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This chapter reviews multichannel broadband mea-
surement of the soft-X-ray radiation and total radiation
in magnetically confined fusion plasma experiments.
Common detector types used (including bolometers), de-
tails of their application, and interpretation of their
measurements are described. An introduction is given
to the application of computed tomography methods in
the mathematical reconstruction of emission profiles from
multiple (approximately) line-integral measurements, tak-
ing into account the specific circumstances common in
magnetically confined fusion plasma experiments. Al-
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though the emphasis is on two-dimensional tomography
of poloidal cross sections, the applications of Abel in-
version, three-dimensional tomography, vector tomog-
raphy, and other specific methods are briefly discussed.
Several examples of the application and the plasma pa-
rameters that can be derived are given.
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I. INTRODUCTION

A plasma emits electromagnetic radiation from low
energies up to an energy roughly equivalent to the tem-
perature of the plasma—typically a few to several tens
of keV—due to a variety of processes in the plasma of
electrons and ions, and not-fully ionized atoms. In the
visible to (soft) X-ray range, magnetically confined fu-
sion (MFE) plasmas are generally optically thin. This
means that the plasma is a volume emitter and a mea-
surement along a certain view is an integral of the emis-
sivity over the volume viewed. The characterization of
plasmas from spectroscopically resolved measurements
from single detectors is discussed in detail in Chapter 5,
“Passive Spectroscopic Diagnostics for Magnetically
Confined Fusion Plasmas,” by B. C. Stratton et al., in
this special issue of Fusion Science and Technology.
Without having to resort to assumptions and modeling,
the spatial distribution of the emission from the plasma
can only be determined from measurements of multiple
views of the plasma using mathematical techniques used
in computed (or computerized) tomography similar to
that used in medical computed tomography scans. This
chapter deals with broadband multichannel measure-
ments from the soft-X-ray (SXR) to infrared range and
tomographic reconstruction of emission profiles, which
FUSION SCIENCE AND TECHNOLOGY
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are useful tools for the analysis of various phenomena
in MFE plasmas. The principles of these diagnostics,
their implementation, and examples of results will be
described.

Multichannel measurements, for example, in the X-ray
and visible wavelength ranges, are an established diag-
nostic technique for MFE plasmas and other laboratory
plasmas. If the plasma cross section that is probed by
approximately line-integral measurements (i.e., narrow
viewing cones for each channel) and the emissivity are
circularly symmetric, a so-called Abel inversion can be
used to mathematically reconstruct the local emissivity.
Many plasma parameters are to first order constant on
arbitrarily shaped magnetic flux surfaces in normal plasma
conditions, and this symmetry can be incorporated in a
straightforward way in mathematical inversion methods.
These are often still referred to as “Abel inversions,”
although that is only strictly correct for circular symme-
try. When such assumptions about symmetry are not pos-
sible, multichannel measurements from more than one
angle are needed to be able to reconstruct the local emis-
sivity by tomographic techniques.

In the visible range, Abel inversions have been ap-
plied to obtain line-radiation profiles' and to determine
Z. (Refs. 2 and 3). Multidirection views made possible
the tomographic reconstruction of the emission profiles
with fewer assumptions.*~” Although there are many ex-
amples of visible-light tomography on MFE plasmas and
interesting results have been obtained—the former ref-
erences are pioneering examples—their use has not be-
come as widespread as SXR and bolometer tomography,
which are now in use on most major MFE experiments.
More-difficult technical implementation and the limited
amount of useful derived plasma parameters are proba-
bly the reason for the limited use of visible-light tomog-
raphy. Visible-light tomography is outside the scope of
this chapter and is discussed to some extent in Chapter 5.
Spectrally resolved line-integral measurements in any
wavelength range from the visible to X-rays requires
special consideration in tomographic reconstruction if
Doppler shift and Doppler broadening of spectral lines
due to plasma rotation and temperature are appreciable,
which will be briefly discussed in Sec. IV.1.4.

The first application of two-dimensional (2-D) to-
mography to SXR detection on MFE was with single
cameras, i.e., a fan view from one direction, and made
use of plasma rotation.®!" Full tomography with at least
two cameras with a limited number of detectors was re-
alized soon afterward.'>"'* Because of promising results
in various areas, such as the analysis of sawteeth, mag-
netohydrodynamic (MHD) modes, and impurity trans-
port, SXR diagnostic systems were extended to five or
more independent views on many machines, for example
on TdeV (Refs. 15 and 16), Alcator C-MOD (Ref. 17),
RTP (Ref. 18), JET (Refs. 19 and 20), ASDEX Upgrade
(Ref. 21), TCV (Refs. 22 and 23), and Wendelstein 7-AS
(Ref. 24). At the present time, most major machines have
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a multichannel, multiview SXR diagnostic, and such a
diagnostic is also planned for new machines such as Wen-
delstein 7-X (Ref. 25), K-STAR (Ref. 26), and SST-1
(Ref. 27). A detailed account of the application of SXR
arrays and X-ray crystal spectroscopic imaging systems
for the diagnosis of MFE plasmas is given in Chapter 5
and will not be repeated here. The focus here is on de-
tector types for broadband measurements, i.e., not spec-
troscopically resolved, and other relevant examples.
Wide-angle-viewing single bolometers were often
applied on early MFE experiments to estimate the total
radiated power,?® which is an important quantity to un-
derstand the power balance in the plasma. The depen-
dence of total radiated power on density and impurity
injection has been studied in this way, as well as local ef-
fects due to, for example, a poloidal limiter. As will be
described in Sec. III.C.2, a measurement from a single
wide-angle bolometer is only adequate to estimate the total
radiated power when the radial and poloidal emissivity dis-
tributions are known reasonably well. The high-Z impu-
rities for machines with metal first walls and later divertors
(TFR, PLT, ASDEX, DITE, etc.) could lead to localized
peaks in the emission profiles, necessitating collimated
bolometer measurements along several lines of sight.
Originally, a single collimated bolometer was moved on a
shot-to-shot basis, and Abel inversion could be used to
deduce the radial emission profiles. Later, systems with
multiple collimated channels were installed on many
machines.?®=3% The characterization of the complicated fea-
tures in the emission profile is particularly important for
the understanding of divertor physics. More-extensive
viewing systems are therefore needed?’ that make possi-
ble tomographic reconstructions of those features, such
as implemented on, for example, ASDEX-Upgrade
(Ref. 38), JET (Ref. 39), ALCATOR C-MOD (Ref. 40),
DIII-D (Ref. 41), JT-60U (Ref. 42), and TCV (Ref. 43).
The tomographic reconstructions and Abel inver-
sions are mathematical problems classified as so-called
ill-posed problems. Well-developed mathematical tech-
niques exist to deal with the ill-posedness. Over many
years a large number of algorithms for computed tomog-
raphy in MFE diagnostics have been developed, applied,
and published. To the nonspecialist, it can be difficult to
see clearly the basic assumptions in the various algo-
rithms and how they are related. Furthermore, some of
the published applications use the known mathematical
techniques, some deal properly with the ill-posedness by
physical intuition, and some solve the problem incor-
rectly and should therefore not be duplicated. Rather than
giving a review of all algorithms applied, a practical
introduction to the application of tomography in the field
of MFE diagnostics is given that should enable the reader
to understand where various algorithms fit in and to make
a suitable choice for a particular application. Although
the mathematics of actual implementations and many
variations in algorithms are complex, the main concepts
are simple, and robust tomographic inversion algorithms
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can be very compact. Various important aspects to con-
sider are highlighted, and references are given on numer-
ical implementation.

Tomography techniques similar to those used for
multichannel SXR and bolometer systems are also used
for, for example, arrays of neutron or gamma detectors;
see Chapter 9, “Fusion Product Diagnostics,” by M. Sasao
et al., in this special issue of Fusion Science and Tech-
nology. Related mathematical techniques are applied to
interferometry, reflectometry, and for example the de-
convolution of instrument functions.

The structure of this paper is as follows. Section 11
discusses some issues of plasma emissivity specific to
the SXR and bolometer diagnostics and parameters that
can be derived from measurement of the emissivity (a
more comprehensive overview is given in Chapter 5).
Various types of X-ray detectors and bolometer sensors
and their use in tomography systems in MFE devices are
described in Sec. I1I, while a comprehensive overview of
the application of tomography methods is given in Sec. I'V.
Examples of applications of the diagnostics are given
throughout this chapter to illustrate certain issues. These
examples are summarized and placed into context in
Sec. V. Although specific issues related to application of
the diagnostics in burning plasma experiments (BPXs)
are discussed in all sections where appropriate, Sec. VI
summarizes the prospects for future development and
applicability to BPXs and gives general conclusions. Ge-
neric considerations for BPX applications are covered in
Chapter 12, “Generic Diagnostic Issues for a Burning
Plasma Experiment,” by G. Vayakis et al., in this special
issue of Fusion Science and Technology, which provides
the background against which the specific issues can be
understood. The review in this chapter is not exhaustive
but instead focuses on pioneering applications, the range
of most-common approaches, and mainly recent exam-
ples of applications.

Il. PLASMA EMISSIVITY FROM SXR TO INFRARED

II.LA. Mechanisms of Plasma Emissivity

Electromagnetic radiation emitted by a plasma ranges
from millimeter-waves to gamma radiation. The main
contributors to the power loss by radiation are line ra-
diation, in particular, in the vacuum ultraviolet range by
impurities such as carbon and occasionally higher-Z met-
als, and bremsstrahlung. The maximum energies of these
two types of radiation are related to the electron tem-
perature of the plasma, which in MFE is typically of the
order of several to tens of keV. Synchrotron radiation,
or cyclotron radiation from electrons, has a negligible
impact on the power loss in present machines. The ra-
diated power of synchrotron radiation under reactor con-
ditions, such as in ITER, is appreciable. However,
because the plasma is optically thick to the radiation at
FUSION SCIENCE AND TECHNOLOGY
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the fundamental frequency, this power is redistributed in
the plasma. An appreciable fraction may be lost from the
plasma edge and may have to be taken into account in
the power balance by measurement or by modeling of the
emission, reabsorption, and wall reflections of synchro-
tron radiation. The loss through harmonics at frequencies
at which the plasma is less optically thick is estimated to
be negligible, even under reactor conditions.**

To determine the total radiated power, in particular
on present-day MFE devices, it is therefore sufficient to
have bolometers with near 100% efficiency in the infra-
red range to a few or tens of keV, depending on the
electron temperatures achieved in a given experiment.
SXR detectors sample only a small part of the spectrum
in the keV range.

Processes contributing to radiation can be classified
by the state of the electron involved before and after the
interaction. Line radiation is caused by a bound-bound
transition in atoms and not-fully-ionized ions, in which
electrons have been excited by collisional excitation,
mainly by electron collisions. Radiation can also be emit-
ted when an electron is accelerated in the field of a charged
particle. This process is a free-free transition when the
electron is free after the encounter (the resulting radia-
tion is called bremsstrahlung) and is free-bound when the
electron is captured (recombination radiation).

The modeling of line radiation and the recombination
processes that are also of importance in a consistent analy-
sis such as radiative recombination, dielectronic recom-
bination, and charge-exchange (CX) recombination are
described in some detail in Chapter 5. The dominant line
radiation is by low-Z impurities such as carbon and
oxygen. Hydrogen isotopes radiate appreciably from the
visible wavelength range to shorter wavelength ranges.
In clean plasmas, the contribution to the total radiated
power from heavy impurities is small, although even
in such cases the line-radiation contribution in the keV
range can be very significant with respect to bremsstrah-
lung. In case of negligible particle transport, the radiated
power density of a particular impurity is approximately
proportional to the electron and impurity density and is
a function of electron temperature.** Note however that
plasma particle transport is not normally negligible. The
typical timescales of the atomic processes involved in
radiation are comparable with the transport timescales in
relation to profile scale lengths, leading to a blurring of
the emission profile dependence on local plasma param-
eters. Opacity may be a problem at high densities and low
temperatures. Although opacity has been observed for hy-
drogen radiation in divertor plasma on present MFE ex-
periments,*>*¢ the implications for the interpretation of
bolometer measurements are marginal. In a BPX, with a
denser divertor plasma, it may be needed to take into ac-
count opacity effects in the interpretation of spatial bo-
lometer measurements.

