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1. Introduction

The thermonuclear fusion is one of the most seriously pursued alternative sources of energy
for the future of mankind. The fusion energy is safer and cleaner compared to fission
energy, produces no greenhouse gases and, the nuclear fuels are evenly distributed
throughout the globe. Nuclear fusion is responsible for heat and radiation generated by the
Sun. In the Sun, two atoms of hydrogen fuse together to produce helium. It has been
determined that the fusion of the two hydrogen isotopes, namely deuterium (D) and tritium
(T) that produces 17.6 MeV (mega electron-volt) of fusion energy, is feasible in a laboratory
setting (Wesson, 2004). The D-T fusion however takes place at fairly high temperature of 10-
30 keV or, (1-3) x 107 K, which is necessary for deuterium and tritium nuclei to come close
together to overcome electrostatic repulsion. At these thermonuclear temperatures, the
atoms get stripped of all the electrons and form a plasma (electrically charged gas). Such
plasmas can be confined in a desired region by using strong magnetic fields. The magnetic
fields force the particles to spiral along the field lines thus confining them. The most
promising magnetic confinement systems are toroidal in shape. Among the toroidal shaped
plasma devices, tokamak is the most advanced one. Presently, ITER (International
Thermonuclear Experimental Reactor) is the largest tokamak under construction at
Cadarache, France, and JET (Joint European Torus) in Culham, UK is the largest operating
tokamak. Other non-magnetic confinement systems are also being investigated. For
example, the laser induced inertial confinement systems.

One of the main requirements of the fusion plasmas is to heat the plasma particles to very
high temperatures. The typical power required to attain the thermonuclear temperatures in
ITER is approximately 50 megawatt (Shimada et al., 2007). The heating methods employed
to heat the plasma to these temperatures are ohmic heating, neutral beam heating, and
radiofrequency (RF) heating. In order to ohmically heat the plasma, a current of the order of
millions of amperes is induced in the plasma. The current heats the plasma through the
acceleration of charged particles and provides few megawatts of power. In the neutral beam
heating method, a beam of energetic neutral particles of the working gas heats the plasma
particles by momentum transfer. This provides power of the order of tens of megawatts.
Radio frequency heating involves injection of RF power, either matching with the ion
cyclotron frequency or the electron cyclotron frequency. This method also provides heating
power of the order of 10 megawatts. Apart from temperature, there are other conditions on
the density and the confinement time of fusion plasma, which comes from the breakeven
criterion for the feasibility of nuclear fusion for energy production. The required conditions
are ion density of 1-2 x1020 m- and confinement time of 4-6 seconds. The confinement time
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depends on several loss mechanisms through which the power is lost from the plasma. For
example, plasma energy is lost through fast neutrals resulting from the charge exchange
processes of plasma ions that cannot be confined by the magnetic field, through the cross-
field diffusion of charged particles, and through radiation from the impurities present in the
plasma. The radiation power loss is a significant fraction of the total power loss and reaches
100% in certain plasma regimes.The impurities that contribute to the radiation power loss
from the plasma are low z (hydrogen, carbon, and oxygen), medium z (iron, molybdenum
and silicon), and high z (tungsten). The low z impurities enter the plasma by low energy
detachment processes of molecules adsorbed on the machine walls. Whereas, sputtering,
arcing and evaporation processes from the wall or plasma facing components release
medium and high z impurities. If the concentrations are large enough, these impurities may
radiate enough power through spectral lines of incompletely stripped ions to degrade the
plasma energy confinement. Ignition of D-T plasmas can be prevented by the presence of
only 3% of low z-elements (oxygen), 1% of intermediate z element (iron), or 0.1% of high z
element (tungsten) (Jensen et al., 1997). So it is essential to measure and control the radiation
power loss in fusion plasmas. The radiated power measurement is also needed in power
balance calculations, in the study of ion and electron transport processes, and also to study
the interaction of plasma with walls and limiter. Some physical phenomena, for example,
plasma disruptions, radiative instabilities, and detached plasmas are studied using the
power loss measurements.

The radiation power loss from tokamak plasma is measured using bolometers. Bolometers
are detectors that can measure radiation over a broad spectrum, from the soft x-rays to the
infrared, with a nearly uniform responsivity at all wavelengths. The bolometers are used in
two types of configurations in tokamaks. In the first type, a single bolometer is placed
behind a pinhole and it views the whole poloidal section of the plasma from one toroidal
location. This gives the total power radiated from the plasma since the tokamak plasmas are
toroidally symmetric. In the second configuration, a linear array of bolometers is placed
behind a single pinhole, each bolometer looking at different region of the plasma. These
measurements are inverted to obtain the radiation emission distribution in the plasma.

