the cumulative error. The
percentage contribution due error in the measurement of temperature, σIR,
emissivity, σε, thermal diffusivity, σκ, and product of thermal conductivity and
foil thickness, σktf, are found to be 19.2%, 4.6%, 28.3%, and 47.9 %, respectively.
The above mentioned fractional contributions are estimated at room temperature.

FIG. 6.2 (a) Change in the camera NETD and IRVB NEPD with increasing foil
temperature. (b) Variation in the contribution of each error term with increasing foil
temperature. (c) Variation in the percentage contribution of each error term with
increasing foil temperature.
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It would be interesting to look at the change in the IRVB NEPD with elevated
foil temperatures, since high temperature operation of the imaging bolometers is
favorable for better sensitivity [5, 6]. Such a study to estimate the change in
NEPD given by Eq. 6.14 has been carried out for temperatures ranging from 0450 °C for a long wavelength IR (LWIR) camera. Fig. 6.2(a) show the decrease
in the camera NETD [Eq. 8, Ref. 7] with increasing background temperature of
the foil, which is attributed to the biquadratic nature of the Stefan-Boltzmann law
[Eq. 5, Ref. 7]. The change in the bandwidth factor, F, has also been accounted
for in obtaining the camera NETD. Fig. 6.2(a) also plots the change in IRVB
NEPD with the rise in foil temperature, considering the change in the camera
NETD. The minima of the NEPD curve is located around 100 °C. The individual
contributions from each term of Eq. 6.14 is plotted against the foil temperature in
Fig. 6.2(b). It is interesting to note that all the terms except the emissivity error
term become independent of the temperature after 150 °C, whereas the emissivity
error term increases exponentially with the rise in the temperature of the IRVB
foil. The change in the dominance of each term with temperature can be inferred
by plotting the percentage contribution of each term of Eq. 6.14 against the
temperature of the IRVB foil, as shown by Fig. 6.2(c). The increase in the ε error
term with temperature significantly affects the ktf error term which dominates at
lower temperatures. The IRVB NEPD, plotted in Fig. 6.2(a), is found to be less
than the room temperature value of the NEPD, for temperatures above room
temperature and below 220 °C, and increases steadily for temperatures above 220
°C. This fact should be considered for estimating the IRVB SNR, while choosing
an optimal operating temperature for the high temperature operation of the IRVB.

6.4 Charge exchange neutral’s contribution to the IRVB
The metal foil used in an IRVB as a radiation absorber also receives the
charge exchange (CX) neutrals escaping the plasma. The foil cannot distinguish
between the power from plasma radiation and the CX neutrals. There is no
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mechanism available to eliminate the neutrals reaching the IRVB foil since they
cannot be deflected electrostatically. Hence the contribution of these neutrals
needs to be estimated in order to understand their contribution. The CX neutral
flux received by the LHD vessel first-wall is estimated from the EIRENE [8] code
for various densities. The neutrals are estimated considering 8 MW power
crossing the last closed flux surface (LCFS), which is typically the case for LHD
experiments. The CX power estimation has been carried out for a line average
density of ñe=4.0×1019 m-3. Fig. 6.3(a) shows the energy distribution of the CX
neutrals reaching the LHD first-wall estimated by EIRENE and is denoted by Γcx.
CX neutral power per energy interval on the first-wall is given by Eq. 6.15 and is
plotted in Fig. 6.3(b).

FIG. 6.3 Power estimation due to CX neutral on 6.5U IRVB foil
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The total CX power on the LHD first wall is obtained by integrating Eq. 6.15 over
the entire energy range and is given by Eq. 6.16.
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The total power due to CX neutrals on the IRVB pixel is given by Eq. 6.17.

foil
cx

P

Pcxtotal GIRVB

As

(Watt)

(6.17)

where As is the total surface area of the vacuum vessel at the pinhole plate given
by As=4π 2Ra pinhole, R is the LHD major radius, and apinhole is the minor radius at
the aperture plate location. GIRVB is the etendue of the IRVB system given by
GIRVB 

Apinhole Apixel
L2ap foil

, where Apinhole is the aperture area, Apixel, is the area of the IRVB

pixel, and Lap-foil is the distance between the foil and the aperture. The red line in
Fig. 6.3(c) shows the total power due to CX neutrals ( Pcxfoil ), estimated to be
9.0×10-5 W assuming that all the CX neutrals are absorbed by the foil. The green
line in Fig. 6.3(c) shows the NEP of the upper port IRVB, which is 6.5×10-5 W,
which is obtained considering the experimental value of NEPD obtained in
section 6.3. It is worth noting that the CX power is marginally higher than the
NEP of the IRVB. In case the foil is illuminated uniformly by the neutral flux,
the CX power contribution would be nullified, spatially, by the Laplacian term of
the heat diffusion equation, but the CX power would contribute a gradual
temperature rise, temporally. The CX SNR is around 1.3 whereas the SNR from
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the plasma radiation is around 36 [Ref. 7, Fig. 8(b)], which is 28 times higher
than the CX contribution.
6.5 Estimation of power due to the blackbody radiation from the divertor
tiles in the IRVB FoV
Fig. 6.4 shows the FoV of the upper port IRVB by a computer aided design
(CAD) software. It can be noted from the CAD FoV that the lower helical divertor
X-point (HDX) indicated by the dashed indigo line follows the divertor tiles
shown by a thick green band. Hence it is important to establish that the radiation
being monitored by the IRVB originates from the HDX and not from the
blackbody radiation of the heated divertor tiles. The experimentally measured
temperature of the divertor tiles are < 500 °C [9]. The corresponding exitance
from the divertor tiles is given by the Stefan-Boltzmann law given by Eq. 6.18.

PDDiv.   SB ((T0  T )4  T04 )

(Watt/cm2)

(6.18)

where ε is the emissivity and σSB is the Stefan-Boltzmann constant. The power
falling on the IRVB foil, Pfoil, corresponding to the exitance from the divertor tile
is given by Eq. 6.19

FIG. 6.4 CAD FoV traced from the foil location through the aperture. The CAD shows
IRVB pixels (grid), magnetic axis (curved brown line), upper and lower helical diverter
X-points (pink and indigo lines, respectively), and helical divertors (thick green
bands).
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where GIRVB is the etendue of the IRVB system. The power on the foil estimated
by using Eq. 6.19, for the divertor temperature of 500 °C is 4.3×10-5 W which is
less than 6.5×10-5 W, which is the NEP of the upper port IRVB, estimated in
section 6.3. Hence it can be concluded that the temperature rise observed on the
foil is due to the plasma radiation and not due to blackbody radiation from the
divertor tiles. Another fact supporting this argument is that no gradual decay of
the temperature is observed on the IRVB foil near the location of the divertor tiles
after the plasma discharge terminates. This is indicative of the fact that no
radiation source is available after the plasma terminates and, hence, the radiation
measured by the IRVB originates from the plasma.