The free-free and free-bound transitions give rise to a
continuum (in energy) of radiation, due to the free elec-
FUSION SCIENCE AND TECHNOLOGY
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tron having a continuum of energy states. Together, radi-
ation resulting from both transition types can be described
consistently (see Chapter 5). When recombination can be
neglected, the bremsstrahlung emissivity per unit volume
per unit solid angle per unit frequency can be written as*’

2

N, 2oy 8y e

g, =50X107% = (Wm3sr'Hz 1),

(1)
where

electron density (m~3)
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T, = electron temperature (eV)
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= photon energy (eV)
Z.; = effective charge of the plasma

= Maxwellian-averaged free-free Gaunt factor,
which accounts for quantum-mechanical cor-
rections to a classical treatment.
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|

The total radiation, i.e., bremsstrahlung and recombina-
tion, can be expressed as Eq. (1) multiplied by an “X-ray
enhancement factor.” In the visible range the recombi-
nation is negligible. The Gaunt factor is typically ~1 in
the SXR range, while it is 2 to 5 in the visible range.?348
The plasma emissivity is usually expressed in W/m? sr.
Because the plasmaradiation can generally be assumed to
be isotropic, the emissivity is regularly multiplied by 477 sr.
The integral over a viewing cone yields a measured power
or intensity. This is often approximated by a line integral
(see Sec. IV.D), and the resulting quantity is referred to as
brightness, or irradiance, in W/m? or W/m? sr.

I11.B. Plasma Parameters Obtained from SXR and
Bolometer Measurements

Table I lists plasma parameters that are routinely
diagnosed with multichannel bolometer and SXR sys-
tems. These are described briefly below, and some of the
examples shown in this chapter demonstrate the use. The
bolometer and SXR diagnostics have occasionally been
used to derive further plasma parameters, some of which
are mentioned in Sec. V.

From Eq. (1) it is clear the bremsstrahlung depends
on n?, T,, and Zy. Spatial plasma perturbations that
locally change 7,, or in particular n,, such as sawteeth,
MHD modes, snakes, cold and heat pulses, pellet tracks,
and other phenomena, therefore cause a significant change
in SXR emission. Examples of studies of these phenom-
ena that depended on SXR tomography will be discussed
in Sec. V.A. The SXR emissivity can be detected along
lines of sight, and spatial information about the pertur-
bations can be obtained by tomography if a sufficient
number of lines of sight are available.

Because of the exponential dependence of brems-
strahlung emission on 7,, Eq. (1) makes it possible to
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TABLE 1
Parameter/Technique Matrix for Bolometers and Broadband SXR Plasma Diagnostics*
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*Only parameters routinely derived are given. Examples of the plasma parameters derived are given throughout the chapter and are summarized in Sec. V.

Note: @

Supplementary

Backup technique, provides similar data to the primary but has some limitations. @

technique, can provide data that can be used to improve or check aspects of the primary measurement but is not complete in itself.

Primary technique is well suited to the measurement. ¢ =

estimate 7, the from spectrally resolved measurements.
As described in detail in Chapter 5, a two-filter approach,
1.e., two SXR detectors with different filters, has often
been used to derive 7, in this way, also with spatial res-
olution. Recently, a 2-D T, profile has been derived by
tomography from two-filter measurements on MST
(Ref. 49).

Heavy impurities will radiate significantly in the SXR
range, through line radiation, recombination radiation,
and the Z,4 dependence in the bremsstrahlung. SXR to-
mography is therefore suitable for localizing the radia-
tion of heavy impurities and in case of impurity injection
can also be used for particle transport analysis, given the
dependence of the emission profile on particle transport
parameters. Full collisional-radiative modeling is usu-
ally required for such analysis (see Sec. V.A for examples).

Bolometers are used to determine the total power ra-
diated by the plasma integrated over the entire plasma vol-
ume, and the spatial localization of radiating features, such
as in the divertor and MARFEs (a MARFE, sometimes
said to stand for multifaceted asymmetric radiation from
the edge, is a radiation instability that appears in toka-
maks as a toroidally symmetric ring as the result of local
cooling by radiation in circumstances where the cooling
itself leads to increased radiation and hence further cool-
ing**). The spatial localization of the radiating features
makes possible detailed comparison with modeling codes,
while at the same time a quantity such as the power radi-
ated within the separatrix is an input parameter for some
modeling codes. A 2-D emission profile of a poloidal cross
section also makes it possible to calculate the heat load by
electromagnetic radiation on the first wall. Charge-
exchange neutral losses from the plasma can also be de-
termined from bolometer measurements; see Sec. IV.L.5.

I1l. DETECTOR TECHNOLOGY

This section discusses in detail the principles of var-
ious types of detectors used for SXR and total-radiated
power detection in tomography systems, in particular,
surface barrier diodes (SBDs), photodiodes, Absolute
X-ray UltraViolet Diodes (AXUVDs), and bolometers.
In this section, their use is illustrated with a few exam-
ples of data interpretation without tomographic recon-
struction. A detailed account of the application of SXR
arrays for the diagnosis of MFE plasmas is covered in
Chapter 5 and will not be repeated here. Two-dimensional
SXR detectors, which are now in common use, are also
discussed in Chapter 5.

I1l.A. Detectors for SXR

III.A. 1. Detector Principles

Silicon diode solid-state detectors have been the first
choice for SXR detector arrays for several years primar-
ily because of their low cost and simplicity of operation.
FUSION SCIENCE AND TECHNOLOGY
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Originally, SBDs were used. These evolved from nuclear
physics applications as particle detectors. In an SBD, a
thin gold layer is evaporated on an n-doped silicon crys-
tal, a semiconductor diode. If a positive potential is ap-
plied to the gold layer, a leakage current will flow from
the n-doped silicon, and a depleted region close to the
gold layer is formed. The thickness of this region is de-
pendent on the voltage applied. The energy that is lost in
the depletion region by incoming X-rays results in the
creation of electron-hole pairs. Although the forbidden
band gap for silicon at room temperature is only 1.115 eV,
the average energy for electron-hole creation is taken to
be 3.62 eV (a slightly higher value of 3.66 = 0.03 eV has
also been proposed®?). It is clear that some of the energy
in breaking the covalent bonds must also be passed onto
the lattice in the form of phonons. The electric field in the
depletion region is sufficient to collect these liberated
charge carriers and thus produce a signal. The observa-
tion that the electron-hole average energy is constant
over a wide range of photon energy enhances the versa-
tility and value of various types of semiconductors as
radiation detectors.

Although SBDs are still used for SXR detection, p-n
junction and PIN photodiodes are now more common. In
a “P-I-N” photodiode a large, neutrally doped intrinsic
(I) region is sandwiched between p-doped (P) and n-doped
(N) semiconducting regions. The depletion region exists
almost completely within the intrinsic region. One nota-
ble advantage of these photodiodes is in their flexibility
for design and manufacture. Detectors can be con-
structed as single elements or in multiple-element arrays
sharing a common cathode. Arrays consisting of 20 or 35
detectors on a single chip are typical. These detectors
normally operate at room temperature. Although back-
ground noise doubles for every 10°C rise in detector tem-
perature, noise levels at room temperature are usually
low, so the performance gain in actively cooling the di-
odes further is not generally warranted.

Diodes are usually operated with a low reverse bias
voltage up to ~15 V. They are operated in photocon-
ductive or current mode where variations in detector
current are measured. This gives far better time resolu-
tion than pulse mode in which single photons are counted
but comes at the expense of loss of information on the
photon energy spectrum. In current mode, diodes have
a nominal efficiency in the SXR region of one electron-
hole pair liberated for every ~3.6 eV of incident radia-
tion (see discussion above). Response is linear, with
currents ranging from a few nA to tens of uA. Band-
widths exceed 100 kHz. These diodes usually come with
a SiO, passivating front surface and possibly a Si-N
antireflective coating. These layers will absorb photons
below ~300 eV. The effects of these coatings can usu-
ally be neglected in applications with beryllium filters
of a few microns or more that are used as energy filters
and often also as vacuum protection windows. Special
AXUVDs have been developed for windowless applica-
FUSION SCIENCE AND TECHNOLOGY
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tions where these absorbing surfaces have been kept to
a minimum (see Sec. II1.B).

SXR diodes have a typical thickness of silicon of
300 um. The dependency with energy of their sensitiv-
ity to SXRs has received much study.’'> Based on
experience with pulse-height systems that operate with
bias voltages of ~200 V, it was originally thought that
only the electrons released from the fully depleted re-
gion would contribute to signal current. However, full-
depletion depths of <10 wm are formed for the low
voltages applied to SXR arrays, yet SXRs with >10
keV are detected with reasonable efficiency. A model
has been developed by Cho et al.>? that has both the
depletion region and the intrinsic (partially depleted)
region contributing to the detector current. An effective
diffusion length for electron-hole recombination is pic-
tured for this partially depleted region that depends on
semiconductor purity and lattice defects. This process
enables the use of low voltages to be used for detection
of thermal X-ray emission from MFE plasmas with rea-
sonable efficiency and greatly simplifies the design of
SXR diagnostic systems. SXR detectors have even been
successfully operated with zero bias,'” which simplifies
further the design of the preamplifier electronics and
minimizes detector noise. However, low-level radiation
damage affects the diffusion process and reduces detec-
tion efficiency in the intrinsic region. This is found to
be particularly noticeable when operated at zero bias.
Increasing the reverse bias to only a few volts is found
to significantly reduce the deterioration in performance
from radiation damage,3* so zero-bias operation is
not generally used these days.

Unless the detectors are to be placed in the primary
machine vacuum, an X-ray filter has to combine its role
with that of a vacuum interface. Beryllium is particularly
suitable, combining strength with good X-ray transmis-
sion, free from any absorption edges above a few hun-
dred eV. Figures la and 1b illustrate how the diode
sensitivity to the X-ray flux from bremsstrahlung varies
with plasma electron temperature and with effective dif-
fusion length for an SXR diode. A Be filter of thickness
250 pwm, which has an X-ray threshold of ~2 keV, is also
included. Figures la and 1b illustrate how flux in the
energy range 3 to 8 keV dominates the diode current over
a wide range of conditions. It also emphasizes how plasma
emissions from metal K, lines (e.g., Fe, Ni, Cr), which
occur in this energy range, can dominate the SXR signal
under some plasma conditions.

The actual functional sensitivity of plasma param-
eters to integrated SXR emission depends on the detailed
nature of the plasmas being studied. For example, for
so-called ELMy H-mode plasmas on JET, in which fre-
quent edge-localized modes (ELMs) occur, the signals
from SXR photodiode arrays were found to fit the form
n}T)°P)", where P, is a peaking factor.>®

The choice of window and filter characteristics is
discussed further in Chapter 5 and in particular the use of
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Fig. 1. The relative SXR flux contribution to the measured
diode current from bremsstrahlung emission from a
plasma with electron temperatures of (a) 4 keV and
(b) 10 keV are plotted for various sensitive depths of
silicon against photon energy. Account is taken of ab-
sorption in a 250-um Be filter. The photon energy range
3 to 8 keV is seen to dominate the measured signal over
a wide range of parameters.

multiple filters to select an energy pass-band window is
of note.

Use of other nonsilicon-based SXR detectors has
been considered to improve radiation hardness, for ex-
ample, diamond or germanium. For applications in BPXs,
line-of-sight detection of SXRs based on semiconduc-
tor technology is unlikely to ever be sufficiently radia-
tion hard to operate during the D-T phase of ITER
operation, although progress is being made in the devel-
opment of reasonably radiation-hard semiconductor X-ray
detector arrays (see Chapter 5) that may have an appli-
cation for SXR tomography if they can be located in
well-shielded locations. On large current MFE devices
with deuterium plasmas, it may be needed to take into
account a change in sensitivity as the result of neutron
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damage,’® and detectors have to be changed regularly.
Other technologies that have been investigated include
vacuum photodiode (VP) detectors.’”® The principle
of VP detectors is based on the conversion of photon
flux into electron flow as a result of differing efficien-
cies between anode and cathode photoconversion effi-
ciencies. Good rejection of signals from gamma rays
and neutrons is claimed. VP detector technology has yet
to make a significant impact on SXR detection in MFE
plasmas because of the relatively early stage of its tech-
nological development and the greater simplicity of sil-
icon photodiode construction.