The operational requirements of bolometers in tokamak plasmas are high sensitivity, small
area for optimal spatial resolution (few mm in edge plasmas), in-situ calibration, fast time
response (less than few ms), ultra-high vacuum compatibility, and high electromagnetic
fields and high temperature compatibility. The tokamaks are equipped with huge systems
like magnets both for confinement and for equilibrium, limiters, diverters, heating systems,
and gas puff systems. These systems are spread on and around the tokamak. This renders a
very limited space for diagnostics and a limited access to the ports. Difficulty to access the
bolometers after mounted inside requires bolometers to be reliable over a long period of
operation. The bolometers should also meet radiation hardness requirement to prevent
damage by neutron and gamma radiation in present and next generation fusion devices.

Different kinds of bolometers have been tested in tokamaks for radiation power loss
measurements. Bolometers used in currently operating fusion plasmas have evolved from
the ones used in other non-fusion plasmas. These bolometers need some changes to adapt in
future fusion devices. Following section briefly discusses all kinds of radiation
sensors/detectors that have been used in the plasma devices for radiated power
measurements. It describes in detail the detectors that are used in currently operating
devices. The section also evaluates feasibility of such detectors for use in next generation
fusion devices.
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2. Types of bolometers

In the earlier tokamaks, the radiation was measured using thermal detectors. A thermal
detector absorbs radiation that in turn changes its physical property. It is also sensitive to
the particle flux. So, in addition to the radiation, thermal detectors also measure the energy
loss from neutral and charged particles. Thermopiles and pyroelectric detectors are two
types of thermal detectors that have been used in tokamaks. Bolometer refers to the kind of
thermal detector in which the temperature change produced by the absorption of radiation
and particle flux causes a change in the electrical resistance of the detector material.
Thermistor, semiconductor, and metal foil are the types of bolometers that have been used
in tokamaks. AXUV (Absolute Extreme Ultra Violet) detectors and IR (Infra Red) detectors
are fairly new techniques for measuring the radiated power. AXUV detectors are
photodiodes that measure the current induced by the incident radiation. Whereas, IR
detectors measure the IR radiation emitted by the metal foil placed in the line of sight of the
incident radiation.

2.1 Thermopiles

Thermopiles have several thermocouples, connected in series. Its principle of operation is
same as of a thermocouple. The most commonly used materials for a thermopile are
antimony and bismuth, which give the best seebeck coefficient. The responsivity of a
thermopile is given by,

Ryes = —= (1)

K

where, n is the number of thermocouples, a is the seebeck coefficient, € is the detector
emissivity and « is the thermal conductance. The typical responsivity is 5-15 V/W and the
time response is few milliseconds (Sharp et al., 1974). They have been used in ORMAK
(Edmunds and England, 1978) and DITE tokamaks. Although the responsivity of
thermopiles is high, it has a slow response time and very sensitive to radiation damage.
Therefore, thermopiles are not suitable for use in fusion plasmas.

2.2 Pyroelectric detector

Pyroelectric detectors are made of ferroelectric single crystals that have permanent electrical
polarization. The temperature of the material affects the degree of this polarization, and a
change in the surface charge results from a change in temperature, which can be measured
through an external circuit. Lithium niobate or tantalate (LiNbOs; or LiTaOs), deuterated
triglycine sulfate (DTGS), strontium barium niobate, and polyvinylidene fluoride are some
of ferroelectric materials. The current induced is given by,

aT D)
I=p(T)A . (2)
where, p(T) is the pyroelectric coefficient, A is the sensing area, and dT/dt is the rate of
temperature change. Pyroelectric detectors can directly measure differential radiation
power. But there is a need for a preamplifier near the detector. Also it is sensitive to
radiation damage, which begins to take effect from a 1 MeV neutron fluence of ~ 5 x 1014 n-
cm? (Orlinskiz and Magyar, 1988). These detectors have been used in DIVA (Odajima et
al.1978), ISX-B (Bush and Lyon, 1977) and TFR (TFR groups, 1980) tokamaks.
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2.3 Thermistor

Thermistors are made of materials that have a high temperature coefficient of resistance.
They include germanium and oxides of manganese, cobalt, or nickel. The absorbing element
is made by sintering wafers of these materials together and mounted on an electrically
insulating but thermally conducting material such as sapphire. The incident radiation
increases the temperature of the thermistor, hence, decreasing the resistance. Thermistors
are highly sensitive and have been used in Alcator A (Scaturro and Pickrell, 1980), PBX
(Paul et al., 1987), and ATC (Hsuan et al., 1975) tokamaks. But they are damaged by even a
relatively small dose of neutrons and gamma rays (~107 rad) (Schivell, 1982).