6.6 A study of various aspects affecting the analyzed data from IRVB
6.6.1 Effect of spatiotemporal averaging and smoothening
The IRVB SNR is increased by re-sampling the thermal data by interpolation
and/or averaging as discussed in section 6.1. The raw data from the IR camera
used for solving the 2D heat diffusion equation is smoothed (IDL subroutine
SMOOTH.pro [10]) and interpolated (IDL subroutine CONGRID.pro [11])
several times, both spatially and temporally, to reduce the thermal anomalies and
the noise. Hence it becomes necessary to investigate the effect of smoothing and
averaging on the final power density outcome from the analysis code. LHD
discharge #121371 from the 17th experimental campaign is selected to study the
effect of averaging and smoothening. Two hundred frames from this discharge,
which corresponds to 4 s of plasma discharge duration, are analyzed for this
study.
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FIG. 6.5 (a) Graph shows the effect of spatial averaging (without temporal
averaging) on the mean power density, (b) Graph shows the effect of temporal
averaging (without spatial averaging) on the mean power density. (c) Graph shows
the time evolution of power density from LHD discharge #121371 averaged over 24×18
IRVB pixels for different IRVB frame rate (temporal averaging).
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The temperature from the IR camera for this discharge is processed several
times, changing the spatial and temporal averaging and smoothing factors, in
order to obtain the average power densities from the IRVB by solving the 2D heat
diffusion equation. To estimate the effect of spatial averaging, an analysis is
carried out for the spatial averaging factor ranging from 500 (corresponds to
535×410 IR camera pixels, without any spatial averaging), to 25 (corresponds to
24×18 IRVB pixels, after averaging over ~ 500 IR camera pixels), without any
temporal averaging (using 200 frames). The result in Fig. 6.5(a) is an average
value for the entire sequence, showing a change of 0.3 mW/cm2 over the entire
range of the spatial averaging factor. Similarly, the effect of temporal averaging
is evaluated with the averaging factor ranging from 200 frames (no averaging) to
20 frames (averaging over 10 IR camera frames), without any spatial averaging
(using 535x410 IR camera pixels). The result in Fig. 6.5(b) is an average value
for the entire sequence, showing a change of 0.1 mW/cm2 over the entire range
of temporal averaging factor. Both of these values are comparable with the NEPD
of the IRVB obtained in section 6.3. The secondary x-axis indicates the
normalized values of the averaging factors. The temporal change in the power
density for the LHD discharge #121371, averaged over 24×18 IRVB pixels for
different IRVB frame rates (changing temporal averaging), is shown by Fig.
6.5(c). It can be easily noticed that all the curves follow a tight ensemble,
signifying minimal effects of spatiotemporal averaging and smoothing. Fig.
6.5(c) also illustrates the reduction in the noise at lower IRVB frame rates (higher
temporal averaging).
6.6.2 Effect of first frame (background) subtraction
It is often a common practice among thermographers to subtract the first frame
of the thermal sequence from the rest. This is usually done to eliminate the
thermal anomalies like background noise, stray radiation, and Narcissus, a serious
problem common to the cooled IR detectors.
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FIG. 6.6 Narcissus effect observed by a cooled infrared camera
while viewing the IRVB foil.

Fig. 6.6 shows the Narcissus effect, which originates when the thermal
detector working at cryogenic temperatures detects its own temperature reflected
by an IR vacuum window. Subtracting the first frame from the rest of the thermal
sequence would result in temperatures that are relative to the background
temperature. The relative temperatures obtained after the background subtraction
can be used for the Laplacian term and the time derivative term of Eq. 3.2, but
the blackbody term needs to be evaluated with the absolute temperatures
measured by the IR camera. This temperature correction is desirable since the
contribution of the blackbody term increases, which is proportional to the fourth
power of the absolute temperature and hence will contribute significantly as the
IRVB foil temperature increases. Fig. 6.7 shows the power density on the IRVB
foil during the plasma detachment experiment, imaged by the upper port IRVB
for the LHD discharge #121371. Fig. 6.7(a) shows the foil power density at t =
6.5 s, estimated by using the uncorrected temperature after the first frame
subtraction. Fig. 6.7(b) shows the foil power density at the same time instance
while using the corrected, absolute temperature for the blackbody term. One can
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clearly see the reduced power densities, by a factor of ~3, and missing
information in Fig. 6.7(a) as compared to Fig. 6.7(b). Fig. 6.7 justifies the
correction to the blackbody term and the analysis program is amended to consider
this requirement.

FIG. 6.7 Power density from LHD discharge # 121371 at t = 6.5 s, estimated (a) Using
the uncorrected, relative temperatures after first frame subtraction. (b) Using the
corrected, absolute temperatures after first frame subtraction.
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6.7 Validation of the power estimation by the IRVB

FIG. 6.8 Validation of the data analysis procedure. The blue line is the laser power
incident on the foil. The green and the red curves shows the power retrieved after
solving 2D heat diffusion equation for different values of thermal diffusivities. The
magenta curve show the underestimation of the power when the relative
temperatures are considered for the blackbody term. The temperature rise due to
the laser spot measured by the IR camera is shown by the inset picture.