III.A.2. Electronics Issues

The electronics associated with SXR diode arrays
often represent a major, if not dominant, component of
the total system cost. The simultaneous requirements of
low noise, high gain, high linearity, and high time res-
olution place strong demands on system design. Typical
generic requirements are the following (see, for exam-
ple, Ref. 59): (a) low-noise, screened twisted-pair cable
to the front-end preamplifier, which should be located
as closely as possible to the detectors; (b) high-gain,
low-noise transimpedance amplifiers with gains in the
range 10* to 10% V/A preferably with differential out-
puts for good common mode rejection; (¢) compensa-
tion circuitry to offset drifts in electronics and dark
current; (d) analog filtering using for example multi-
pole Bessel filters to avoid aliasing with pass bands of
~100 kHz; (e) avoidance of earth loops though channel-
to-channel isolation if possible—isolated bias tech-
niques using charged capacitors or in-line batteries have
been successfully used; and (f) analog-to-digital con-
version of typically 12-bits and 1-us resolution.

In long-pulse machines the quantity of data to be
stored and analyzed can become an issue. Event triggers,
which record data at times of particular interest only,
have been implemented on JET (Ref. 60). For ITER,
real-time processing and data reduction will become es-
sential. Real-time processing to obtain tomographic re-
constructions from SXR data has been demonstrated to
be possible 0162

1II.A.3. Examples of Applications of SXR Arrays

Useful results from plasma emission can in many
cases be obtained with simple analysis techniques. Line-
of-sight data from single diodes can provide valuable
information on changes in sawtooth characteristics, for
example. This is illustrated in Fig. 2 (Ref. 63), which
shows the dependency of sawtooth characteristics on the
relative amount of He? puffed into ion cyclotron range of
frequencies—heated discharges on JET. The locations of
peak SXR emission and sawtooth inversion radii can
provide valuable supporting information on the position
FUSION SCIENCE AND TECHNOLOGY
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Fig. 2. Illustration of the usefulness of measuring SXR signals
from a single diode. The change in nature of the saw-
tooth instability with increasing >He puff is seen in ion
cyclotron resonance heating heated plasmas on JET
(Ref. 63). (Figure adapted from Ref. 63.)

of the magnetic axis and g = 1 surface. In some cases, the
topology of MHD features can be simply extracted from
SXR emission profiles, particularly when simple tech-
niques such as average profile subtraction are used to
enhance the SXR emission perturbation. An example of
such an application is well illustrated in Fig. 3. This
figure shows a snake on the ¢ = 2 magnetic surface on
JET. The snake clearly has a double helix topology point-
ing to an (m,n) = (2,1) mode structure.®*

Other techniques for applying data from SXR detec-
tor arrays have been developed. These include the appli-
cation of cross-correlation techniques between a reference
magnetic signal and data from the SXR detector array.5
This can yield both the location of the MHD mode and
phase change properties across the mode; it can for ex-
ample distinguish island from kink structures. To a good
approximation, the diode that is most sensitive to the
perturbation from an MHD mode is the one where its line
of sight intersects the tangent to the magnetic flux sur-
face on which the mode is localized. Studies have also
been carried out on JET to provide vertical control of
plasma position based on real-time determination of the
SXR emission centroid (see Sec. V.A). Chapter 5 dis-
cusses further applications of SXR data. The application
of tomography and physics results that can be derived are
discussed in Secs. IV and V of this chapter.
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111.B. AXUVDs

Silicon p-n junction photodiodes are suitable not only
for the SXR range. Special versions AXUVDs have been
developed for a broad range of sensing applications in
the vacuum ultraviolet, extreme ultraviolet, and the SXR
spectral regions.®® These diodes have an advantage of the
absence of a surface dead region, which results in no
recombination of photogenerated charge carriers and there-
fore 100% carrier collection efficiency and near theoret-
ical quantum efficiency. As described in Sec. III.A.1, in
addition, the diodes have an extremely thin (3 to 7 nm),
radiation-hard, protective silicon dioxide window. These
two properties result in a detector whose quantum effi-
ciency can be predicted in most of the extreme ultraviolet
region by the theoretical one electron-hole pair per
3.6 eV of incident radiation as mentioned above. How-
ever, the finite width of the silicon dioxide window re-
sults in oxide absorptions and reflections yielding quantum
efficiency losses in the photon energy range of ~7 to
100 eV (Ref. 67). Because of the high quantum effi-
ciency across a wide spectral range, AXUVDs can be
regarded as bolometers provided the power emitted by
the plasma in the spectral range where the quantum
efficiency is reduced is negligible. In comparison with

Time (us)

210 -05 0 05 10
Z(m)

Fig. 3. A ¢ = 2 snake is captured in the line-integral SXR
emission profile plotted against time from a horizon-
tally mounted 17-channel photodiode camera on JET
(JET discharge #45922) (Ref. 64). The plasma height
coordinate Z plotted for each channel is taken from the
magnetic flux surface that is tangent to the line of sight
of that diode. The time-averaged SXR signals have
been subtracted to enhance the visibility of the m = 2,
n = 1 double-helix perturbation.
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standard resistive bolometers (Sec. III.C), these detec-
tors are highly sensitive, have fast time response (ap-
proaching 1 us), are very compact, are easy to use
(requiring no calibration), and are inexpensive. In con-
trast to bolometers with a metal absorber, AXUVDs are
also insensitive to low-energy particles, such as neutrals
from CX reactions escaping the plasma.

These detectors have been applied to a wide range of
measurements in MFE devices that can be classified as
either bolometric (no filters attached) or filtered for var-
ious spectral regions ranging from vacuum ultraviolet to
SXR. The first application to MFE research was on the
LSX field-reversed-configuration experiment, which used
two single-channel detectors whose signals were com-
pared with a gold foil calorimeter.®® Later measurements
were made on the TEXT-U tokamak using a 16-channel
array of AXUVDs that resulted in minor radial radiation
profiles using a tomographic inversion. Also, a single-
channel diode was compared with a platinum resistance
bolometer having the same field of view.®” On the Alca-
tor C-Mod tokamak, radiation profiles from AXUVDs
were compared with those from resistive bolometers to
infer the neutral particle contribution to the bolometer
signal (AXUVDs are insensitive to low-energy neu-
trals).”® Many similar bolometric applications have been
reported,”!~7¢ including 2-D tomographic reconstruc-
tions from multiple arrays.”’-80

In addition to these bolometric applications, fil-
tered AXUVDs have been used to measure various spec-
tral lines to provide additional information about the
plasma. In Alcator C-Mod, Lyman alpha filters were
used on AXUVD arrays, and the data were used to infer
the neutral density and ionization rate profiles.®! This
was extended to two dimensions on the TCV toka-
mak.” Measurements of profiles of impurity spectral
lines in the vacuum ultraviolet region have also been
undertaken using filtered AXUVD arrays.”>’%82 Fi-
nally, thin metallic filters have been used with AXUVD
arrays to provide SXR radiation profiles.”83:84

While these detectors have been used successfully
for various measurements as detailed above, when using
them as a bolometer, care must be taken regarding the
nonlinear region of quantum efficiency below 100 eV.
That is why in most applications of this sort, the authors
are careful to compare the results with those of resistive
bolometers, and with spectroscopic measurements.”* On
JET, for example, it is typically found that deuterium
radiates a nonnegligible fraction of the total power com-
pared with carbon 3

Regarding BPXs, it is thought that because of the
silicon substrate, these detectors will not be durable in a
high neutron environment. Some tests of the effects of
neutron radiation with fluences up to 10'> n/cm? on
silicon detectors have been made showing changes in the
calibration and diode performance.>*86-87

In order to reduce signal noise it is optimal to locate
the preamplifiers in vacuum as close to the detectors as
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possible.”® Also a two-dimensional array of photodiodes
with a spectral response similar to the AXUVDs has been
developed including in-vacuum preamplifiers and mul-
tiplexers to produce a 16 X 16 channel image with 1 us
time resolution.8

111.C. Bolometers

I11.C.1. Introduction

Bolometers, from the Greek “BoAe,” meaning line
or arrow, and “weTpor,” meaning measure, also some-
times referred to as radiometers, are dedicated devices
providing the measurement of the power flux trans-
ported by a radiated flux. Usually, the device combines
an absorber and a thermometer. The thermometer mon-
itors the temperature behavior of the absorber, which is
designed to integrate the radiated flux in a given spec-
tral domain. In most of the cases, the thermometers are
either temperature-sensitive resistors or infrared detec-
tors. When needed, to increase the detection limit or to
subtract the background level (e.g., from nuclear heat-
ing), bolometers are coupled by pair, one of them being
screened from the radiation flux. The arrangement in
pairs also helps to set up a bridge configuration that is
sensitive to small resistance changes (see below).

The first bolometer was constructed by Langley in
1878 for the purpose of measuring the averaged power
density emitted by the sun and received on earth. This
later led to the proposal by Bethe of thermonuclear fu-
sion powering the sun, thus linking bolometers with
thermonuclear fusion very early on. Langley’s bolometer
was composed of two blackened thin strips of platinum,
having the same electrical resistance, assembled in a direct-
current (dc) Wheatstone bridge. Various types of bolom-
eters are extensively used in technological applications
and modern physics, including for use in infrared imag-
ing and laser light measurement.

Bolometers have been used in MFE experiments for
energy balance analysis from the 1960s. Gorelnik et al.8
used a “three-layer” germanium bolometer on the TM-2
tokamak, enabling the separation of the absorber and of
the thermometer, thus allowing an independent optimi-
zation of the these two functions. In this case the ab-
sorber, a thin metal foil, is thermally linked to a germanium
resistor, the thermometer, through a thin insulating layer,
made of deposited magnesium oxide. Compared to plat-
inum, germanium is a semiconductor, thus having a much
higher electrical resistivity (up to 10* to 10°) and a 12
times higher thermal resistance coefficient, allowing the
design of very sensitive thermometers.

A decade later, efforts were made to make time-
resolved measurements. Hsuan®® developed a time-
resolving bolometer for the ATC tokamak by connecting
the absorber, a 25-um-thick and 3-cm-diam nickel disk,
to an annular copper heat sink. However, the large area of
the absorber connected to the heat sink introduced two
FUSION SCIENCE AND TECHNOLOGY
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problems. First, it leads to a large thermal capacity and
thus a long cooling time (the time constant was 2 s, i.e.,
typically 50 times longer than the plasma pulse at the
time). Second, the temperature decay and resulting gra-
dients across the large surface depend on the combina-
tions of several different cooling time constants.

In the 1980s, the large tokamaks, such as JET and
TFTR, added the new constraint of radiation hardness
on the bolometers. All the sensors using semiconductor
resistors or alternative concepts that had previously com-
peted with bolometers, such pyro-detectors and thermo-
piles, were found to be too sensitive to radiation damage.
This led to a return to metal-resistor bolometers, which
are now used on most MFE experiments. The resulting
dramatic reduction of temperature sensitivity of metal
resistors, compared with semiconductors, required
optimization of the sensor geometry and the develop-
ment of very efficient compensation and noise reduc-
tion techniques. Metal-resistor bolometers are described
in Sec. III.C.4. Promising alternatives to the metal-
resistor bolometers have been and are being developed:
capacitive bolometers, in which the temperature of the
absorber is measured by a change in capacitance in-
stead of resistance, are described in Sec. III.C.5, and
imaging bolometers, in which the temperature of the
absorber is measured by an infrared camera, are dis-
cribed in Sec. III.C.6. Electronics issues for each of
these are discussed together with the principles.

Before the principles of the bolometer types are dis-
cussed, itis relevant to consider the development of multi-
channel bolometer systems on MFE experiments from
the single wide-angle measurements used at the begin-
ning (Sec. III.C.2) and to summarize the effect of ab-
sorber characteristics on bolometer measurement, which
is common for all bolometer types discussed (Sec. IIL.C.3).