2.4 Semiconductor foil bolometer

Semiconductor foil bolometers consist of a metallic absorber foil and a semiconductor
detector film connected together by a thermally conducting and electrically insulating
substrate. Under normal operation, an accurately controlled bias current is passed through
the resistor element. Thus for a radiation input causing a change in the bolometer resistance,
there is an output voltage,

AV =1IR(1 -exp(-aAE /C)) 3)

Here, Ry is semiconductor resistance at 0 °C, a is temperature coefficient of resistance (4-5 %
K1), AE is absorbed energy, and C is heat capacity of the multilayer foil. These bolometers
have been used in TM-2, TM-3 (Gorelik et al., 1972), JFT-2 (Maeno and Katagiri, 1980), and
TCA (Joye and Marmillod, 1986) tokamaks. Despite their high sensitivity, these bolometers
are prone to radiation damage.

2.5 Metal foil bolometer

A typical metal foil bolometer is composed of three layers: a metallic absorber layer, a
thermally conducting but electrically insulating substrate layer, and a metallic resistor layer
(see figure (1)). The absorber layer absorbs the incident radiation, which causes a rise in its
temperature. The heat is conducted through the substrate layer to the resistor layer, which
increases its temperature and hence the resistance. The change in resistance is measured
electrically and is related to the incident power.

Absorber

“Resistor

Substrate

Heat Sink

Fig. 1. Schematic of metal foil bolometer configuration, showing the measuring and the
reference bolometer.

The absorber layer is made of metal, which is either gold or platinum. These metals have
nearly constant absorption from 2000A up to soft x-rays and a high reflectivity for
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wavelengths below 2000A (Sabine, 1939). The substrate layer made of either mica or kapton
provides mechanical strength to the bolometer and electrically insulates the absorber layer
from the resistor layer. The resistor layer is of the same metal as the absorber layer and is
made in the form of a meander to have a high resistance (~ few kQ). The whole foil is in
contact with a lateral heat sink.

The thickness of the metal foil bolometer is a compromise between two opposing
requirements: (1) the absorber layer has to be thick enough to absorb the highest energy
radiation expected from the plasma, and (2) the total thickness of the bolometer has to be
small in order to increase sensitivity and decrease response time. The typical thickness of the
absorber layer is 3-4 um, of the substrate layer is around 7 pm, and that of the resistor layer
is around 0.01pm.

To compensate for temperature drifts and electromagnetic interferences, a second reference
bolometer, shielded from incident plasma radiation, is used. A reference meander and
another measurement resistor are coupled in a bridge circuit such that the output voltage is
proportional to the temperature change of the measuring bolometer.

2.5.1 Metal foil bolometer signal analysis

If a radiation power P is uniformly incident on bolometer foil, the temporal evolution of the
temperature is governed by the differential equation (Mast et al., 1991),

dT T
P:C[ETJ @

c

Here, C (= A cppd) is heat capacity of the foil and 1. is the cooling time constant, which is a
measure of heat loss rate to the heat sink. The radiation losses have been omitted since the
detector temperature is close to the ambient temperature for most of the cases. Also, a
uniform profile has been assumed on the foil.

The frequency response of the bolometer is given by,

_Plw) 7
e C 1+ 02t 2 ©)

Thus, at a fixed incident power P(®), the temperature is inversely proportional to the heat
capacity. So the bolometer thickness should be minimum for a higher signal level. Also,
when the frequency is low i.e. 1. << 1, the temperature amplitude is given by,

P(w)

T(0) =—="1c 6)

Thus, the temperature grows linearly with t. at low frequencies. At high frequencies of the
input power (ot.>> 1)

T(o) = % )
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In this case, the temperature is inversely proportional to the input frequency and the
thermal insulation of the bolometer foil has no effect on the signal to noise ratio.

In equation (4), a uniform incident power as well as uniform temperature distribution on the
foil was assumed, which is not true in the actual case. The heat conduction to the sink
results in losses and a non-uniform temperature distribution. This heat conduction is in X-Y-
Z direction but since the thickness of the bolometer is very small compared to the area, a
two-dimensional treatment of heat conduction is sufficient. The heat diffusion equation for
the bolometer can be written as (Mast et al., 1991),

P(x,y,t) = C[ 6T(>;:cy,t) - D(aaxzz + ;yzz JT(X,y,t)] (8)

Here D, is the thermal diffusivity. For a square foil of side 2a, T can be expanded in terms of
double Fourier series, with mode numbers (1, m).

T(x,y,t)= %%Tl,m (t)cos[(Zl + 1);—2} x cos[(2m + 1)727:_2;} )

Similarly, we can write P as,

P(x,y,t)= %%Pllm(t)cos{(ﬂ + 1);‘—:} X cos{(Zm + 1)2—2} (10)

Using above equations, we get the following solution for equation (8),

sz(t)=C{£sz(f)+TlL(t)} (11)
’ dt T
where,
To0
i = (12
" 2((2141) + (2m+1)7)

Time constant 1oy corresponds to the fundamental mode of the series expansion. The
fundamental Fourier mode (0,0) contributes maximum to the solution with rest of the modes
up to (2,2) making some contribution (up to 3%) to the sum. Considering only the fundamental
mode and assuming constant radiation power, the solution is same as equation (4).