The power from the plasma illuminating the IRVB foil through the aperture
is estimated by using the 2D heat diffusion equation in terms of radiated power,
Prad, as expressed by Eq. 6.4. Estimation of power falling on the IRVB foil
involves spatial and temporal averaging, smoothing, temperature calibration
along with the effects of the thermo-physical (ktf and κ), and optical (ε) properties
estimated by dedicated laboratory calibration experiments. Hence it is mandatory
to validate the method of power estimation by a known power source to gain
enough confidence in the procedure being adopted. To validate the procedure, an
11 mW HeNe laser is used to illuminate the foil, mounted inside a vacuum
chamber to eliminate the convective losses. The laser exposure is controlled by a
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shutter. The data acquisition and the shutter operation is precisely controlled by
a LabView [12] application. The duration of the experiment is subdivided in to
three distinct phases. The shutter is closed for the first three seconds, followed by
a laser exposure for six seconds and finally closing the shutter for the last three
seconds. The IR camera acquires the thermal sequence for the entire duration of
12 seconds. The raw data acquired by the IR camera is processed following the
procedure and the algorithm which is used for processing the IRVB data. The
maximum power corresponding to each frame is plotted against time in Fig. 6.8.
The laser power is shown by a blue line. The power is estimated for two different
values of thermal diffusivity, κ. The red curve is for the literature value of the
thermal diffusivity, κ = 0.25 cm2/s for Pt, and the green curve is for the thermal
diffusivity, κ = 0.125 cm 2/s, which is the average value estimated by the new
thermographic calibration technique [1]. An instantaneous spike during the laser
exposure at 3 seconds is because of a sudden positive change in the time
derivative term of the heat diffusion equation. The difference in the amplitude of
the spikes is due to the difference in the thermal diffusivities and is also indicative
of higher sensitivity of the Pt foil due to the reduction in the thermal diffusivity
reported in Ref. 1. A good agreement can be seen from Fig. 6.8 where the power
estimated by the data analysis program agrees within 10% with the input power.
This analysis was also done using the relative value of temperature for the
blackbody term. The result is indicated by a magenta curve in Fig. 6.8 showing a
significant underestimation, by a factor of ~3, in the power, supporting the
corrections made in section 6.6.2.
6.8 Summary
This chapter investigates the data analysis and error estimations of the IRVBs
installed on the LHD. The use of the 2D heat diffusion equation, Eq. 3.2, is
justified even with a significant amount of spatial variation of the thermal
diffusivity across the foil. The NEPD equation is re-derived to include the errors
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in the measurements of the emissivity, σε, thermal diffusivity, σκ, and the product
of thermal conductivity and foil thickness, σktf. The experimental estimates of the
NEPD match well, within 5.5%, with the theoretical values obtained using this
newly derived equation. The change in the NEPD with the operating temperature
of the IRVB foil has also been studied and the domination of the blackbody term
with the rise in temperature is illustrated. The contribution of the charge exchange
neutrals on the IRVB foil is estimated and found to be marginally higher than the
NEP of the IRVB. It is also established that the radiation detected by the IRVB
originates from the impurity radiation and not from the heated divertor tiles since
the NEP of the IRVB was found to be more than the power on the foil
corresponding to the divertor temperature rise of 500°C. The effects of spatial
and temporal averaging on the analyzed IRVB data was studied and the change
was found to be comparable with the NEPD of the IRVB. The data analysis
algorithm was modified to evaluate the blackbody term in Eq. 3.2 using the
absolute temperatures. The effect of this change is clearly demonstrated both
using LHD experimental data and during the validation of the analysis code using
a known source of power. The power estimation using the data analysis code
matches within 10% with the input power from the laser. This exercise enhances
the confidence in quantifying the results from the IRVB diagnostic.
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7.1 Introduction
Detachment is a very complex phenomenon in itself, involving a rich mix
of several physics phenomenon. The interplay between these phenomenons still
need to be fully understood. One prospect to understand the underlying complex
physics of the detached plasmas is to establish a comparison between the
modelling and the experimental observations. The model, when fine-tuned to
reproduce the experimental results, can shed the light on the plasma and the
impurity parameters. Enhanced radiation in the divertor region is the key for
lowering plasma temperature and eventually forcing the plasma to detachment.
The entire phenomenon is very sophisticated and rests on a delicate balance
between the plasma heating energy and the impurity radiation. The plasma
terminates with a disruption or a radiative collapse if this delicate balance is
breached. A study of the change in the radiation patterns during the plasma
detachment was experimentally carried out using the IRVB and a qualitative
comparison was attempted with the radiation predicted by the EMC3-EIRENE
model [1-3]. The quantitative comparison reveals that the model predicts higher
radiation as compared to the experiments [4, 5]. This chapter aims at fine-tuning
of the model by quantitatively comparing the experimental power densities
obtained from the modified and calibrated IRVB with the power density
predictions from the EMC3-EIRENE modeling. Such a comparison would allow
to modify the assumptions made in the modeling code and would help to establish
a set of parameters which can define and replicate the experimentally observed
radiation power densities pertaining to the detached plasmas on LHD. It is
certainly not the main goal of this analysis to obtain a concrete quantitative
agreement between the experiments and the modeling. Rather the focus is to try
and identify to what extent the present model can reproduce the experimental
results. This work should thus be regarded as a first step of the code validation
which will continue in the future to improve the transport model, step by step.
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7.2 EMC3-EIRENE modeling
The three dimensional transport code EMC3-EIRENE [6, 7] is used for the
analysis of the edge plasma transport, including impurities and neutrals. This is
currently a widely accepted method for modeling the plasma edge in magnetically
confined fusion plasmas, implemented in various devices like LHD, TEXTORDED, W7-AS/X, DIII-D, HSX, ASDEX-Upgrade, JET, ITER etc. The Edge
Monte Carlo 3D (EMC3) code solves the plasma transport in an arbitrary three
dimensional geometry of magnetic field and plasma facing components using a
Monte Carlo scheme based on the Braginskii-type fluid equations for mass,
momentum, and energy for electrons & ions in a steady state. The code treats the
three dimensional magnetic field geometry in the stochastic region, including the
closed/open field lines, the remnant island structure and the edge surface layers
(laminar zone). The transport parallel to the magnetic field is assumed to be
classical, while for the perpendicular direction an anomalous diffusive transport
is assumed. The impurity transport is incorporated by solving the equations of
mass and parallel momentum for each charge state also in three dimensional
space, where the effect of the electric field is included by solving the Ohm’s law.
The recycling neutrals from the divertor plates are traced by EIRENE. The neutral
source distribution is proportional to the particle deposition pattern obtained by
EMC3. The boundary conditions at the last closed flux surface (LCFS) are, the
upstream density (NUP) and a constant energy flux crossing the LCFS from the
core, which are deduced from the experimental data. The boundary condition at
the outermost surface of the plasma edge is a sink of particles, momentum and
energy with a decay length of several centimeters. The Bohm condition is
imposed for the particle, momentum and energy transport at the divertor plate.
The impurity transport is self-consistently coupled with the background plasma
through energy loss caused by impurity radiation. The convergence is confirmed
for all the computations after iterating the calculations between the plasma, the
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impurity and the neutrals. The free input parameters in the model are, the
perpendicular particle transport coefficient, D, the perpendicular energy transport
coefficient, χe,i, the total power flowing to the SOL, PSOL, and the density at the
LCFS. The initial values for the transport coefficients are selected as D = 1.0
m2s−1 and χe,i = 3 m2s−1 in order to reasonably reproduce the density (ne) and
temperature (Te) profiles in the experiments, while the power crossing the LCFS
from the core is assumed to be PSOL = 8 MW. The free parameters for the impurity
are, the impurity cross-field transport coefficients, D⊥, and the sputtering
coefficient. The upstream densities are scanned in the model till the radiation
penetrates in the core which signifies a radiative collapse.
Only atomic carbon is considered for the impurity transport modeling with
an ejection energy of 0.05 eV assuming dominant chemical sputtering, both from
the divertor and the walls. The initial assumption for the impurity cross-field
transport coefficient is D⊥ = 1.0 m2s−1 with a sputtering coefficient of 1%. This
assumption is valid since physical sputtering yields are an order of magnitude less
as compared to the chemical sputtering yields [8]. The reason for considering
only atomic carbon is well justified since no significant radiation from the high Z
impurities like Fe has been observed experimentally [9]. The fraction of radiation
from the edge region computed for the amount of Fe reported in Ref. 8 is about
3.6% of the total input power which is much less than the radiation from atomic
carbon. There is also enough experimental evidence about the negligible
concentration of hydrocarbon impurities, hence the molecular species of
impurity, such as CH4, is not treated in the code. Emissions from the plasma
measured experimentally in the visible and the vacuum ultra-violate (VUV)
wavelength range, indicates certain amount of emission from the molecular
impurity (i.e. CH-bond). But the intensity of the radiation from the molecular
impurity is quite small as compared to the emissions from various charged states
of carbon which is the main radiator in LHD. The intensity of the radiation from
138 | P a g e

Chapter 7

Dynamics of radiative structures on LHD

the molecular impurity is also small as compared to radiation intensity from the
neutrals, i.e. Hα, H β. Hence it is assumed that it does not contribute significantly
to the energy balance of the detachment in LHD. In this sense, it can be
considered that the present model for impurity is reasonable to analyze, at least,
the behavior of the radiation from the plasma edge in LHD. However, the effects
of carbon molecule affecting the impurity transport cannot be denied. The
changes may come through alteration in the ejection energy of carbon created by
the break-up process of carbon molecule, as well as from the sputtering
coefficient through plasma-surface interaction. These processes will then modify
the penetration length of carbon impurity in the plasma as well as the amount of
impurity, which will result in a change in the radiation intensity and a shift in the
detachment transition density. Fig. 7.1 shows the edge radiation estimated from
the EMC3-EIRENE for a magnetic configuration without an RMP, for a
vertically elongated poloidal cross-section at the sixth diagnostic port of LHD.
The figure reveals that the radiation is mostly localized near the helical divertor
X-points (HDX).