111.C.2. Single Versus Multichannel Bolometer
Measurements

In early MFE experiments,?® single uncollimated bo-
lometers were mounted on the first wall of the machine,
thus measuring locally the energy flux falling on the
wall. To be able to correctly infer the total radiated power
from the measured power deposited on the wide-angle
bolometer, the radial and poloidal emissivity distribution
must be known reasonably well, and toroidal symmetry
must be assumed; multiple toroidally distributed detec-
tors are often used to verify this assumption. The deri-
vation of the total radiated power can be significantly
overestimated or underestimated if the spatial distribu-
tion of the radiation profile deviates significantly from
the assumptions, such as in the case of a MARFE. Spa-
tially resolved bolometer measurements have been used
both to cross-check and complement spectroscopic eval-
uation of the radiation losses; an early example is, for
instance, Ref. 90. For bolometers, spatial resolution has
been obtained by the use of collimators and slit aper-
FUSION SCIENCE AND TECHNOLOGY
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tures. Originally, measurements along several (approxi-
mate) lines of sight were obtained by moving a single
collimated bolometer on a shot-to-shot basis, and later by
the installation of multichannel systems. This is the norm
on modern MFE experiments.

If the lines of sight are parallel, and cover an entire
plasma cross section, the summing of the measurements
multiplied by the distances between them gives a very
good approximation of the total radiated power without
any assumptions, provided toroidal symmetry can be as-
sumed (this is usually the case, although for example gas
injection may cause toroidal asymmetries). In practice, it
is difficult to install truly parallel lines of sight covering
the entire cross section, and one or more fans are nor-
mally used, which allows reasonable approximations.®!
Such a fan of lines of sight can also give a certain amount
of information on the spatial distribution of the radiation,
e.g., by Abel inversion if the emissivity is constant on
flux surfaces. For more detailed information, especially
to characterize the spatial profiles of the emissivity, elab-
orate systems with many channels (typically of the order
100) viewing at several angles are used, and tomographic
reconstructions are used to derive the emission profiles.

II1.C.3. Absorption Layer

The absorber of the bolometer determines its spec-
tral response. For MFE plasmas, it would be preferable to
have a 100% sensitivity to incident radiation from the
infrared to the SXR range. Metals such as gold have been
used for this; see Fig. 4 (Ref. 92). A layer of 4 um gives
a good response up to several keV, whereas for a BPX
and in principle also JET a thickness of ~10 um is re-
quired. Gold cannot be used in a BPX because of its
high-neutron-capture cross section and subsequent trans-
mutation to mercury. Platinum has much the same optical
properties (Fig. 4) and has a much lower neutron cross
section. However, the deposition of the required thick
layers required is not trivial. Other potential metals are
explored in Ref. 93, with emphasis on the application for
imaging bolometry in BPX.

At the long wavelength end of the spectrum, the sen-
sitivity also decreases. Blackening has been used to in-
crease the sensitivity in at least the visible range.?*** There
is debate over the benefits and drawbacks of blackening.
In some experiments it has been found that blackening
also increases the sensitivity to the neutral background
pressure, which is an unwanted effect. The reduced sen-
sitivity in this part of the spectrum must be taken into
account in the analysis. General experience indicates that
the reduced sensitivity does not have a severe effect,
as consistent power balances are usually obtained. The
effect of the background neutral gas pressure, which
may influence the calibration factors of bolometers dur-
ing a plasma discharge, may also need to be considered.

The metal layer also absorbs part of the power of
particles impinging on it.>>¢ Neutrals, produced in CX
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Fig. 4. (a) Absorption coefficient of gold in the spectral range
relevant for bolometry on MFE plasmas and in (b) for
comparison including platinum.®? (Figure reprinted with
permission from Ref. 92; Copyright 2007, Elsevier.)

reactions in the plasma (in particular, the cold edge and
divertor), carry an appreciable energy (of the order of
eV), which can give an appreciable bolometer signal ad-
ditional to that of electromagnetic radiation. This is a
drawback if the radiated power is required, but the mea-
surement can also provide information on the total power
loss (radiation and particles); this is discussed in more
detail in Sec. IV.L5.

1I1.C.4. Metal-Resistor Bolometers

The modern use of metal-resistor bolometers started
on TFTR, where Schivell®* used a concept very close to
the original Langley differential bolometer, based on a
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combination of two almost free-standing 3.5-um-thick
50-Q platinum resistors, strengthened by means of a 7.5-
pm-thick Kapton® foil.

For JET, Miiller and Mast®” proposed a concept of a
three-layer bolometer developed for ASDEX. With a sen-
sor size of 1.2 cm?, it is still too large to fully cope with
the problem of temperature distribution exposed by Hsuan.
A blind reference bolometer, added at the rear side of the
measuring bolometer, was used to compensate for ther-
mal drift and and for nuclear heating. The detection was
based on dc Wheatstone bridge fed with dc, allowing
differential measurement.

For Tore Supra and ASDEX-Upgrade, Mast et al.”®
developed an improved miniaturized version of the JET
bolometers (Fig 5a). The active area of the sensor was
reduced to 6 mm?, the time response of which became
very close to an exponential shape. The time response
is selectable by the thickness of a heat-resistive layer
connecting the absorber to the thermal heat sink of the

(b)

Bdlometer Reterence bolomeler

e

4
-

Fig. 5. (a) Exploded view of a four-channel miniature bolom-
eter”®: 1, front cooling plate; 2, bolometer foil; 3, back
cooling plate; 4, support plate and spring contacts.
(b) Resistor meander layout behind signal and refer-
ence absorber foil to form a Wheatstone bridge; left:
actual layout and right: schematic. (Figures reprinted
with permission from Ref. 98; Copyright 1991, Amer-
ican Institute of Physics.)
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bolometers and is typically chosen to be of the order of
0.2 s. The reference bolometer was built as a front bo-
lometer on the same insulating substrate, a 7.5-um-thick
Kapton® foil, to further reduce the thermal drift and the
pickup noise. For very fast measurements, the time con-
stant of the thin insulating substrate may also need to be
taken into account. Two resistors of 1.2 k) were depos-
ited in a meander pattern (Fig. 5b) on the back of each
absorber, and together with the resistors of the reference
absorber (not seeing plasma light) were arranged as a
Wheatstone bridge. The equation that very well approx-
imates the response of the bolometer is®®

» C( dAT AT) @
= —_— + R— s
rad d[ T

where
P, = incident power

AT = measured temperature change proportional to
the measured output voltage of the Wheat-
stone bridge

C = heat capacity
T = time constant.

To obtain adequate detection and noise rejection, an
alternating current (ac) electrical power is applied—
typically at 50 kHz, which is far from the electromag-
netic noise band of MFE experiments—and heterodyne
detection is used. With such bolometers and heterodyne
detection the noise-equivalent power during tokamak
operation went down to the range of a few wW/cm?2
These bolometers are commonly produced in modules
of four channels, each consisting of a measuring and a
reference bolometer, and are available commercially. A
typical measurement and the incident power derived
from Eq. (2) are shown in Fig. 6. Because of the deriv-
ative in Eq. (2), when it is used to derive the power, it
is important to be careful not to amplify noise in the
measurement and to adequately process fast events, such
as ELMs (Refs. 98 and 99). The bolometer signal is
proportional to the absorbed radiative energy, and with-
out using a derivative such as in Eq. (2), it has been
possible to derive the total radiated energy and total
energy radiation pattern over events much faster than
the time response of the bolometer, such as ELMs and
disruptions (see Sec. V.B).

The use of organic foils and of spring-based electri-
cal contact as used in Ref. 98 restricts the application of
this first version of the miniaturized bolometers below
150°C. In 1995, for JET in-vessel application, a high-
temperature version was developed.® Mineral mica foils
of 20-um thickness substituted the organic substrate, and
crimped connections were used instead of springs. To
withstand the higher temperature, the gold resistor me-
anders had to be thicker (200 Q), which unfortunately
FUSION SCIENCE AND TECHNOLOGY
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Fig. 6. Example of a bolometer measurement during the first
2 s in Tore Supra plasma pulse #37304: raw bolometer
measurement (in volts output by the amplifier) and the
derived line-integral power (in W/cm?) using Eq. (2)
and scaling by the étendue. On the timescale of the
bolometer time constant (150 ms), the difference be-
tween raw and processed signals is apparent. The time
resolution of the processed signals is ~30 ms.

reduced the sensitivity. The crimped connections have a
high failure rate when the temperature is cycled, and
alternative bonding techniques, such as ultrasound weld-
ing, are being tested.

In recent years, significant steps have been taken
toward radiation-hard bolometer sensors. The JET type
of high-temperature bolometer is seen as the reference
for BPX (Ref. 100), although neutron irradiation tests of
such a bolometer have shown several problems, includ-
ing a weakening of the gold grids, possibly due to partial
transmutation to mercury.'?!-192 With the mica bolometer
as the starting point, radiation-hard substrates, such as
ceramics, of appropriate thickness as well as appropriate
deposition techniques for platinum are being developed.
The choice of substrate and its thickness is also an op-
portunity to optimize the sensitivity and time response of
the bolometer. A prototype silicon-nitride substrate (4 wm)
with platinum absorber and resistors has been demon-
strated to have improved sensitivity with respect to mica
bolometers'% and is expected to be sufficiently radiation
hard for application in ITER.

Dedicated electronics, with a lock-in amplifier for
the heterodyne detection, have been developed.”® The
wiring and earthing concept implemented in the system
is important for the performance of the system, in par-
ticular, dealing with four wires for each bolometer chan-
nel. The scheme chosen (or imposed by the policy on the
experiment) determines whether each channel requires
individual isolation, or common power supplies can be
used. Typically two twisted-pair cables are used, one pair
for the input voltage and one pair for the output voltage,
which are sometimes combined into a quad cable. If pos-
sible, it is relevant to use special low-noise cables, for
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example, with a PTFE or PEEK antimicrophonicity coat-
ing; the use of such low-noise cables is however limited
by their maximum operating temperature. It is important
that the driving ac power be synchronized for all nearby
channels, as otherwise interference between neighboring
channels can occur. Ideally, the resistors of the Wheat-
stone bridge should be perfectly balanced. Despite care-
ful manufacturing, resistors in one bridge typically vary
by a few percent (variation is a rejection criterion), which
leads to an imbalance of the bridge and an offset voltage,
which in its turn affects the performance of the system,
such as the achievable amplification of the signals.
Changes over time in the resistors and their contacts due
to the environment to which they are exposed also affect
the imbalance. The electronics therefore must be capable
of balancing the bridge. Developments in electronics and
processing have been reported in Refs. 35, 104, 105, and
106. The need for four wires for each bolometer channel,
and the failure of one wire resulting in failure of the
channel, is a significant concern for present-day experi-
ments with of the order of 100 bolometer channels.

Because of the changes that can take place over time
in the bolometers (as described above), it is important to
regularly calibrate the bolometers. The bolometers can
conveniently be calibrated in situ by means of a change
in the driving voltage, which changes the self-heating of
the resistors: This allows the derivation of the sensitivity
and time constant.’®1% Hardware for calibration can be
integrated with the electronics.

Drift of the signal can occur during a plasma dis-
charge, for example, due to an imbalanced bridge, gas
pressure, or other reasons for changing calibration fac-
tors, which makes interpretation of the measurement
difficult as the reference level at the beginning of the
discharge is lost. Attempts are being made to improve
the balance of the bridge, which is particularly important
for measuring long plasma pulses with high sensitivity.
This can be done either during manufacture, for example,
by special provisions of the resistors that allow them to
be changed (e.g., by laser trimming) or during operation
by changing the temperature, and hence resistance value.
The latter has been achieved by implementing an addi-
tional resistor behind both the reference and signal ab-
sorber, which makes it possible to balance the bridge by
resistively heating the signal or reference bolometer in a
feedback loop on the bridge imbalance. This can be taken
one step further, by also introducing a feedback on the
measured temperature, i.e., heating the signal branch of
the Wheatstone bridge to keep the output voltage con-
stant, in which case the feedback signal is directly pro-
portional to the incident radiative power.**107:108 Thig
has the potential of yielding a much more sensitive and
faster measurement of the incident power than possible
with the derivation from Eq. (2). Although these tech-
niques have partly been demonstrated, they are not yet in
routine use. Significant disadvantages of the active tech-
niques are the more-complex electronics needed for each
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channel, and the additional wires needed to the extra
resistors, bringing the total to eight wires per bolometer
channel.