Using equation (4), the temperature of the foil can be written as,

1~::l;§a(1..e-¢/fc) (13)

The temperature increase causes an increase in the resistance of the metal given by,
AR = RyaAT (14)

which is measured using a standard Wheatstone bridge (Schivell et al., 1982).
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2.5.2 Calibration procedures

A well developed method is required to calibrate the detectors in order to determine their
physical properties of use. The aim of the calibration procedures in the metal foil bolometers
is to determine the value of the heat capacity C and the cooling time constant t.. This is done
in two stages. First, a known constant power P is made incident on the detector, which
raises the temperature of the foil to a saturation value, Tsi. The power and the Ty
measurements give the value of ratio 1. /C, which is also called the thermal resistance (z) of
the bolometer,

z=—C - st (15)

In the second stage, the bolometer surface is uniformly irradiated by using a radiation pulse
and then the radiation power source is turned off. This results in the exponential decay of
the temperature, known as the cooling curve. From the cooling curve of the bolometer, tcis
determined using Eq. (13). Using the measured values of tc and z, the value of C is
determined.

The metal foil bolometer is presently the most widely used detector in tokamak plasmas. It
has been used in TFTR (Schivell et al., 1982), ASDEX (Muller and Mast, 1984), JET (Mast et
al., 1985) and TEXT (Snipes et al., 1984) tokamaks. Table 1 lists the metal foil bolometer
characteristics for JET and ASDEX tokamaks. Metal foil bolometer has been used in D-T
plasmas and has shown resistance to radiation up to 10 Grad. The metal foil bolometer is the
potential candidate for ITER tokamak, and it is being tested for the expected radiation and
neutron flux levels.

Bolometer foil characteristics JET (Mast et al., 1985) (Mauller aAnSclijl\]iI);s t, 1984)
Heat capacity C (m] K1) 2.2 2
Cooling time constant tc (5s) 0.2 0.173
Heat resistance z = tc /C (K/W) 90 90
Detection limit (W /cm-2) 70 100
Response time (ms) 1 1
Resistance R (kQ) 4.8 5
Resistance temperature coefficient o
(R /APTX L /R)KA 2.7x103 2.5x 103
Response dV/dP
0 jim ) (V/W) 0.5 1.2
Integration time T jnt (MS) 20 10
Foil size 11 x 11 (mm?2) 10 x 10 (mm?2)
Baking temperature (°C) 150 150
Neutron fluence cm -2 2.5 x 1014 2.5 x 1014
Radiation dose (rad) 1 x 1010 1 x 1010
Foil /substrate Gold/Kapton Gold/Kapton

Table 1. Metal foil bolometer parameters in JET and ASDEX.
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2.6 AXUV detectors

AXUV detectors are special kind of photodiodes that have a uniform response from the
ultraviolet up to the soft x-ray energies. Their basic operation is similar to a photodiode.
When a photon of energy hv > E; (band gap energy) is incident on a photodiode, electron-
hole pairs are produced and are swept apart by the internal electric field at the p-n junction.
This generates a current, which is called photocurrent. The upper wavelength detection
limit is determined by the attenuation coefficient of the material of the photodiode and the
thickness while the lower limit is governed by the reflection and the absorption in the oxide
layer at the top.

AXUV detectors are n- on p- type photodiodes with a thin silicon dioxide (SiO;) layer and a
fully depleted active region. This configuration has an advantage over the p- on n-
configuration. Radiation also generates electron-hole pairs in the oxide layer. These holes
accumulate close to the SiO,/Si interface, leading to a positive charge of the oxide. This
charge attracts electrons created in the bulk towards the p-doped layer adjoining the SiO,/Si
interface, where the recombination probability is higher. This results in lower responsivity.
To avoid this loss, the diode structure is inverted (n on p). The positive oxide charge created
in irradiation repels the electrons from the SiO,/Si interface, thus supporting the charge
carrier drift in the n-p junction when the oxide is attached to the n doped layer.

The cross section of AXUV photodiode is shown in figure (2) (Korde, 2007). The top-most
layer of the device is an active oxide region (S5iO;), which acts both as an antireflection
coating and a passivation layer to protect the diode. This layer is made very thin (3-7 nm) in
order to reduce losses at lower wavelengths. This is very crucial since below 700 eV, a great
part of the incident radiation is absorbed in the first several hundred nanometers of a
semiconductor detector (Krumery and Tegeler, 1990). If a photon is absorbed in the oxide
layer, possibly there is no contribution of the charge generated to the external current due to
the absence of an electric field. A thin oxide layer minimizes these losses. The oxide layer in
AXUYV detector is also nitrided for radiation hardness of 1 Grad.