Helical Diverter X-points
FIG. 7.1 Poloidal radiation distribution estimated by EMC3-EIRENE without RMP
(attached) [4]
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FIG. 7.2 Poloidal radiation distribution estimated by EMC3-EIRENE with RMP
(during detachment) [4]

FIG. 7.3 Global structure of the radiation estimated by EMC3-EIRENE (a) without
RMP (attached plasma) (b) with RMP (during detachment) [9]

Fig. 7.2 shows the radiation estimation from the EMC3-EIRENE for a
magnetic configuration with the RMP. The figure shows the localization of the
radiation near the magnetic island X-point (MIX) after the detachment. The MIX
is towards the inboard side at the sixth diagnostic port of LHD. The application
of the RMP modifies the edge radiation to follow the MIX, which prevents the
radiation from penetrating in the core. The radiation being contained in the MIX
is seen as one of the reason for the sustained detachment. A change in the global
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structure of the radiation can be seen in Fig. 7.3 [3] which shows the edge
radiation expanded in the toroidal and the poloidal directions. Fig. 7.3(a) shows
the case without an RMP during the attached plasma where the peaked inboardside radiation repeats 10 times in the toroidal direction because of the 10 field
periods of the LHD magnetic field configuration. The poloidal extensions of the
fine structure of radiating flux tubes are due to the mode structure of the remnant
island in the stochastic layers. On the other hand Fig. 7.3(b) shows the case with
an RMP where the radiation follows the trajectory of the MIX, which rotates in
the poloidal direction due to the m/n = 1/1 mode. Enhanced radiation towards the
inboard side, along the island X-point flux tubes is also seen from Fig. 7.3(b).
Fig. 7.3 clearly show that the RMP breaks the toroidal symmetry of the radiation
belt, which normally peaks around the inboard side of the torus for the case
without RMP. The output from the EMC3-EIRENE code is three dimensional
(3D), since the code takes the magnetic field geometry into account to estimate
the radiated power. The 3D distribution of the radiation obtained from the code
needs to be converted into two dimensional (2D) images which can be compared
with the 2D radiation distribution obtained from the IRVB. Such a comparison
would help to fine-tune the initial assumptions considered in the model. The 2D
radiation distribution, as viewed by the IRVB foil, can be obtained from the 3D
radiation predicted by the EMC3-EIRENE code by using a synthetic instrument
which is discussed in section 7.3.
7.3 The Synthetic Instrument [1,2]
A synthetic instrument uses a code that can trace the sightlines for all the
detectors (channels) of the IRVB through the 3D radiation intensity distribution
obtained from the EMC3-EIRENE code. The synthetic instrument then integrates
the radiation for each sightline of the IRVB, considering the pinhole and the
machine geometry, which results in a 2D distribution of the power density from
the plasma edge on the IRVB foil. This 2D distribution of power densities
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obtained from the synthetic instrument is called a synthetic image. The synthetic
instrument utilizes two matrices to estimate the power falling on the IRVB
detector. The first one is called the emissivity matrix, S j, is the 3D distribution of
radiation obtained from the EMC3-EIRENE edge transport modeling.

FIG. 7.4 Flow chart showing the procedure for generating the emissivity matrix and
geometry matrix (also termed as response matrix), finally multiplied to give a
synthetic image which represents the power densities illuminating the IRVB foil
through the pinhole geometry.
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FIG.7.5 Schematic showing the comparison between the experiment and modelling

143 | P a g e

Chapter 7

Dynamics of radiative structures on LHD

Since the output from EMC3-EIRENE is irregularly spaced and with a fine
spatial resolution, the emissivity matrix, S j, is obtained by regularizing and resampling the EMC3-EIRENE data into a course grid with radial and azimuthal
spatial resolutions of 5 cm each and a toroidal resolution of 1º using an
interpolation technique. The second matrix is called the geometry matrix (also
known as the response matrix), Tij, is calculated by multiplying the detector solid
angle, Ωij, resulting from the IRVB pixel area and its distance from the sub-voxel
and the intersection volume, Vij, resulting from the intersection of the bolometer
chord volume and the plasma volume. The power falling on the IRVB detector
(foil) can be estimated from the product of these matrices and given by Eq. 7.1.

Pi  
j

 ij
4

Vij S j   Tij S j
j

(7.1)

The flow chart for the synthetic instrument is depicted by Fig. 7.4, showing the
generation of the emissivity matrix and the geometry matrix, finally being merged
to give a synthetic image. Such a synthetic image can be compared with the power
density distribution obtained experimentally by evaluating the 2D heat diffusion
equation in terms of the radiated power using the temperature of the IRVB foil
and the calibration parameters as shown by the schematic in Fig. 7.5. The time
evolution of a discharge without a RMP is discussed in section 7.4 and a
qualitative comparison with the synthetic images is attempted.
7.4 Time evolution of a discharge without a RMP
High density operation is evident for the fusion reactor since the reactivity
of the fuel species is a function of the density squared. But the density cannot be
raised arbitrarily high since it is restrained by empirical density limits, namely,
the Greenwald limit [10] for tokamaks, which is proportional to the square of
plasma current, and Sudo limit [11] for stellarators, which scales as the square
root of the product of the input power and the magnetic field. Densities higher
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than these empirical densities can be achieved for peaked density profiles,
indicating that the density limiting process is related to the physics of the edge
plasmas. When the density is raised above these limits, the tokamak discharge
ultimately terminates by current disruption and the effectively current-less LHD
plasma terminates by a radiative collapse, which is studied extensively in Ref.12.
High density operation is not only foreseen for high fuel reactivity, but also is
very essential for achieving the detachment of plasma from the divertor.

FIG. 7.6 Time traces of various LHD plasma parameters for LHD discharges # 121839
and # 121351. The reduction in the plasma stored energy for discharge # 121351 may
be attributed to the shrinking of the plasma volume due to the induction of an RMP.