1II.C.5. Capacitive Bolometers

Capacitive bolometers have been proposed because
of the potentially high sensitivity and possible operation
with fewer wires.!0%:10%110 The principle is based on a
thin-film ferroelectric capacitor, which exhibits large ca-
pacitance changes as a function of temperature. The ca-
pacitor can either be put in a capacitive bridge in a similar
way as the resistive bolometers (thus not giving any re-
duction in wires), or in an LC resonance circuit, thus
making it possible to measure a number of channels, with
different resonance frequencies, with just two wires. The
ferroelectric materials, in particular, PbZrO3, may be suf-
ficiently radiation hard for a BPX environment.''!:112
Despite the promise of capacitive bolometers and signif-
icant development efforts, technical problems, such as
unexpected difficulties in etching a structure adequate
for a bolometer behind the ferroelectric film and prob-
lems in making adequate electrical contacts, have so far
plagued the actual demonstration of a functioning capac-
itive bolometer.

1I1.C.6. Imaging Bolometers

Like the metal-resistor bolometers described above,
imaging bolometers are conceptually based on a radiation-
absorbing thin metal foil. However, in this case the re-
sulting change in temperature is measured by an infrared
camera placed outside the vacuum vessel.!3-115 The first
time infrared measurements were used to monitor the
temperature of a (preheated) tantalum foil used as ab-
sorber was on TFR (Ref. 116). Two types of metal foil
imaging bolometers have been proposed. Initially, indi-
vidual detector channels were defined and thermally iso-
lated from each other by sandwiching the thin foil between
two masks having identical 2-D hole patterns.'!® Later, a
concept known as the infrared imaging video bolometer
(IRVB), which exposes one large thin foil in a frame, was
introduced.!'*!1> The advantage of the prior concept would
be increased durability due to the foil support by the
mask, while the later concept is more sensitive due to the
improved utilization of the infrared camera pixels and
reduction of edge cooling of the foil and provides more
flexibility in making trade-offs between sensitivity and
the number of channels.

In order to determine the radiated power density S,,4
at each IRVB channel, the 2-D heat diffusion equation
for the foil'!>

*T  9*T 10T S, sogy(T* =T,
_2 + _2 —_ — d + M (3)
ox ady K Ot kt, kt,

must be solved from the infrared camera measure-
ments of the foil temperature 7, taking into account the
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Stefan-Boltzmann constant o g and the thermal proper-
ties of the foil: thermal conductivity &, and thermal dif-
fusivity «, the thickness #;, and the blackbody emissivity
of the foil &, which is maximized by blackening with
graphite. While ideal numbers for the last four quanti-
ties are known, the actual values should be determined
through a foil calibration process.!'>!17 The heat diffu-
sion equation Eq. (3) can be solved using a Crank-
Nicholson numerical technique, and the noise level is
reduced at the expense of fewer bolometer channels by
averaging over multiple (N) infrared camera channels
for each bolometer pixel.!'® In Fig. 7 images from var-
ious steps in the analysis process are shown.''® The
noise equivalent power mryg for the IRVB is given
as 115

10kt 0 | I*f2  Al*e*02,T°
= —+ R
THRVE TN siim® | Sk2
4)
where

[ = linear dimension of the bolometer pixel
m = number of time frames averaged over
OR =

Jir =

From Eq. (4) it can be seen that the sensitivity can be
increased (nryp decreased) by averaging over frames,

infrared camera sensitivity

frame rate of the infrared camera.

IR Camera data 120 x 160 pixels
(a) AT(x,y,t-At) (K)
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averaging over more infrared camera pixels, and improv-
ing the infrared camera sensitivity. This indicates that the
bolometer sensitivity will improve with continued ad-
vances in infrared camera technology. Sensitivity can
also be improved by proper choice of the foil material®3
and by making the foil thinner; however, the latter is
done at the expense of a decreasing ability to stop high-
energy photons and absorb their power.

Infrared cameras typically acquire data with 14 bits
of dynamic range. The time resolution is ultimately lim-
ited by the readout time of the array and the number of
pixels. For a 256 X 320 pixel InSb array, frame rates of
up to 420 frames/s are available. The time resolution is
also limited by the IRVB diffusive time constant or [%/k
as can be seen from Eq. (4).

Imaging bolometers have been applied to three dif-
ferent devices. Imaging bolometers using a segmented
mask were tested on the Compact Helical System!!® and
the Large Helical Device'?° (LHD). IRVBs have been
installed on LHD (Ref. 121) and JT-60U (Refs. 93 and
122) and used in studies of the three-dimensional (3-D)
structure of radiative phenomena.'?°~126 Figure 8 shows
the radiation images from two imaging bolometers—one
with a top view and one with a tangential view—during
the steady-state (radially hollow and toroidally and po-
loidally asymmetric) and radiative collapse (poloidally
asymmetric) stages of a discharge in LHD as compared
with radiation models. The comparison of the image data
with the models suggests that the poloidal asymmetry at
the collapse is toroidally symmetric.'??

ivatives (10 x 14 pixels, mW/cm?)
2) Black Body term

= (h) Plasma Radiation

- : Y a0
m 12 14 2 4 6 & 10 12 14
outboard - pixel # - inboard

2 4 6 8
outboard - pixel # - inboard

Fig. 7. Sequence of images showing data analysis technique of the IRVB for data taken from LHD during an experiment using the
inboard wall as a toroidally periodic limiter.!'® (a) and (b) Two consecutive infrared camera temperature images. (c) and
(d) Images (a) and (b) after resampling. The contributions to (h) radiated power density calculation S,,4, in Eq. (3) are
(e) spatial derivative term, (f) time derivative term, and (g) blackbody radiation term. (Figure reprinted with permission

from Ref. 118.)
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outboard

inboard | '(uad) inboar

Fig. 8. IRVB radiation brightness image (d) data from (u) upper and (t) tangential ports in LHD during the (s) steady state and (a)
asymmetric phases of the discharge compared with reconstructions from (m) model profiles.'?* (Figure reprinted with
permission from Ref. 123; Copyright 2006, The Japanese Society for Plasma Science and Nuclear Fusion Research.)

The imaging bolometer is well suited to the nu-
clear environment of a BPX since it uses only metallic
components and has no electrical contacts or feed-
throughs. The durability of a thin metal foil exposed to
disruptions has been partly demonstrated by the IRVB on
JT-60U (Ref. 123), but further tests should be made at the
acceleration levels expected in ITER. Another concern
regarding the large free-standing foil of the IRVB might
be its stability in the presence of gas puffing and forces
induced in the foil resulting from induced currents and
the magnetic field, and durability during large vacuum
vessel pressure excursions, for example, during massive
gas injection as a disruption-mitigation scheme. The cur-
rent IRVB design incorporates blind vents in the foil
frame and in the infrared radiation transmission tube, to
maintain equal pressure on both sides of the foil and
avoid its destruction during such an event. IRVBs with
such vents using relatively thin (1 to 2.5 wm) and weak
(gold) foils have not had any problems during standard
pumpdown and venting events, and also during cata-
strophic vacuum accidents. Therefore, problems are not
expected on a reactor using a thicker (10 wm or more)
foil and stronger foil material (for example, tantalum),
although their survivability under the extreme conditions
that may occur in a BPX should be further tested. A
concern in the nuclear environment is the accuracy of the
infrared measurement through a mirror labyrinth system,
in which efforts must be made to be able to adequately
control or compensate for the mirror temperature. In ad-
dition to the intrinsic radiation hardness, the primary ad-
vantages of the IRVB compared to the standard resistive
bolometer are the imaging capabilities. This may be use-
ful in a reactor for real-time monitoring of the radiation
from the plasma, but it also presents a disadvantage in
that all of the detecting channels are concentrated behind
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one pinhole whereas for tomography purposes the opti-
mal arrangement would be a poloidal distribution of de-
tectors around the plasma as is possible with resistive
bolometers. It would be difficult to implement imaging
bolometers in such a poloidal distribution because of the
necessity of an optical path from the foil to the infrared
camera. This disadvantage can be somewhat reduced by
implementing the imaging bolometer with a tangential
view, which provides a greater angular distribution of
sight lines through the plasma than a radial view, as long
as toroidal symmetry can be assumed.”® Tomographic
reconstruction of a semitangentially viewing imaging bo-
lometer has recently been demonstrated.'?® In terms of
sensitivity, it is expected that imaging bolometers may
surpass resistive bolometers as infrared technology
increases.”?

IV. TOMOGRAPHY

IV.A. Introduction

Methods for computed tomography are used in many
fields, in particular, in medicine (X-ray absorption, pos-
itron emission, single-photon emission, and in some cases
in magnetic resonance imaging), but also in many other
areas such as nondestructive materials testing, geophys-
ics, and atmospheric research. The common characteris-
tic is that many nonlocal measurements, such as line
integrals, are processed mathematically to estimate local
physical quantities, such as emissivity or absorption. The
integral equation is a so-called Fredholm integral equa-
tion of the first kind. Inversion of such an integral equa-
tion is often classified as an ill-posed problem,'?7-128
for which there is no unique solution because of the
FUSION SCIENCE AND TECHNOLOGY
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finite sampling, and a differential operator in the inverse
amplifies noise present in the input data. Well-established
mathematical methods have been developed to be able to
invert this type of integral equation, which is achieved by
regularization. Similar mathematical techniques for in-
version, e.g., deconvolution, are used in remote sensing,
astrophysics, and image processing.

Much of the basic theory on regularization of ill-
posed problems and tomography is also valid for appli-
cation in MFE diagnostics. There are, however, some
general characteristics of MFE diagnostics that distin-
guish the field from other applications of tomography
and affect which mathematical methods can be applied:
(a) limited number of lines of sight and viewing direc-
tions, (b) irregular spatial sampling, (c) finite viewing
beam widths, and (d) noisy measurements. The first two
characteristics are mainly because of the difficult access
to the plasma through the vacuum vessel and the fact that
temporally resolved measurements are required. For tem-
porally resolved measurements, typically on the milli-
second or microsecond timescale, with adequate spatial
resolution, many (hundreds) of separate detectors and
electronics channels are required, and cost often limits
the number. This is in contrast to various other tomogra-
phy applications, such as medical tomography, in which
no or very low time resolution is required and the detec-
tors can be moved to measure at various angles. The
other characteristics are related to compromises between
temporal resolution, spatial resolution, and signal-to-
noise ratio. An additional complexity, in particular, in
bolometer tomography of divertor plasmas, is that the
local emissivities can locally vary over more than an
order of magnitude.

This section gives a short overview of the mathemat-
ical background of tomography in as far as is relevant for
MFE diagnostics given the characteristics mentioned
above and discusses methods to cope with them. Al-
though there is some mathematical complexity, espe-
cially for obtaining a deeper insight into the problem,
most tomography methods are very straightforward to
implement. This section focuses on emission tomogra-
phy of optically thin plasmas with negligible refraction.
The emphasis is on bolometer and SXR tomography, but
the description is also valid for other applications, such
as visible, neutron, or gamma-ray tomography (with ap-
propriate allowance for effects disregarded here, such as
scattered neutrons). Mathematically, inversion of inter-
ferometer and reflectometer data is very similar (see Chap-
ter 3, “Microwave Diagnostics,” by N. C. Luhmann, Jr.,
et al., and Chapter 4, “Laser-Aided Plasma Diagnostics,”
by A. J. H. Donné, C. J. Barth, and H. Weisen, in this
special issue of Fusion Science and Technology). If the
plasma is optically thick, the mathematical description of
the problem changes from the very first equation, and
this is outside the scope of this chapter. Mathematical
techniques to deal with optical thickness exist from other
tomography applications than plasma physics, in princi-
FUSION SCIENCE AND TECHNOLOGY
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ple similar to those described below with an additional
term; see, for example, Ref. 129.