ACTIVE REGION ]
e e B e . opecion [ ALovium

FIELD OX1DE

B . - recion CHROMIUM-GOLE

W r-cPi o1 obrvenll P o+ sussTraTe [l (ETECTTREE L

Fig. 2. The cross-section of AXUV photdiode.

2.6.1 AXUV photodiode characteristics

A photodiode performance is characterized by two parameters: the quantum efficiency (n)
and the responsivity (Rres). Quantum efficiency is the number of electron hole pairs
generated per incident photon. It is given by,
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E
n=—2t (16)

Eg
where, Ep, is the energy of the incident photon and Eg is the band gap energy. Since the
band gap energy (also called mean electron hole pair energy) is independent of the energy
of the absorbed radiation, the quantum efficiency of an ideal semiconductor should linearly
increase with the photon energy. A typical quantum efficiency plot of AXUV diode is shown
in Figure 3. As shown, n is linear for energies above 100 eV (Check this number, as SiO2
band gap is below 20). This value can be derived theoretically from equation (16) using
E; - 3.66 eV for silicon (although the band gap energy is 1.1 eV in silicon, since it is an
indirect semiconductor, an electron in the valence band goes to conduction band only if a
phonon participates in the process. Hence the energy needed for creation of one electron
hole pair is 3.66 eV). Below 100 eV, there is a significant loss in the quantum efficiency due
to absorption of radiation in the oxide layer and reflection from the surface.

The second and important characteristic of a photodiode is its responsivity. It is defined as
the current produced by the photodiode per unit incident power, and s given by:

I

Rres = F

(17)
Here, I is the photocurrent produced by incident power, P. The quantum efficiency and
responsivity are related to each other as,

ne

Ryes = h_v (18)
The responsivity curve of the AXUV photodiode is also shown in figure 3. The diode has a
high reponsivity (0.27 A/W) at high energies and an average responsivity of 0.24 A/W
above 100 eV. Below 100 eV, Ry varies significantly and drops down to 0.12 A/W at 10 eV.
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Fig. 3. Quantum efficiency (left) and the responsivity curve (right) of AXUV photodiode
(Korde, 2007).

Because the response of the AXUV photodiode varies significantly at low energies, for the
estimation of total radiated power from a tokamak, an effective responsivity value is
determined. For this purpose the power contribution of different wavelengths to the
measured is determined using different filters (Gray et al., 2004).
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The response time of an AXUV bolometer is of the order of a fraction of ps. The AXUV
photodiodes are ultra high vacuum compatible and can survive high baking temperatures
without any significant change of properties. They can be miniaturized and made into arrays.
They are also radiation hard and can survive up to 1 Grad. AXUV photodiodes have been
used in TEXT-U (Wen and Brevenec, 1995), TCV (Ferno et al., 1999), and DIII-D tokamaks.

2.7 IR video bolometer

An alternative method of measuring temperature of the metal foil is to measure the infrared
(IR) radiation emitted by it. The IR radiations emitted by a metal is a function of its
temperature and changes as the temperature change. The IR radiations are measured using
an IR camera. A prototype IR video bolometer has been successfully used in Jt-60U
(Peterson et al., 2008). It has all the advantages of the metal foil bolometer, but without any
electrical connection. The disadvantages of IR bolometers are slow response time and
significant involvement of optics.

3. Review of bolometer diagnostic measurements

Bolometry is one of the basic diagnostics in all fusion devices. The radiation power loss
measured using bolometers is crucial to the understanding of power balance of the plasma
and its confinement. It also is an indication of the purity of the plasma. The radiation
emission distribution and its time evolution obtained from arrays of bolometers provide
information about the nature of the impurities and their transport. They can also be used to
determine the nature of specific modes of operation, namely, radiative mode, detached
plasmas and Marfes (multifaceted asymmetric radiation from the edge). A review of the
studies carried out with bolometers is given in the following sub-sections.

3.1 Power balance of the plasma

The input power into a fusion device like tokamak can be accounted as the sum of the stored
power in the hot plasma, the power conducted to the limiter/divertor or the plasma facing
components and the power radiated isotropically by the hot plasma. The radiated power
loss in most of the devices has been found to be a significant fraction of the input power and
equals the input power in some cases. This fraction depends on the plasma parameters and
also on the material of the vessel in which the plasma is contained. The parametric
dependence of radiation power loss has been studied in various devices. Although no
universal scaling laws have been established, general trends have been seen in many
tokamaks. The radiation power loss is directly related to the plasma electron density and
inversely to the toroidal magnetic field. It also has a strong dependence on the vessel
conditioning and vessel material. Also, the radiation power loss data from different
machines indicate variation with the size of the plasma. The larger the plasma size, the
higher is the radiation power loss from: it.