The radiation from the LHD plasma is concentrated predominantly towards the
inboard side of the machine since the width of the ergodic layer is larger toward
the inboard side for any magnetic axis configuration [13] allowing for more
volume to radiate. The time evolution of various plasma parameters for two LHD
discharges from the 17th experimental campaign having identical NBI input
power, # 121839 a discharge without RMP which terminates due to a radiative
collapse and # 121351 RMP assisted sustained detachment, is shown in Fig. 7.6.
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FIG. 7.7 Time evolution of the power density profiles measured from the upper port IRVB for the LHD discharge # 121839
which collapses radiatively at 5.7 s. The magnetic axis (curved white line), upper and lower helical diverter X-points (thick
and thin pink lines respectively) are shown.
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FIG. 7.8 Evolution of the power density profiles evaluated for the upper port IRVB of
the LHD using a synthetic instrument and the radiation predictions from the EMC3EIRENE modelling. The magnetic axis (curved white line), upper and lower helical
diverter X-points (thick and thin pink lines respectively) are shown.
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Fig. 7.7 shows the time evolution of discharge # 121839, which terminates
due to radiative collapse at 5.7 seconds. It is evident from Fig. 7.7 that the
radiation from the plasma initiates along the upper helical divertor X-point
(HDX) whereas the radiation from the lower HDX increases as the density is
increased, as seen from Fig. 7.7(a) and 7.7(b). With further increase in the density,
the radiation concentrates near the cross-over point of the upper and lower HDX
toward the inboard side as can be seen from Fig. 7.7(c). The radiative collapse
initiates at 5.4 seconds with an abrupt rise in the power density by a factor of two
as is shown in Fig. 7.7(d). The linear relation between the density and the total
radiation from the resistive bolometer, changes to quadratic and ultimately to
cubic after 5.5 s which can be seen from Fig. 7.6(b). After the initiation of the
collapse, the radiation from the inboard side tends to expand, moving away from
the cross-over point of the upper and lower HDX and also towards the outboard
side following the lower HDX, clearly shown by Fig. 7.7(d) and 7.7(e). Such a
rapid increase and expansion of the radiative structure suggests uncontrolled
radiative cooling resulting into thermal instabilities, which eventually lead to the
termination of the discharge by collapse at 5.7 seconds as shown by Fig. 7.7(f).
Fig. 7.7(f) shows the radiation moving from the inboard side towards the center
of the vacuum vessel and later following the magnetic axis till the discharge ends
by the termination of the NBI power. It is also interesting to note the asymmetry
of the ion saturation current (ISAT) profiles from Fig. 7.6(e) and 7.6(f) measured
by divertor probes. One can see from these graphs that the ISAT measured on the
right divertor module starts decreasing whereas the left divertor ISAT profile shows
an increase with the density. This may indicate that the plasma partially detaches
from the right divertor modules while it stays attached with the left module. As
the density is increased the plasma ultimately collapses due the penetration of the
radiating zone into the plasma core, which is seen from the time evolution shown
by Fig. 7.7.
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Fig. 7.8 shows the synthetic images for a helical divertor case where the
computation of the radiation for the 3D magnetic geometry of the LHD does not
include the RMP island. The computation is done for several up-stream densities.
The computation terminates when the radiation penetrates to the LCFS, which
signifies a radiative collapse. Radiation dynamics, similar to the experimental
observations are qualitatively seen from Fig. 7.8 where the radiation initiates to
follows the HDX points before peaking towards the inboard side of the torus. The
radiation increases with density and eventually terminates due to a collapse. The
EMC3-EIRENE computation is done for the impurity cross-field diffusion
coefficient D⊥=1.0. Quantitatively, the model predict power densities that are, on
an average, ~ 2 to 2.5 times higher than their experimental counterpart. Section
7.5 deals with the time evolution of a RMP assisted detachment discharge.
7.5 Time evolution of a RMP assisted detachment discharge
The detached plasma regime is foreseen as a favorable divertor operational
regime in the confinement machines of the future owing to its ability to reduce
the heat flux on the plasma facing components. The detachment in a tokamak is
attained by raising the plasma density by fueling until the plasma is detached from
the divertor. The roll-over of the ISAT signal marks the detachment along with
several other indicators. It is often difficult to sustain the detachment in tokamaks
where the radiating mantle, initiated in front of the divertor plates, travels
upstream along the field lines and settles down as a MARFE around the divertor
X-points, as discussed in chapter 2. This often is a delicate situation which may
result into a current disruption due to the penetration of the impurities into the
core. Similarly, the LHD discharge terminates by a radiative collapse as discussed
in the section 7.4. LHD has demonstrated a sustained detachment at high densities
with the application of an RMP in the stochastic layer of the plasma. The island
is supposed to favor the detachment by constraining the extent of the radiating
zone away from the core plasma.
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FIG. 7.9. Time evolution of the power density profiles measured from the upper port IRVB for the LHD discharge # 121351
with RMP assisted detachment. The magnetic axis (curved white line), upper and lower helical diverter X-points (thick and
thin pink lines respectively) are shown.
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The LID coils are charged to 3400 A current prior to the discharge so as to
establish an RMP with an island X-point centered on the inboard side of the 6th
port and the O-point located poloidally opposite on the outboard side. The density
is gradually ramped up, with a constant NBI power, till the plasma detaches from
the divertors at 4.6 s, as shown by the time traces for LHD discharge # 121351 in
Fig. 7.6. The detachment can be inferred from a factor of two decrease in the ISAT
and an equivalent increase in the radiated power at the time of detachment. Fig.
7.9 shows the time evolution of the radiative structures measured by the IRVB.
Fig. 7.9(a) and 7.9(b) shows the initiation of the discharge which is very similar
to the one discussed in section 7.4. As the density is increased further, the
discharge goes into a detachment at 4.6 seconds as shown by Fig. 7.9(c).The
radiation pattern is modified and follows the RMP island X-point which is also
toward the inboard side for this particular toroidal location, instead of being
localized only toward the inboard side without an RMP as shown by Fig. 7.3 [3].
The radiation seems to be expanded away from the cross-over point of the HDX
as also can be seen by Fig. 7.9(d). Fig. 7.9(e) and 7.9(f) shows a very interesting
case where the radiation seems to flip over to the outboard side and radiates both
from the inboard as well as the outboard side. Such a flip of the radiation was also
predicted by the EMC3-EIRENE modelling which is reported in Ref. 3. Fig.
7.9(e) and 7.9(f) are the first experimental evidences of such a flip of the radiation
towards the O-point of the RMP island. It can also be noted from Fig. 7.6(a) that
the discharge with RMP assisted detachment can be sustained at 1.5 times higher
densities as compared to its counterpart which collapses radiatively while trying
to detach partially. The detachment seems to be stably sustained till the discharge
terminates by the shutdown of the NBI beam. This emphasizes the importance of
an RMP in sustaining the detachment.
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7.6 Qualitative comparison of radiation from modeling with experiment
Fig. 7.10 shows a qualitative comparison between the synthetic images and
the experiment data for a radiative divertor discharge # 121351 having the
magnetic axis at Rax = 3.9 m and with a RMP island having an O-point towards
outboard side of the 6th diagnostic port. The computation of the radiation by
EMC3-EIRENE includes the RMP island in the 3D magnetic field grid. The
computation is done for several up-stream densities. The computation terminates
when the radiation penetrates to the LCFS, which signifies a radiative collapse.
The EMC3-EIRENE computations shown in Fig. 7.10 are done for an impurity
cross-field diffusion coefficient D⊥ = 1.0 m 2/s and assuming 1% chemical
sputtering. Radiation dynamics in the synthetic images, similar to the
experimental observations are clearly seen from Fig. 7.10. In the experiment the
radiation initiates along the upper HDX point, soon followed by the lower HDX
point as shown by Fig. 7.10 (a-b). The radiation at the crossover point of both the
HDX points towards the inboard side of the torus soon intensifies, as seen from
Fig. 7.10 (c-d). The radiation increases with density and expands toroidally
towards the inboard side, driving the discharge into detachment as shown by Fig.
7.10 (e-f). During detachment the radiation seems to follow the magnetic island
X-point as shown by Fig. 7.3 which is towards the inboard side at the toroidal
location of the 6th diagnostic port. As the plasma density is increased further the
radiation starts to flip towards the outboard side which represents the magnetic
island O-point as shown by experimental image Fig. 7.10 (h). The synthetic
image, Fig. 7.10 (g), still shows no sign of such a flip. Towards the flat-top of the
density ramp the flip in the radiation is clearly seen, both in the modeling and
experiment as can be seen in Fig. 7.10 (i-j).
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FIG. 7.10 Qualitative comparison between the radiation from the EMC3-EIRENE
model (D⊥ = 1.0 m2/s) and experiments. The evolution of the power density profiles
shown are from the upper port IRVB.