After a brief historical overview of tomography in
MFE diagnostics (Sec. IV.B), first some mathematical
concepts will be introduced (Sec. IV.C). The level of
mathematical detail is limited and sufficient to provide
the main insights in the tomography problem; appropri-
ate references are given for more details. The discussion
in Sec. IV.D of line-of-sight coverage, spatial sampling,
optimization of lines of sight, and how finite beam widths
can be taken into account in this context is particularly
important for MFE applications, as these principles guide
the design of the line-of-sight distribution. There are two
basic approaches in tomography algorithms: discretiza-
tion after mathematical inversion, which is discussed to
some extent in Sec. IV.C, or numerical inversion after
discretization. The latter is most appropriate for MFE
application. Issues related to the discretization are re-
viewed in Sec. IV.E, while a practical approach to the key
topic of regularized solution of the ill-posed problem is
presented in Sec. IV.F. These key ingredients are placed
into context in Sec. IV.G, which provides a practical
guide on how the most widely applied tomography meth-
ods in MFE diagnostics can be implemented numeri-
cally. For the physicist it is important to understand what
information can objectively be obtained from tomo-
graphic reconstructions (Sec. IV.H). This section con-
cludes with a discussion of miscellaneous topics, such as
Abel inversion, vector tomography, tangential and 3-D
tomography, and special considerations for bolometer
tomography (Sec. IV.I), and a summary of the main as-
pects relevant to plasma diagnostics (Sec. IV.J).

A number of classic textbooks exist on computed
tomography, for example, ranging from mathematically
oriented to practical application: Natterer,'3? Helgas-
on,3! Deans,!3? Herman,'33 and Kak and Slaney.!3* Al-
though these books are mainly oriented toward medical
tomography, a solid understanding of the tomography
problem can be obtained. There are also a number of very
useful review papers that can be recommended: Bertero
et al.,!3%:136 [ ewitt,!37 and Hansen.!3® It is also interest-
ing to note that in contrast with computed tomography, in
some applications, e.g., in optics, it is possible to apply
analog tomography.'3°

A note on terminology may be appropriate. Below,
the terms “reconstruction,” “inversion,” and “solution”
are largely used as synonyms. In the tomography field, a
phantom is a mathematical or numerical model of the
object to be measured (such as a plasma emission pro-
file), which is often used for testing and understanding
the capabilities of tomography algorithms by “phantom
simulations.” Artifacts are nonphysical and unwanted
structures that appear in the reconstructions as the result
of implementation errors, limitations of the tomography
algorithm, numerical noise, errors in the interpretation of
measurements, or noise in the measurements (in case of
insufficient regularization).
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IV.B. Overview of Application of Tomography Algorithms
to MFE Diagnostics

The Cormack method!#+140-142 is one of the first to
be applied to SXR tomography in MFE experiments.
The maximum entropy method>!4314* was also investi-
gated at an early time. Other classic methods from the
wider tomography field include the algebraic reconstruc-
tion technique!33!143-147 (ART), and Phillips-Tikhonov
regularization.'#7-148 A special case of Phillips-Tikhonov
regularization, which will be referred to as “constrained
optimization” in this chapter, has found wide applica-
tion,23-38:42:36.149-151 4fter having been proposed for MFE
diagnostics as early as 1982 (Ref. 152). These have
found applicability to SXR, bolometer, and other tomog-
raphy diagnostics in MFE. Basis functions with varying
shapes have been used, such as matching the flux-
surface geometry3>!1>! and functional forms on the flux
surfaces,'®!4? but the norm is to use a square regular
grid. Computation time was a major obstacle in early
applications. Advances in computing power have im-
proved the prospects of methods such as maximum
entropy and constrained optimization. Of the classic
tomography methods, only filtered backprojection
(FBP) has hardly been used at all in MFE applica-
tions.!>3 The similarities and differences between these
various tomography methods will become clear from
the discussion in this section. In addition, purpose-
made tomography methods have been developed that
do not have an equivalent outside MFE, for example,
using parameterization and geometries suitable for the
expected emission profiles.!” In particular, methods have
been developed to extract information about MHD
modes.'>*153 Such specific methods are outside the scope
of this chapter. Variants of what here is called the con-
strained optimization method are the presently most
widely applied tomography method, the practical imple-
mentation of which is described in Sec. IV.G, and the
considerations leading to the choice between variants
summarized in Sec. IV.J.

It is worthwhile to point out that in inertial con-
finement fusion'3%157 and low-temperature plasma
physics,!38-160 tomography has also been applied for along
time but that the characteristics often are quite different
from those in MFE diagnostics and that therefore other
tomography methods may be preferred. It may also be pos-
sible to use neural networks to achieve tomographic re-
constructions from a limited number of measurements (as
is usually the case in MFE applications),'¢!-192 but this is
not addressed further in this chapter.

IV.C. The Radon Transform and Some of Its Properties

For a 2-D emission profile g(x, y), the i’th nonlocal
measurement f; can be described by

fi= ffKi(x,y)g(x,y)dxdy ) S)
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where K;(x, y) describes the geometry. Tomographic re-
construction is the solving of g(x, y) from Eq. (5), given
many known measurements f;. A straight line of sight can
be parameterized by the (signed) distance p to a chosen
origin (xg, yo) and an angle ¢ with the x-axis (see Fig. 9a),
in which case K;(x,y) = 6(p; + (x — xg)siné&; —
(y — yo)sin &;). In this case, Eq. (5) is called the 2-D
Radon transform. In 1917 Radon %3 derived an inversion
formula; subsequently, many more-accessible deriva-
tions of this formula have been found, and all tomogra-
phy textbooks give a derivation; see, for example, Ref. 133.
The direct numerical implementation of the Radon in-
version formula is of limited applicability, however,
because it contains both a singularity and a derivative.
Many interesting relationships exist between the Radon
and Fourier transforms.!3? Numerous tomographic inver-
sion methods exploit these relationships,'’ but most
are mainly of academic interest as practical implemen-
tation problems limit their applicability. The relation-
ship between the Fourier and Radon transforms allows
one to demonstrate in a straightforward way 3137 that
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Fig. 9. (a) Definition of signed-distance p = —(x — xo)sin & +
(y — yo)cos & and angle ¢ that parameterize a line of
sight with respect to an origin (xg,yo) and equiva-
lently projection angle ¢. (b) Parallel-beam view, often
referred to as a full projection, and a fan-beam view
in xy space and a circle with radius a. (c) Equivalent
projection-space points of the views of (b). A and B
identify two particular lines of sight. The dotted curve
corresponds to p = — (X, — Xo)sin & + (yqp — Yo)cos &,
where (xa,,, yap) are the coordinates of the fan focus.
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the inversion of the function f(p, £) can be obtained by
two steps, filtering followed by so-called backprojection:

filtering:
h(p.é) = F HIPIH(P)F(P,&)}
=f_ fp.&)m(p —p')dp’ (6)

and

backprojection:
g(x,y) = fo h(—(x = xg)sin € + (y = yo)cos £, &) dg
(7)

where

Fi

one-dimensional (1-D) Fourier transform
with respect to p

P = Fourier variable of p
F(P,¢) = Fourier transform of f(p, )
1n(p) = inverse Fourier transform of |P|H(P).

With H(P) =1, Eqs. (6) and (7) are a direct translation of
the Radon inversion formula into the Fourier domain,
with |P| corresponding to the differential operator. It is
clear that for large P, i.e., high spatial frequencies, the
inversion is not well behaved. An artificial filter function
H(P) is therefore introduced as regularization, whose
function is to reduce |P|H(P) to zero at high P. This
method of solution, the FBP method, can be imple-
mented numerically very easily, is very efficient, and is
therefore the most generally applied tomography algo-
rithm in medical tomography and other fields. Equation
(6) can be implemented in the P Fourier domain, with the
filter function |P|H(P), or in the p domain by means of
the convolution and the equivalent filter function n(p).
Commonly used filter functions for regularization are
described in Refs. 133 and 137. In mathematical terms,
the backprojection operator of Eq. (7) is the adjoint of the
Radon transform.!30:132

Unfortunately, the FBP method is only effective for
regularly sampled measurements from many directions;
algorithms exist for parallel and fan-beam projections '3*
illustrated in Fig. 9. The application within plasma phys-
ics is therefore limited, although it is possible to apply
FBP and similar methods after appropriate interpolation
to a regular grid in p and & (Ref. 153), usually with
disappointing results. However, Eq. (6) illustrates a very
important aspect that must be realized when applying
tomography. Unless temporal information from signals
is taken into account in the tomographic reconstructions
(see Sec. IV.I.3 for ways in which this could be done),
uncertainties in the measurement, such as statistical noise
FUSION SCIENCE AND TECHNOLOGY
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in the measurement and systematic errors in the measure-
ment (such as calibration errors, misalignments, and
drifts), cannot be distinguished by the tomography algo-
rithm. All uncertainties will therefore be referred to as
noise in this context. Regularization is very effective in
limiting adverse effects of noise at high spatial frequen-
cies, such as random noise without correlation between
neighboring channels. Of course, it is beneficial for the
quality of reconstruction to minimize noise at high P, but
if this is not possible, meaningful tomographic recon-
structions can still be obtained with appropriate regular-
ization. The result will merely contain a less detailed
structure. However, the effects of low-P errors, for ex-
ample, correlated noise between channels, calibration
errors across a view, and spatial uncertainties and mis-
alignments, cannot be reduced by mathematical means.
Consequently, errors at low P can cause severe artifacts
in the reconstructed g(x, y), and it can be very difficult to
assess the meaningfulness. Care must therefore be taken
in the design of tomography systems to reduce low-P
errors, for example, by determining the actual geometry
with high accuracy.

IV.D. Coverage, Beam Widths, and Line-of-Sight
Optimization

IV.D.1. Projection Space

The coordinates p and ¢ of the parameterization of
lines of sight introduced in Eq. (5) constitute a space
often referred to as the projection space, i.e., the space of
line integrals, or projections (each line of sight is repre-
sented by a point); see Fig. 9. The term “projection”
typically refers to f(p, &) for given &, i.e., the collection
of measurements by parallel lines of sight covering a
cross section in one particular direction. The spatial sam-
pling of projection space by lines of sight is a convenient
way to investigate and optimize line-of-sight distribu-
tions for a tomography system. An example is given in
Fig. 10a (Ref. 164), where the range of p is [—a, a], with
a the maximum radius of the reconstruction region and
that of £ [0, 180 deg]. It is also common to use coordi-
nates (p, ), where ¢ = & + 90 deg [note that this leads
to changes in signs and sines and cosines in the definition
of p(¢) in Fig. 9, K(x, y) for line integrals, and Eq. (7)]
in the ranges [—a,a] and [0, 180 deg], or (|p|, )
in the ranges [0,a] and [0, 360 deg]. With the latter
choice, the continuity at p = 0 is not clear. For a function
f(p, &), the following “Mobius periodicity” holds: f( p, £ +
180 deg) = f(—p,&). It is straightforward to show that
the zeroth and higher moments of f(p, £) in p and g(x, y)
in x and y are closely related, sometimes referred to as the
consistency theorem: '31:165 The zeroth moment gives the
total emissivity, and the projection of the 2-D center of
mass of g(x,y) in direction ¢ corresponds to the 1-D
center of mass in p of projection f(p,§&). Typically,
the quantity measured, such as plasma emissivity, goes
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Fig. 10. Coverage in projection space and typical geometric
functions in projection space for the JET bolometer
system in 1996 (Ref. 164). (a) Contour plot of the
sinogram of a typical total emission profile in the JET
tokamak (calculated from a phantom similar to the
emission profile in Fig. 16d). The origin was chosen
on the magnetic axis of the tokamak cross section.
The shaded area indicates where lines of sight pass
outside the first wall of the tokamak. The points (solid
and open squares) mark the (p, &) coordinates of the
average lines of sight of the JET bolometer system.
The outline of the regions in which k;( p, £) is nonzero
is shown for each detector (visible only as thin lines).
(b), (c), and (d) Blowup of three regions covered by
three different bolometer geometries, where the con-
tours indicate k;(p,£): (b) a rectangular pinhole sys-
tem with parallel detector and aperture; (c) a rectangular
pinhole system with nonparallel detector and aper-
ture; (d) a system with a rectangular detector, a round
collimator, and several other bounding apertures [con-
tours in (b) and (c) are for a small variation from the
maximum value]. In (b), (c), and (d), the p-axis has
been stretched by subtracting p,,(£) values that cor-
respond to the center of the front aperture as a func-
tion of &. (Figure reprinted with permission from
Ref. 164.)