3.2 Radiation emission distribution

The emission of radiation is non-uniform in the plasma. The plasmas with similar total
radiated power and similar conditions behave differently when the emission distributions
are different. This spatial variation in emission results from the difference in the electron
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temperature profile and in the type of the impurity present in the plasma. The emission
distribution is obtained by using two or three arrays of bolometers that cover the entire
plasma cross-section. The bolometers in the array measure line integrated radiation along
different lines of sight. These measurements are then inverted using a suitable inversion
algorithm to determine local emission value. In case a single array of bolometers is used, one
has to make an assumption of circularly symmetric distribution. The emission distribution
combined with the spectroscopic measurements give a complete picture of the impurity
distribution and the behavior of the plasma.

The plasmas that have a high concentration of low-z elements (carbon, oxygen) radiate
strongly at the plasma boundary. The strong emission cools the edge and hence the
temperature is low near the walls. This reduces the sputtering and arcing from the wall and
hence the metal concentration in the plasma. So the temperature is high in the center and the
plasma channel is narrow. Such discharges have good confinement. In contrast, only high-z
impurities can reach the plasma core and when the concentration of high-z impurities is
significantly high, it gives rise to core cooling. As a result the temperature profile is hollow,
double-tearing plasma instability arises and plasma confinement is poor.

The anomaly in the radiation profile has been seen as a precursor to the density limit
disruptions in some tokamaks. In both ohmic and auxiliary heated discharges, the plasma
density can only be increased up to a point when the radiated power equals the input
power. As the density is increased, the radiated power also increases and hence the
plasma channel shrinks. This can give rise to thermal/radiative instability and Marfe
(multifaceted asymmetric radiation from edge). They have been observed in several
tokamaks, for example, Textor (Rapp et al., 1999), ASDEX (Stabler et al., 1992), and JET
(Behringer et al., 1986).

3.3 Physics of Marfe and detached plasma

Marfe is a radiation instability that occurs when the density of a discharge is increased in
plasmas with low impurity content. The increase in the density increases the radiation
power (P =L, (Te) n.ne), which causes edge cooling and further increase of radiation power
loss. The empirical scaling shows that there is a limit to the maximum achievable density at
given plasma current, which is known as the Greenwald limit, ngw (m?3) =1 x 10 17 I, / ma2
(kA/m?2). When the density of the plasma is raised towards this limit, a Marfe appears.
Large amount of radiation is emitted from a small region on the high field (inboard) side of
the plasma edge during a Marfe. Marfe has a certain poloidal extent (~30") above the
midplane and is present at all toroidal locations. An array of bolometers that views the
plasma from the top shows asymmetry in the radiation. The exact location and extent of
marfe is obtained by inverting the bolometer data from bolometer arrays that view the
plasma from top and side. The radiation profile gives an unambiguous picture of the Marfe
location and the time profile gives its evolution. Marfes have been studied extensively in
Alcator C (Lipschultz et al., 1984), JT-60 (Nishitani et al., 1990) and TFTR (Bush et al., 1988).

Detached plasmas result from a drop in the edge electron temperature below the threshold
for ionization of all the plasma species. Hence, cold neutrals surround the plasma and the
radiating layer is shifted to a smaller minor radius. In detached plasmas, most of the input
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power is radiated from a shell at the boundary of the plasma and the power and particle
fluxes to the walls are greatly reduced. Detached plasmas can be used to validate the
accuracy of the bolometric diagnostics on a tokamak since the only loss channel is the
radiation power loss. Another bolometric signature of detached plasma is a very steep rise
in the radiated power at the plasma edge. The detached plasma regimes have been studied
extensively in TFTR (Bush et al., 1988), Textor (Tokar, 1995) tokamaks, and they can be
induced in order to reduce the power load on the plasma facing components.

3.4 Impurity injection for reducing heat load on the limiter and divertor

The high temperature in the thermonuclear fusion also raises the question of power exhaust
at the divertor. The conducted heat loads on the limiters/divertors of the present operating
devices are enormous and the ones that are expected in the next generation devices are
much higher (~20 MWm-2) that are impractical for any material. Thus, it is essential to
device a method to reduce the heat loads. In many tokamaks, this is done by injecting trace
impurities (n,/n. ~103) of gases with z > 10 in the periphery of the plasma without affecting
the core plasma parameters and stability. In TEXTOR (Samm et. al., 1993) and Tore Supra
(Grosman, 1995), it has been demonstrated that the injection of neon enabled establishment
of quasi-stationary layer that radiated 90% of the input power (Pospieszczyk et. al., 1995)
from the edge. In TFTR neutral beam heated discharges trace impurity of xenon, and
krypton were used to generate discharges with increased radiation power loss and
decreased conduction and convection power losses to the limiter (Hill et al., 1999).