Qualitatively, the trends look alike but quantitatively the model predict
power densities that are ~ 7 to 8 times higher at the locations where the radiation
peaks and ~ 2 to 3 times higher on an average at other locations than its
experimental counterpart. The radiation in the synthetic images for D⊥ = 1.0 m2/s
seems to be much less diffused as compared to the experiments. The EMC3EIRENE modeling terminates by a radiative collapse at upstream density of NUP
= 8.5×1019 m-3. The corresponding line averaged density from the experiments
ranges from ñe = 10 to 12 (×1019 m-3). But from Fig. 7.6 (a) it is clear that the
experiment does not collapse even at higher line averaged density of ñe =
16.5×1019 m -3. This fact emphasizes that EMC3-EIRENE predicts much higher
radiation at the peaks and the radiation is less diffused than the experiments at
similar densities, which results in a radiative collapse at lower upstream densities.
These issues can be addressed by increasing the diffusion coefficient which will
diffuse the radiation in the field of view of IRVB and reducing the impurity
sputtering to bring down the overall radiation estimated by the EMC3-EIRENE.
As a first step, the impurity diffusion coefficient was changed to D⊥ = 0.5 m 2/s
and D⊥ = 2.0 m 2/s to study the effect of the change in the diffusion coefficient.
The results for D⊥ = 2.0 m2/s case are discussed in section 7.7.
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7.7 Qualitative comparison between model and experiment for D⊥=2.0 m2/s
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FIG. 7.11 Qualitative comparison between the radiation from the EMC3-EIRENE
model (D⊥ = 2.0 m2/s) and experiments. The evolution of the power density profiles
shown are from the upper port IRVB.

Fig. 7.11 shows a qualitative comparison between the synthetic images and
the experiment data for a radiative divertor discharge # 121351. The EMC3EIRENE computation is done considering D⊥ = 2.0 m2/s and 1% chemical
sputtering for several up-stream densities. In the experiment the radiation initiates
around the HDX points as shown by Fig. 7.11 (a-b). The radiation towards the
inboard side of the torus soon intensifies with increasing density, as seen from
Fig. 7.11 (c-d). The radiation increases with density and toroidally follows the
magnetic island X-point towards the inboard side, driving the discharge into
detachment as shown by Fig. 7.11 (e-f). As the plasma density is increased further
the radiation starts to flip towards the outboard side which represents the
magnetic island O-point as shown by Fig. 7.11 (g-h). Towards the flat-top of the
density ramp the radiation from the outboard side intensifies in the modeling, but
experimentally both, the X-point and the O-point can be seen radiating equally in
Fig. 7.11 (i-j). Qualitatively, the trends agree slightly better than the D⊥ = 1.0 m 2/s
case but quantitatively the model still predict power densities that are ~ 3 to 4
times higher at the locations where the radiation peaks but at other locations
shows a better agreement on an average with the experiments. The radiation in
the synthetic images for D⊥ = 2.0 m2/s seems to be more diffused as compared to
the case with D⊥ = 1.0 m2/s. The overall peak radiation has also reduced
considerably. Noteworthily, one can clearly see from Fig. 7.11 (g-h) and Fig. 7.11
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(i-j) that the radiation follows the lower HDX point to flip to the O-point, which
is much more clearly depicted for D⊥ = 2.0 m2/s case. The EMC3-EIRENE
modeling for D⊥ = 2.0 m 2/s terminates by a radiative collapse at upstream density
of NUP = 9.0×1019 m -3. Whereas, the EMC3-EIRENE modeling for D⊥ = 0.5 m2/s
terminates by a radiative collapse at an upstream density of NUP = 7.5×1019 m-3.
The corresponding line averaged density from the experiments ranges from ñe =
8 to 13 (×1019 m-3). But from Fig. 7.6 (a) it is clear that the experiment does not
collapse even at higher line averaged density of ñe = 16.5×1019 m-3. The density
scan of the EMC3-EIRENE modeling for different impurity diffusion coefficients
of D⊥ = 0.5 m2/s , D⊥ = 1.0 m2/s and D⊥ = 2.0 m2/s also suggests that by decreasing
the radiation density i.e. increasing the diffusion coefficient will help the
simulations to survive at higher upstream densities.
7.8 Quantitative comparison between the model and the experiment
Section 7.7 shows that there is a fair amount of qualitative agreement
between the trends observed experimentally and predicted by the model. It can
also be noted that the agreement increases at higher diffusion coefficient. The real
intension of this thesis is to compare the experiments and the modeling,
quantitatively so that the model can be fine-tuned to match well with the
experimental results. To establish a quantitative comparison the normalized
integrated power, obtained by integrating all the IRVB pixels of the experimental
image and the synthetic image, is used. The integration over all the IRVB pixels
is normalized by the input power crossing the LCFS both for experiments and
modeling, to make the analysis independent of the input power. The normalized
integrated power is denoted by the following equation.

P

IRVB

Normalized integrated power 

n

PNBI

(7.2)
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FIG. 7.12 Normalized integrated power plotted against the upstream density for
experiment and synthetic images

The normalized integrated power given by Eq. 7.2 is plotted against the
upstream density (NUP) as shown by Fig. 7.12. The figure plots the normalized
integrated power obtained from the LHD discharge #121351 and the modeling
results from the density scan carried out for various impurity diffusion and
sputtering coefficients. The green triangles shows the experimental data with
error bars. The experimental results show that the power increases almost linearly
with the density before detachment, whereas after the detachment the power
becomes independent of the rise in the upstream density. This supplements the
results obtained by resistive bolometers shown in Fig. 2.10 [14]. Red diamonds
and blue squares shows the normalized integrated power for the synthetic images
for impurity diffusion coefficient D⊥ = 1 m2/s and D⊥ = 2 m2/s at sputtering
coefficient (SC) of 1%. At lower densities the graph shows that the experiment
predict more power as compared to the model, which agrees within a factor two
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with the experiment. At intermediate densities, before detachment the agreement
seems to improve and is within the experimental error bar till NUP = 6.0×1019 m3

. But after the detachment, at higher densities it is found that the model predicts