to zero on the boundary of a convex region. In the
mathematical literature this is often referred to as the
tomography problem having compact support. For MFE
diagnostics, the region is not always convex, for exam-
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ple, for bolometer tomography in a divertor with a dome,
in which case special provisions are needed in the
projection-space description.!'%®

1V.D.2. Coverage, Spatial Sampling, and
Line-of-Sight Optimization

Projection space should be sampled as completely
and regularly as possible. In medical tomography, this
can mean a completely equidistant sampling (projec-
tions, i.e., parallel lines of sight, at many angles &) or
regular fan-beam sampling; see Fig 9. This can hardly
ever be achieved on MFE devices because of the con-
straints on access outlined in Sec. IV.A. Figures 10a and
11b show examples of typical coverage of bolometer and
SXR systems on JET. Instead of complete projections or
fans covering an entire cross section, a camera or view
often only covers partial areas. It is important to take into
account two aspects when designing a tomography sys-
tem. First, for a given number of channels, it may be
better to sample at more angles (views) each with fewer
lines of sight than at fewer angles each with more lines of
sight. This is because in the latter case the high resolution
in p is partly annulled by a lack of information on the
angular distribution. The information content in the mea-
surement and reliable information that can be derived by
tomographic reconstructions can be described; see, for
instance, Refs. 167 and 168. For example, a rule of thumb
has been derived for the useful number of projections
(views) for a given number of lines of sight per view.!®”
Note that the numbers found—typically the number of
views should be larger than the number of channels per
view—are normally impractical or impossible for MFE
diagnostics, which illustrates the need to take a priori
information into account in tomographic reconstructions
by methods such as those discussed in Sec. IV.F. Second,
it is important that every part of the emitting plasma be
covered by two or more views. If there is only one view
in some areas, tomography algorithms cannot derive a
quantitative spatial distribution, unless a priori informa-
tion about the emissivity in that area is provided to the
algorithm. It may also be possible to extract qualitative
rather than quantitative information about the emission
profile, for example, by a specialist technique such as
region-of-interest tomography, which has been applied
in low-temperature plasma diagnostics.'’® The two re-
quirements discussed above lead to the requirement of
many views with many lines of sight each.

The sampling does not need to be regular, and it can
be optimized given the constraints and the requirements.
For this purpose it is useful to consider the function
f(p,&)—often referred to as “sinogram” because of the
characteristic shape of f(p,&) for point sources in
g(x,y)—for a number of representative emission pro-
files g(x, y). This is illustrated for a particular generation
of JET bolometers in Fig. 10, for which a reasonably
optimized line-of-sight distribution was obtained within
FUSION SCIENCE AND TECHNOLOGY
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Fig. 11. Illustration of various types of basis functions in xy space [(a), (¢), (¢), and (g)] and projection space [(b), (d), (f), and (h)]
as contour plots. (a) and (b) SXR emission profile used as phantom (identical to Fig. 18a) and its sinogram. The fans in
(a) indicate the extent of the viewing fans of the JET SXR imaging system (each with 18 channels, except the top one,
which has 35 channels); the average lines of sight are indicated by points in (b). (¢) and (d) Local basis functions
(exaggerated size); I: square pixel; II: “pyramid” (linear interpolation between grid points). (¢) and (f) One Cormack
global basis function (cosine component with parameters n = 2, m = 3) (Ref. 182). Normally, the Cormack basis functions
are given in polar coordinates; here, these coordinates have been transformed to elliptical coordinates by a linear
stretching transformation (thus keeping straight lines straight) of (x, y) and (p, &) in the y direction. Negative values are
indicated by dotted contours. (g) and (h) NBFs; I: geometric function of one SXR detector [blowup of projection-space
coverage in (i); see Ref. 164 for details; p,,(&) is the p value that corresponds to lines through the center of the aperture];
II: triangular strip; III: constant strip; IV: basis functions corresponding to bilinear interpolation in projection space
(exaggerated size). The relationship between xy space and projection-space quantities is indicated by the Radon R and
backprojection B operators. The origin for projection space is indicated by a cross in (a), (c), (e), and (g). The boundary
of the reconstruction region (the first-wall structures of the tokamak vacuum vessel) is given by a thick line; lines of sight
passing outside the boundary are in the dark region indicated in projection space.
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the technical constraints. The peaked emissivity in the
divertor leads to a band in f( p, ¢). The line-of-sight dis-
tribution has been optimized on the basis of this. The
divertor radiation is sampled by four-channel views at
regular angles, and the edge plasma, where there are
steep gradients in emissivity, is also sampled at several
angles, whereas the rest of projection space is covered
more sparsely (irregularly because of the constraints).
Every p value is sampled at several angles; thus, both
aspects mentioned above have been satisfied. During an
optimization like this, it may be beneficial to look in
detail at particular regions of projection space, for exam-
ple, by a change of origin (xg, yo) to another relevant
location (e.g., the highly radiating divertor in the case of
bolometry).!%® It may be useful to assess the appropri-
ateness of the selected coverage by means of phantom
simulations, as discussed in Sec. IV.H.1. A quantitative
way to assess the “usefulness” of individual lines of sight
as a means of optimizing the line-of-sight distribution
was proposed and applied in Ref. 152.

It is generally a good idea to include a few overlap-
ping lines of sight in opposite directions for cross-checking
purposes. This way, measurements can be validated, and
discrepancies can lead to important insights (see, e.g.,
Sec. IV.1.5). Uncommon algorithms'?! exist that experi-
ence singularities if the two measurements from opposite
directions are not identical, which will always be in the
presence of noise and systematic errors.

By considering the Fourier transform of a regularly
sampled projection space, it can be theoretically demon-
strated that the information content of interlaced sam-
pling with half the number of lines of sight, i.e., alternating
only even and odd points in neighboring projections, is
almost the same as full sampling.!”? Although this in-
sight is mainly of academic interest for most present-day
MFE tomography systems, it may become relevant in
future systems if significantly more views and lines of
sight become available.

1V.D.3. Taking into Account Beam Widths, and
the Line-Integral Approximation

In many applications, the measurements are as-
sumed to be approximated by line integrals. All real mea-
surement systems, however, measure along strips with a
finite width. There are two reasons to optimize these
beam widths: signal level and minimization of spatial
aliasing. Spatial aliasing can occur if emitting structures
are present in the plasma that are smaller than the dis-
tance between neighboring lines of sight. This effect is
illustrated in Fig. 12 for the JET bolometer system. Finite
beam widths will have a smoothing effect that has a
similar effect to filtering above half the Nyquist fre-
quency in data-acquisition systems for temporal sam-
pling. It may therefore be of benefit to enlarge the beam
widths so that the viewing beams of neighboring chan-
nels touch or even overlap, which also increases the sig-
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Fig. 12. Illustration of the antialiasing effect of finite beam
widths.!”? Quantities along a curve p(€) of all lines of
sight through the center of an aperture for an array of
bolometers viewing down into the divertor on JET,
for a certain assumed emission profile similar to that
of the phantom in Fig. 16a, as a function of the angle
£ [(a) and (b)] and its Fourier counterpart = [(c) and
(d)]. (a) Solid line: line-integral values; dotted line:
values blurred by the “angular étendue,” i.e., the in-
tegral of k(p,&) over p; circles: points where the
blurred values are sampled (corresponding to the de-
tectors); dashed curve: piecewise-linear fit to sampled
points. (b) Angular étendue normalized to the étendue
for the 14-channel vertical bolometer camera; the one
used in the investigation is given by the solid line. (¢)
and (d) Fourier transforms of (a) and (b), respectively,
with equivalent line types and symbols. Note that (c)
is on a logarithmic scale and (d) is on a linear scale.
The dashed curve in (¢) indicates the blurred function
aliased with values higher than half the Nyquist fre-
quency [(2A&)71, where A¢ is the sampling rate; ver-
tical dot-dashed line at 2 = 0.13 deg™']; the circles
indicate the sampling points on the dashed curve, which
clearly show an aliasing effect even with relatively
large beam widths [i.e., in (c) the dashed curve is
higher than the unaliased dotted curve]. (Figure re-
printed with permission from Ref. 173; Copyright 2002,
American Institute of Physics.)

nal level. This has the added benefit that small structures
in the emission profile cannot be overlooked, as other-
wise they could be seen by narrow viewing beams from
one direction but fall between two viewing beams from
another direction. Optimization techniques to achieve ad-
equate beam widths are described in Ref. 173, which
shows that individual collimators for each channel (on an
array or individually) offer more flexibility to optimize
beam widths and signal levels than pinhole cameras for
FUSION SCIENCE AND TECHNOLOGY
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detector arrays. Truly overlapping beam widths, which
could be needed to avoid any spatial aliasing, can be
difficult to achieve with the detector arrays often em-
ployed in tomography systems, unless they are displaced
in the toroidal direction. Clearly, in the design of the
collimator or pinhole cameras of tomography systems,
compromises need to be made between allowable spatial
aliasing, signal levels, and loss of too much spatial detail.
It is important to realize that unlike what is sometimes
thought, finite beam widths have several benefits and
few drawbacks. Unless high-resolution views are avail-
able from many directions, it will be impossible anyway
to resolve structures smaller than a few channel-to-
channel distances by tomographic techniques. For tomog-
raphy systems measuring in poloidal cross sections, the
viewing extent in the toroidal direction is usually also
maximized, in the interest of signal level, to the limit
below which toroidal bending and toroidal asymmetries
can be neglected.

It is important to adequately take into account the
viewing geometry in the tomography algorithm, by means
of the geometric function K;(x,y) in Eq. (5). In many
cases approximations of K;(x,y), such as the line-
integral approximation, are adequate, as is discussed
below. For an exactly known geometry, K;(x, y) can be
calculated analytically, taking into account properly the
solid angle spanned by the detector seen through the
aperture or collimator from each point (x, y, z) and inte-
grated over z (assuming emissivity in the toroidal z di-
rection is constant over the beam width in that direction).
This is a cumbersome integral over several dimensions,
and it can be shown'®* that calculation can be more ef-
fective through a geometric function in projection space
ki(p, &), which is related by

Ki(x,y) = Jfki(paf)

X 8(p+ (x—xp)

(y —yo)cos&)dpdé ,  (8)

and k;(p, &) can be fully determined by the lines going
through the detector and aperture or collimator (making
allowance for the z dimension). Interestingly, Eq. (8) is
equivalent to backprojection Eq. (7). Examples of k;( p, &)
are shown for three bolometer detectors at JET in Figs. 10b,
10c, and 10d. The most straightforward way is to approx-
imate the views with finite beam widths by line integrals.
In this case the geometry is taken into account by the
so-called étendue of the optical system'%4

J J COS((; f; dp dé ©)

where &; is the angle of the central approximating line of
sight. For simple pinhole systems the approximation of
the étendue by the solid angle spanned by the aperture as

X sin & —
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seen by the detector, multiplied by the detector area, may
be adequate.!*23:164173.174 ‘For more-complicated colli-
mator systems, Eq. (9) can be used. The requirement for
the line-of-sight approximation to be applicable is that
emission does not vary in cross sections of the beam
width or, equivalently, that the sinogram does not vary
over the area where k;(p, &) is nonzero. In reality it is
found, however, that the line-integral approximation can
also be adequate when the emission profile is varying
smoothly over the beam width. Only when the beam
widths are wide with respect to the radiating structures
that are observed is it necessary to use the full geometric
information in K;(x, y). This may be the case, for exam-
ple, in bolometer tomography of divertor plasmas. Even
in this case, it is common to scale bolometer signals by
the étendue to obtain signals in Wm ™ 2sr~ ! or Wm ™2 (in
the latter case isotropic emission has been assumed), as
in Fig. 6, so that signals from channels with quite differ-
ent étendues can be compared more easily [obviously,
this scaling must be undone before the full K;(x,y) is
taken into account in the tomographic reconstruction].
Note that the line integral in W m~?2 is a very different
quantity than the radiative power load onto the wall,
which has the same dimension.