4. Examples from Aditya tokamak

We now present examples of radiation power measurements on Aditya tokamak. It is a
medium sized tokamak of major radius 0.75m and minor radius 0.25m (Bhatt et al., 1989). It
is in operation for two decades, and during this period various experiments have been
conducted to study the edge fluctuations, turbulence and plasma instabilities. The typical
operational parameters of Aditya plasmas are as follows: toroidal magnetic field on axis
Br = 0.75 T, plasma current I, = 75-100 kA, central electron density n. = (1-3)x10% m3 and
central electron temperature Tep = 300- 400 eV. It is equipped with all the standard
diagnostics.

4.1 Bolometer system

There are two cameras for the measurement of the radiation power loss and radiation
emission distribution in Aditya. One is a single channel collimated bolometer (AXUV-5),
mounted on the top port that views the whole poloidal plasma cross- section (solid angle
0.16 sr). A second camera that has an array of 16 detectors (AXUV-16ELO) is mounted on
the radial port and views the whole poloidal cross section of the plasma through a pinhole.
The spatial resolution of this camera is 10 cm at the vessel mid-plane and the temporal
resolution is 0.2 ms. The detector array and the single detector are mounted in UHV
chambers and connected to the electronics in a compact housing mounted on the machine
port. The electronics includes current-to-voltage convertors, amplifiers, filters and drivers
for all photodiodes. The fully differential output from the electronics card is then
transmitted to the data acquisition system (Tahiliani et al., 2009).
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4.2 Bolometer data analysis

The AXUV detector signal (S) is related to the radiation emission in the plasma and can be
written as,

SzGRresEIg(r)dl (19)

Here, G (V/A) is amplifier gain, Rres (A/W) is AXUV responsivity, E (m?) is etendue of the
system , and g (Wm-3) is the emissivity, which is a function of the electron density, impurity
density, and the electron temperature. The integral is along the line of sight of the detector.
The line-integrated emissivity, is also called the brightness, B.

The radiation power loss Praq (W) can be obtained from the measured value of B. For the
single channel detector Pr.q is given by,

Prad = 2TERO 2a B (20)
It can also be determined from the array measurements by the following equation:

Prad = 2TCRO z BiAri (21)
i

Here Ry is major radius of the tokamak, a is minor radius, Ar; is chord width at the mid-
plane, and the summation is over all detectors of the array.

The line-integrated measurements B of the array detectors can be inverted using a suitable
inversion algorithm to obtain emissivity (g) distribution in the plasma. In Aditya, ART
(Algebraic Reconstruction Technique) is used (Tahiliani et al., 2009) along with an
assumption of circular symmetry.

4.3 Experimental results

An example of measured B-profile is shown in figure 4. It is observed that radiation power
loss from Aditya tokamak ranges from 20% - 40% of the input power during the current flat
top and is close to the input power at the end of the discharge. It has been shown separately
that the radiated power fraction (Praq /Pin) decreases linearly with increasing current
indicating that the low-z impurities are dominant since they radiate less at elevated
temperatures. The variation of radiation power loss has also been studied with the electron
density. It is seen that the radiated power remains constant with increasing density up to
[1.] ~ 1.6 x 101 m? and thereafter it increases with the density.

The radiation emission profiles are found to be hollow with little radiation from the central
part of the plasma column and a radiation peak at the edge. This is in line with the presence
of low-z impurities and a very low metal concentration. With the central electron
temperature of 300 - 400 eV in Aditya we expect the low-z impurities to be fully ionized.

We have further carried out radiation power measurements in discharges with additional
short pulses of the working gas (Gas Puff, GP) as well as MBI (Molecular Beam Injection). It
is observed that GP leads to an increase in the edge radiation while MBI reduces the
recycling in the edge. This may indicate that GP may be used to cause radiation cooling of
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the plasma edge and thereby reduce plasma instability drive that is responsible for edge
fluctuation (Jha et al., 2009). On the other hand, MBI can also be used for edge modification,
probably by causing velocity shear suppression of fluctuation because both seem to reduce
edge recycling.

Radiation power measurements in discharges with DLD (density limit disruptions) have
also been studied. It is observed that the edge detector signal increases during the
disruption phase and becomes comparable to that of the central detector indicating
contraction of the plasma channel. In the DLD induced by GPs we observe that the edge
line-integrated radiation is about an order of magnitude higher than the core line-integrated
radiation. However, because of the fact that during DLD the edge detectors saturate and
there may be significant radiation loss in the wavelength range 1200 - 1500 A, in which
detector sensitivity is poor, it is not possible to estimate the radiation fraction accurately.