much higher radiation as compared to the experiments. It can even be noted that
modeling done for D⊥ = 2 m2/s and sputtering coefficient 1% predicts higher
power than the case for D⊥ = 1 m2/s and sputtering coefficient 1%. It is also
noteworthy that the model collapses around NUP = 8.5×1019 m -3 for both the
cases discussed above, in sharp contrast to the experiments which does not
collapse even at densities as high as NUP = 11.5×10 19 m-3. This may be attributed
to the higher radiation predicted by the model at comparable densities, with
respect to the actual radiation measured experimentally. To reduce the overall
radiation from the model, the impurity influx from the wall was reduced by
halving the sputtering coefficient after the discharge goes to detachment in the
model around NUP = 6.0×1019 m -3. The normalized integrated power for the
synthetic images generated for D⊥ = 2 m2/s and sputtering coefficient 0.5%
represented by the stars in Magenta. The reduction in the overall radiation from
the model is clearly seen from Fig. 7.12. The reduced radiation levels should also
allow the model to survive at higher densities and match well with the
experimental results. The reduction in the impurity influx (sputtering coefficient)
is also intuitive after the detachment since the overall particle fluxes are reduced
on the first-wall and divertor targets, which basically defines the term
detachment. The computations are still underway and the results seems to be out
of the scope of this thesis. Hence it can be concluded that the modeling carried
out at higher diffusion coefficients and lowering sputtering coefficient after the
detachment would allow an improvement in the quantitative agreement between
the model and the experiments. Fig. 7.12 also shows the normalized integrated
power for the synthetic images generated for D⊥ = 4 m 2/s and sputtering
coefficient 0.5%. This increase in the impurity diffusion coefficient is considered
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to match the line profiles obtained from the experiment and the model, as
explained in section 7.9.
7.9 Quantitative comparison between the model and the experiment using a
line profile measurement
The quantitative comparison using normalized integrated power discussed
in section 7.8, gives a general picture of the change in the radiation level before
and after the detachment. It would also be interesting to study the individual
influence of the diffusion and the sputtering coefficients on the power estimation
made by the EMC3-EIRENE code. To study the influence of each free parameter
individually, the line profile of the power density is plotted against the radial
pixels, both for the experiment and the synthetic image. Two radial line profiles
are shown in Fig. 7.13, one passing through both the HDX points (channel #16)
indicated by a white line and another passing through the peak of the radiation
band (channel #20) indicated by a green line. The power density profiles are
shown by Fig. 7.14.

FIG. 7.13 Power density from the synthetic image, showing two radial line profiles
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FIG. 7.14 Line profiles showing the power density from the synthetic images and
experiments (a) passing through both the HDX points (channel #16) (b) passing
through the peak of the radiation band (channel #20)
161 | P a g e

Chapter 7

Dynamics of radiative structures on LHD

Fig. 7.14 is plotted using the experimental data from the RMP assisted
detachment discharge #121351 from LHD after the detachment at 4.6 s. The line
profiles from the synthetic images, plotted in Fig. 7.14 are for NUP = 6.0×1019
m-3 which is the density at which the model predicts the detachment. Fig. 7.14
indicates that the amplitude of the peak towards the inboard side (representing
the upper HDX point) decreases, while the amplitude of the adjacent peak
towards the center of the profile (representing the lower HDX point) increases,
with the increase in the impurity diffusion coefficient. This fact suggests that the
intensity of the radiation is being distributed evenly in the field of view of the
IRVB with increase in the D⊥, which otherwise was concentrated around the
inboard side of the torus for lower D⊥. The line profile for D⊥ = 2.0 and SC=1%
could not reproduce the line profile from the experiment, especially towards the
inboard side. To address this issue the sputtering coefficient was halved keeping
the D⊥ = 2.0 which reduces the overall radiation by a factor of 2. The diffusion
coefficient D⊥ was increased to 4.0 to address the discrepancy between the
experiment and the modeling. It is interesting to note from Fig. 7.14 (a) that the
line profiles plotted for D⊥ = 2.0 and D⊥ = 4.0 for SC=0.5% overlaps towards the
inboard side, where as the amplitude of the line representing D⊥ = 4.0 and
SC=0.5% increases near the lower HDX point and approaches the experimentally
measured values of power densities. Modeling carried out with D⊥ = 4.0 and
SC=0.5% shows a good agreement with its experimental counterpart within a
factor of 1.5. The experimental image always shows large radiation from the
outboard side which can be clearly seen from Figs. 7.14(a) and (b), which cannot
be well reproduced by the model. Fig. 7.14(b) plots the line profiles passing
through the peak of the radiation and show similar trends as shown by Fig. 7.14(a)
for all the cases with SC=1%. Reducing the sputtering coefficient by half results
in a significant decrease in the peak amplitude toward the inboard side. The
experimental profile is flatter as compared to the profiles from the modeling. The
line profile for D⊥ = 4.0 and SC=0.5% matches well with the experiment in the
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center of the field of view but predicts higher power densities towards the
outboard side. The power density amplitude for higher diffusion coefficient and
reduced sputtering coefficient in Fig. 7.14(b) towards the inboard side is in sharp
contrast with its counterparts plotted in Fig. 7.14(a). The overlapping of the line
profiles towards the inboard side and a contrasting behavior toward the outboard
side suggests that the diffusion coefficient may have a directional dependence in
the experiment.
The data shown by Fig. 7.14 considers the impurity radiation from the
plasma edge. The radiation from the core is not considered. The change in the
line profiles in presence of the bremsstrahlung radiation also needs to be studied
to make sure if it can explain the discrepancies. Fig. 7.15 shows the radial profiles
of the bremsstrahlung radiation for LHD discharge #121351 at different line
averaged densities from the core. The radial profiles of temperature and density
obtained from Thomson scattering are used in the Eq. 7.3 [15] for calculating the
bremsstrahlung radiation. The temperature is in keV and Zeff = 2.0.

SBr  5.35 1037 ne2Te0.5 Zeff

W 
 3
m 

(7.3)

An average value of 300 kW is considered for the bremsstrahlung
radiation, which accounts for 10 kW/m3 considering the volume of the LHD. A
uniform distribution of this volumetric bremsstrahlung radiation is considered
throughout the core (i.e. ρ < 1) in the modeling and the synthetic images are recalculated. The line profiles shown by the dashed lines represent the data with
core radiation and are plotted in Fig.7.16. The addition of bremsstrahlung
radiation has negligible effect on the power density line profiles which cannot
explain the discrepancies discussed above. The effect of the bremsstrahlung
radiation is predominantly seen around the center channels of the synthetic
images and has least contribution towards the inboard and the outboard sides.
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FIG. 7.15 Radial profiles of bremsstrahlung radiation at various line average densities