ADITYA SHOT 14400 . 30 — :
<10 X 107 (b)
2 2 >_‘ = (\‘}
. 15} —Vy,
10 a0 — Y
" 1.5
£ 3 0
B -
— 1
= 1 5
0 o E
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- : 0 : : - -
p (m) 0.2 50 0 0 20 40 60 80

0 Time (ms)
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Fig. 4. (a) The brightness (B) profile of the array detectors for Aditya discharge number
14400, (b) plasma current (I,) and loop voltage (Vi) that gives input power P;,=I,V1, and (c)
the fraction of the radiated power (Praq) to the input power Pin.

5. Bolometers on ITER tokamak

ITER is an international collaboration to test the feasibility of fusion and it is under
construction in Cadarache, France. ITER aims to demonstrate that it is possible to produce
commercial energy from fusion. The scientific goal of the ITER project is to deliver ten times
the power that it consumes. From 50 MW of input power, the ITER machine is designed to
produce 500 MW of fusion power — the first of all fusion experiments to produce net energy.
During its operational lifetime, ITER will test key technologies necessary for the next step:
the demonstration fusion power plant that will prove that it is possible to capture fusion
energy for commercial use. The physics design of ITER is completed (Perkins et al., 1999)
and its construction is underway.

In ITER, the use of bolometer diagnostic is two folds. The first is to measure and control the
radiation power loss from the divertor region. For the sustenance of the preferred operation
at high density, it is critical to control and enhance the power that is radiated from the edge
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of the plasma, especially from the divertor legs and the X-point. The second is to measure
the spatially resolved radiation power for the study of the power balance of the discharge. A
spatial resolution of 20 cm in the main plasma and 5 cm in the divertor and X-point region is
required for these tasks. Also, the proposed method for the inversion of the bolometer data
is sparse data tomography, which would require 340 lines of sights of measurements
(Young et al., 1999). The bolometer arrays will be installed in the equatorial and vertical
ports and in the specially instrumented divertor diagnostic cassettes. From each of these
locations, several arrays of detectors will observe the plasma. From the equatorial port, the
inner divertor leg (high resolution) and the main plasma are viewed; from the vertical port,
the main plasma, the area of the X-point, and the largest part of the divertor legs (high
resolution) can be seen. This view can give the total radiation power loss.

Efforts are being made to develop and test a suitable bolometer detector that could
withstand the high neutron flux and the temperature expected in ITER. The typical values of
the expected neutron flux and radiation dose (mostly gamma ray) are listed in table 2. It is
seen that neutral flux is five times, neutron flux is ten times and neutron fluence is 10,000
higher compared to the existing machines.

Parameters First wall Blanket gap (VV)
Neut(r>o(1)1 1ﬂll\l/[xe {/I;I'ZSJ] 3x10'8 (0.2-1) x 107
(14 MeV) 8x1017 (0.8-4) x 1016
Fluence[ r(:(2)]1 MeV) 3x1025 (0.4-2) x 1024
Dose rate 2000 20-100

[Gy/s =100 rad/s]

Neutral particle flux

19 18
[ 2s] 5x10 1x10
Plasma radiation
1
(kW m?] 500 0
Time varying mag. field 1 ~1

[T]

Table 2. The estimated particle and radiation load in ITER.

The most eligible candidate for ITER is the metal foil bolometer. The metal foil bolometer
used on JET has a proven performance in an ITER like environment. The metal foil
bolometers presently being used on JET tokamak (see table 1) have been tested and the
neutron irradiation tests show that they can’t survive a full lifetime of ITER due to the
transmutation of gold to mercury, embrittlement of the mica or kapton foil, and the failure
of the contacts. The gold has been replaced by platinum as the thermal neutron capture
cross section of platinum is a factor of 10 smaller than that of gold. A new bolometer with
platinum absorber (3pm) on SiN foil has been produced and tested successfully (Meister et
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al., 2008). But for ITER, a bolometer foil thickness of 12pm is required to ensure absorption
of X-rays with energies up to 25 keV. So efforts are being done to develop a bolometer with
a thickness of 12 pm.

6. Conclusion

The bolometers are essential diagnostic for the measurement and control of the radiation
power loss from the fusion plasmas. This diagnostics is used extensively both for physics
studies and for operation and control of fusion plasma devices. Over the last thirty years,
this diagnostics have been developed from the early use of thermister and thermopiles to
the present use of absolute photodiodes and radiation hard metal foil bolometers. The
present day bolometers can withstand neutron fluence up to 2.5 x 104 cm2 and radiation
dose up to 10 Grad. However, the next generation fusion devices will have much higher
levels of radiation doses and neutron fluence, and therefore new bolometers that work in
such harsh conditions may have to be developed.
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