FIG. 7.16 Power density profiles with and without core bremsstrahlung radiation
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7.10 Summary
The measurements from the IRVB are quantified for the first time after
updating the diagnostic and the data analysis code by including the absolute
calibration for all the thermophysical and optical properties. A fair amount of
qualitative agreement between the experiments and synthetic images obtained
from the EMC3-EIRENE model was reported earlier [1, 2]. But quantitatively the
measurements and the modeling results sharply disagreed, especially near the
radiation peaks [4]. To address this discrepancy the density scan was performed
in the model by changing the free parameters like impurity diffusion and
sputtering coefficients in the model. Initially the diffusion coefficient was
changed from D⊥ = 1 m2/s to D⊥ = 2 m2/s which diffused the radiation across the
IRVB FoV and lowered the peak radiation as can be seen from the power density
line profiles. The quantitative comparison established by using normalized
integrated power suggests that even though the power is distributed evenly across
the IRVB FoV, the integrated power is still higher than the power measured
experimentally, especially after the detachment. Reducing the sputtering
coefficient to SC = 0.5% from SC = 1% significantly reduces the integrated
radiation to match with the experiments within the error bars. Reduced sputtering
coefficient is intuitive after the detachment since the impurity influx from the
divertors and the first wall decreases due to the decrease in the particle flux from
the plasma on the wall and divertor plates after the detachment. The line profiles
indicates that the diffusion coefficient has an effect on flattening of the profile
whereas the sputtering coefficient has an effect in lowering the overall radiation.
The modeling results with D⊥ = 4 m2/s and SC = 0.5% shows that the line profiles
overlap with the results from D⊥ = 2 m2/s and SC = 0.5% towards the inboard side
but matches with the experimental results better than latter case. There is no
significant difference in the normalized integrated powers calculated for both
these cases. The normalized integrated power seems to be affected predominantly
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by the change in the sputtering coefficient and weekly vary with the impurity
diffusion coefficient. From these comparison it can be concluded that the
modeling in future should be carried out for higher impurity diffusion coefficients
D⊥ > 5 m2/s and lower sputtering coefficients SC = 0.7 ~ 0.5%, especially after
the discharge detaches. The reduction in the radiation due to the reduced
sputtering coefficient would allow the modeling at higher upstream densities and
would eventually reproduce the experimental results. 3D modeling of the LHD
plasma is time consuming and the density scan for D⊥ = 4 m2/s and SC = 0.5% is
underway, hence the results from the same seems out of the scope of this thesis.
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This thesis is aimed at studying the dynamics of 3D radiative structures
during the resonant magnetic perturbation (RMP) assisted detached plasmas on
LHD. LHD having a complex machine geometry, one dimensional radiation
measurements are not enough since toroidal symmetry cannot be assumed. In
addition the application of RMP further complicates the situation by modifying
the radiation to follow the RMP island X-point. Hence a new infrared imaging
video bolometer (IRVB) which is capable of measuring the plasma radiation in
two dimensions, is added to the upper diagnostic port of LHD. This location is
particularly suitable for this study since it provides a unique view of toroidal and
radial extent of the plasma. The sensitivity of the IRVB was improved by the
selection of an infrared camera with higher specification [1]. But improvement in
the sensitivity and signal to noise ratio (SNR) was simultaneously necessary to
widen the IRVB field of view (FoV) and improve its temporal resolution for
studying the time evolution of the radiation dynamics during the plasma
detachment on LHD. Addition of an IR periscope is justified and the radiometric
estimations are worked out to set the criteria for choosing appropriate optical
transmission and f/# for the periscope optics along with other design parameters.
The designed periscope is evaluated for its optical performance and the resulting
improvements are presented. The addition of this re-imaging optics to the IRVB
simultaneously improves the sensitivity and SNR of the upper port IRVB by a
factor of 1.4 and 4.5 respectively [2] even though the noise equivalent
temperature difference (NETD) of the IR camera becomes poorer by a factor to
two due to the slower f/#=1.35 and reduced transmission τ0=0.89 of the optics.
The improvement in the SNR, is shown to have good agreement with the
calculated values, which is demonstrated by comparing the experimental results,
with and without using periscope. The temporal resolution and the IRVB FoV,
both are increased by two fold without any significant effect on the power density
estimation.

170 | P a g e

Chapter 8

Summary and Conclusion

It is necessary to calibrate the IRVB foil for the estimation of the radiated
power from the plasma, confidently. A thermographic technique, which can
overcome the limitations of the LED calibration technique is adopted for the first
time for thin IRVB foils. This technique is first validated theoretically and
experimentally with samples of known thickness for gaining confidence.
Subsequently this technique is applied to thin foils and the role of the graphite
coating in reducing the diffusivity, 2-2.5 times below the literature values, is
highlighted [3]. The reduced value of diffusivity may be seen a cause of higher
sensitivity of the platinum foil, since reduced diffusion would be balanced by an
increase in thermal emission. It is also interestingly noted that the influence of
the graphite coating increases with a reduction in the substrate thickness and
diffusivity, which also seems factual, intuitively. Use of a thicker foil with thinner
coating is suggested for IRVB foils to be used in future. The potential of the
thermographic technique in dealing with many limitations and drawbacks
presented by previous calibration techniques is highlighted. The use of the 2D
heat diffusion equation is justified even with a significant amount of spatial
variation of the thermal diffusivity across the foil [4]. The IRVB foils are
absolutely calibrated to give quantitative measurement of the radiation from the
plasma.
Along with the diagnostic improvement and calibration, several other
measures that gives realistic measures of noise and confidence in the analyzed
data are adopted for making the diagnostic robust and capable enough to serve as
a guide for improving the assumptions in the model which can result in a better
agreement between the model and the experiments. The NEPD equation is rederived to include the errors in the measurements of the emissivity, σε, thermal
diffusivity, σκ, and product of thermal conductivity and foil thickness, σktf. The
experimental estimates of NEPD matches well, within 5.5%, with the theoretical
values obtained using this derivation. The contribution of the charge exchange
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neutrals on the IRVB foil is estimated and found to be marginally higher than the
NEP of the IRVB. It is also established that the radiation detected by the IRVB
originates from the plasma and not from the heated divertor tiles. The divertor tile
temperature corresponding to the NEP of the IRVB was found to be more than
550 °C. The effects of spatial and temporal averaging on the analyzed IRVB data
was studied and the change was found to be comparable with the NEPD. The data
analysis algorithm was modified to evaluate the blackbody term in the heat
diffusion equation using the absolute temperatures. The effect of this change can
be clearly seen during the validation of the analysis code using a known source
of power. The power estimation using the data analysis code matches within 10%
with the input power from the laser [4].
The measurements from the IRVB are quantified for the first time after
updating the diagnostic and the data analysis code by including the absolute
calibration for all the thermophysical and optical properties [5]. A fair amount of
qualitative agreement between the experiments and synthetic images obtained
from the EMC3-EIRENE model was reported earlier [6, 7]. But quantitatively the
measurements and the modeling results sharply disagreed, especially near the
radiation peaks [8, 9]. To address this discrepancy the density scan was performed
in the model by changing the free parameters like impurity diffusion and
sputtering coefficients in the model [10]. Initially the diffusion coefficient was
changed from D⊥ = 1 m2/s to D⊥ = 2 m2/s which diffused the radiation across the
IRVB FoV and lowered the peak radiation as can be seen from the power density
line profiles. The quantitative comparison established by using normalized
integrated power suggests that even though the power is distributed evenly across
the IRVB FoV, the integrated power is still higher than the power measured
experimentally, especially after the detachment. Reducing the sputtering
coefficient to SC = 0.5% from SC = 1% significantly reduces the integrated
radiation to match with the experiments within the error bars. Reduced sputtering
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coefficient is intuitive after the detachment since the impurity influx from the
divertors and the first wall decreases due to the decrease in the particle flux from
the plasma on the wall and divertor plates after the detachment. The line profiles
indicates that the diffusion coefficient has an effect on flattening of the profile
whereas the sputtering coefficient has an effect in lowering the overall radiation.
The modeling results with D⊥ = 4 m2/s and SC = 0.5% shows that the line profiles
overlap with the results from D⊥ = 2 m2/s and SC = 0.5% towards the inboard side
but matches with the experimental results better than latter case. There is no
significant difference in the normalized integrated powers calculated for both
these cases. The normalized integrated power seems to be affected predominantly
by the change in the sputtering coefficient and weekly vary with the impurity
diffusion coefficient. From these comparison it can be concluded that the
modeling in future should be carried out for higher impurity diffusion coefficients
D⊥ > 5 m2/s and lower sputtering coefficients SC = 0.7 ~ 0.5%, especially after
the discharge detaches. The reduction in the radiation due to the reduced
sputtering coefficient would allow the modeling at higher upstream densities and
would eventually reproduce the experimental results. 3D modeling of the LHD
plasma is time consuming and the density scan for D⊥ = 4 m2/s and SC = 0.5% is
currently underway, hence the results from the same seems out of the scope of
this thesis.
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