The viewing geometry after installation is not al-
ways adequately known, and K;(x,y) cannot be calcu-
lated. In such a case it may be possible to determine
K;(x,y) ork;(p, €) by measurement.!’*175> When design-
ing tomography systems, it is important that provisions
be made for adequate determination of the geometry of
the system as installed; otherwise, artifacts will appear in
reconstructions, as pointed out in Sec. IV.C. In the series-
expansion tomography methods with local basis func-
tions as described in Sec. IV.E, which are most commonly
applied to MFE diagnostic data, K;(x,y) will be used,
and k;(p, &) is at most a useful intermediary, for exam-
ple, for experimental or numerical determination of
K;(x,y). For tomography methods that operate in pro-
jection space, it is often difficult to implement exact geo-
metric information unless it is shift invariant. Exceptions
are the Cormack method and the method described in
Ref. 153, in which k;(p, &) can be fully taken into ac-
count.!'’® In other fields of tomography, either beam widths
are negligible, or the correction is usually done very dif-
ferently by methods not applicable to the MFE diagnos-
tic. In those cases, k;(p, &) is usually shift-invariant for
all channels because of symmetry in views, and there-
fore, beam widths can be taken into account in Fourier
space, e.g., Refs. 177 and 178 and references in Ref. 164.

IV.E. Series Expansion

IV.E.1. Introduction to Series Expansion
onto Basis Functions

Basically, there are two approaches to the inversion
of Eq. (5): analytical inversion and subsequent numerical
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implementation (digitization), or digitization of Eq. (5)
followed by numerical inversion.!3” The former are some-
times referred to as “transform methods,” and the FBP
and many Fourier methods are examples. These can be
very efficient. However, often the sampling must be reg-
ular, and there are limited possibilities to take into ac-
count a priori information. The second approach to
inversion is often referred to as series expansion, as the
function g(x,y) is approximated by an expansion on a
suitable set of basis functions b;(x, y):

g(x,)’)ng_,-bj(x,y) s (10)

with expansion coefficients g;. Substitution of Eq. (10)
into Eq. (5) yields the system of equations

fi= 2Ky (11)

(or equivalently the matrix equation f = Kg), where

K; = ffKi(x,y)bj(x,y)dxdy : (12)

The solution g(x, y) can be obtained by solving Eq. (11)
and subsequent application of Eq. (10); this will be dis-
cussed in Sec. IV.F.

There are essentially three different types of basis
functions applied in tomography algorithms: local basis
functions, global basis functions, and natural basis func-
tions (NBFs). These are illustrated in Figs. 11c, 11e, and
11g, and the corresponding projection space shapes in
Figs. 11d, 11f, and 11h. These three types will be de-
scribed in detail below.

IV.E.2. Local Basis Functions

Local basis functions include square pixels (I in
Fig. 11¢) and other localized functions.'” An attractive
local basis function is shaped like a pyramid with rounded
corners (II in Fig. 11c) and overlaps halfway with the
neighboring basis functions. This ensures continuity of
the function g(x, y) in the grid points and therefore is a
much more accurate representation of functions than pix-
els, at minimal additional computational cost.!”®-180 Other
shapes of pixels that have been applied are sections of
rings that match the flux surfaces.®>!3! Sometimes, to-
mography algorithms using pixels have been referred to
as finite element methods in the literature, which is con-
fusing, as the algorithms only make use of a scalar value
of each pixel (the emissivity), rather than quantities flow-
ing between finite elements. Local basis functions on a
regular grid ensure a great deal of flexibility for the ad-
equate description of g(x, y), without imposing any par-
ticular functional shape on the solution.

IV.E.3. Global Basis Functions

The best known type of global basis function is used
in the Cormack tomography method. This method was
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proposed by Cormack in 1963 (Refs. 181 and 182); he is
one of the inventors of computed tomography for medi-
cal applications. In this method, g(x, y) is expanded into
circular harmonics (i.e., sin and cos in poloidal angle)
and Zernike polynomials in the radial direction (see
Fig. 11e). The Radon transform of this expansion can be
obtained analytically, expressed 82 in circular harmonics
in & and Chebyshev functions of the second kind in p (see
Fig. 11f). The inversion is obtained by fitting the mea-
surements f; to the expansion on an orthogonal basis in
projection space. This gives the coefficients to be in-
serted in Eq. (10). Because the Radon inverse of the
fitting basis functions in projection space is known ana-
lytically, the Cormack method can also be regarded as a
transform method. Several variations to the Cormack
method exist, for example, replacing the Zernike poly-
nomials by Bessel function,'!:183:184 which are better
suited to describe SXR emission in tokamaks, or other
“circular harmonic” methods.!37-!85 The Cormack method
was not very suited for medical tomography, but it was a
good choice for two-camera SXR tomography in the early
days of its application on MFE devices, especially on
circular tokamaks with a small Shafranov shift, as the
functional structure is well adapted to MHD modes oc-
curring. It therefore found wide and very successful ap-
plication in SXR tomography in MFE devices with circular
cross section,!31418.14L186.187 For other plasma shapes
(such as the elongated D-shaped plasma illustrated in
Fig. 11a) and multicamera systems, the usefulness of the
Cormack method is limited as higher harmonics in the
expansion are wasted on describing the inadequacies of
the basis functions to describe the basis emission profile
shape, rather than on representing information on the
fine structure of the emission profile. Some adaptations
of the Cormack method to cope with the actual geometry
of flux surfaces'8%1%9 have found only limited applica-
bility. On the present-day SXR tomography systems and
with fast computers available, other reconstruction meth-
ods often perform better; see Secs. IV.F and Sec. IV.G.

1V.E.4. Natural Basis Functions

The third type of basis function, NBFs or natural
pixels, 109190191 jg bagsed on the functional shape of
Ki(x,y), i.e., the viewing geometry (see Fig. 11g for
some examples). NBFs have been applied successfully
in single positron emission computed medical tomogra-
phy,!°? which has some similarities with MFE tomogra-
phy systems. It is claimed that this choice of basis
function is particularly good for small numbers of mea-
surements, if the coverage is regular, as the solution is
described by the information about the measurement
(geometry and measured values).'”®!%° However, the
basis functions are not orthogonal, and the implementa-
tion in the case of irregular coverage is not trivial.!*!
Nevertheless, because of their properties to optimally
represent the measurements and requiring a minimal
FUSION SCIENCE AND TECHNOLOGY
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amount of a priori information, it has found some use in
MFE tomography to ascertain that features observed
are not artifacts induced by other regularization meth-
ods (Fig. 13) (the use of a priori information is dis-
cussed in more detail in Sec. IV.F.2) (Ref. 191). Because
of the nature of NBFs, Eq. (10) actually corresponds to
the backprojection operator of Eq. (7) (Refs. 191 and
192).

IV.E.5. Considerations on Choice of Basis Functions,
Number of Basis Functions, and Numerical
Implementation

Series-expansion methods using a large number of
basis functions (such as pixels or grid points) are com-
putationally much more involved than transform meth-
ods. When symmetric views are present, this leads to
symmetries in K that can be exploited.!”* With some of
the linear methods described in Sec. IV.F, computation
time is not an issue any more on modern computers.

The computation and solution are affected by the
chosen number of basis functions (such as the number of
grid points). It is sometimes not realized that the number
of basis functions is not necessarily bound by the number
of measurements, as the regularization methods de-
scribed in Sec. IV.F can deal with Eq. (11) if it is under-
determined. For local basis functions it is our preference
that the solution be determined by only the a priori in-
formation (such as the objective functionals described in
Sec. IV.F) and the measurements, and not by the choice
of type or number of basis functions. As the computa-
tional efficiency depends strongly on the number J of
basis functions (roughly as J? to J3, depending on the
solution method), there is an incentive to minimize J.
Because the distance between neighboring lines of sight
determines the minimum size of features of the emission
profile that could possibly be distinguished in the mea-
surements, as a rule of thumb one can therefore choose
the size of the basis functions similar to the average dis-
tance between lines of sight (at the expense of program-
ming complexity, one could also choose varying sizes
over the reconstruction region; see Sec. IV.G). By repeat-
ing tomographic reconstructions with different grid sizes,
one can easily establish a limiting size below which the
solution does not depend on the choice. Note that this
may lead to thousands of grid points (i.e., unknowns),
while only having of the order of 100 measurements; this
is not a major problem. With NBFs, the number of basis
functions is naturally limited to (about) the number of
measurements. Because it is difficult to use a priori in-
formation in the Cormack method, the number of expan-
sion coefficients is limited to avoid spatial aliasing (for
optimization, see Ref. 141 and Sec. IV.1.3). In particular,
the number of angular harmonics is limited by the num-
ber of full views of the plasma.

To minimize the amount of a priori information
needed, some researchers decide to limit the number of
FUSION SCIENCE AND TECHNOLOGY
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basis functions to ensure that Eq. (11) is overdetermined.
This indeed regularizes the reconstruction (i.e., ensuring
a unique well-behaved solution), but it is rather arbitrary
because the solution may depend sensitively on the exact
number of basis functions (i.e., the solution may change
significantly if one more or less basis function is used).
Great care is therefore needed if this approach is adopted.
The Akaike Information Criterion provides a means to
optimize the number of free parameters, such as the num-
ber of local basis functions'#” or the number of Cormack
expansion coefficients'*!' in dependence on the measure-
ments and geometry [in fact in dependence on the resid-
ual | f — Kg| in Eq. (13)]. This may be the information
theory equivalent of the approach above that the number
of basis functions should be such that all detail available
in the measurements can be expressed in the recon-
structed emission profile.

Because of the flexibility of using arbitrary line-of-
sight distributions and a wide range of a priori informa-
tion (to complement a lack of information in the
measurements, see Sec. IV.F), the use of series-expansion
methods, in particular, with local basis functions, is often
the preferred approach for tomography on MFE de-
vices, given the boundary conditions discussed in
Sec. IV.A.

IV.E.6. Parametric Models

There are alternatives to approximation of g(x, y) by
a linear series expansion in orthogonal or nonorthogonal
basis functions as in Eq. (10), such as a parameterized
nonlinear function that is expected to describe the emis-
sion profile well. A tomographic reconstruction can be
obtained by least-squares fitting to such a parametric
model. Although this can be adequate provided the para-
metric model provides a satisfactory description of the
emission profile, one should remember that the nature of
ill-posed problems typically makes parameters very in-
sensitively dependent on line-integral measurements and
furthermore that several parameters are correlated. The
choice of method depends on the flexibility required and
how much knowledge is available about the expected
emission profiles.

IV.F. Regularization

In this section and in Sec. VI.G, it will be assumed
that a series expansion has been made on local basis
functions and that thus to obtain the tomographic inver-
sion, Eq. (11) needs to be solved, taking into account
its ill-posed nature. The ill-posedness typically mani-
fests itself in the matrix K (or KTK) having many small
eigenvalues or singular values,!3® which makes it nec-
essary to regularize the problem to be able to obtain a
well-behaved solution. Although an eigenanalysis of the
matrix K gives useful insight into its characteristics, for
example, the range and null-space,'®* the singular value
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decomposition (SVD) is a superior analysis tool for
ill-posed problems.!38195 A “condition number,” typi-
cally the ratio of the largest and smallest singular val-
ues, quantifies the ill-posedness.

IV.F.1. Truncated SVD and Iterative Approaches
Without Specific A Priori Information

A very straightforward and robust method to solve
Eq. (11) is by truncated SVD (TSVD) (Refs. 138 and
195); algorithms are available in many mathematical
packages. The truncation effectively removes the small
singular values, which are related to the eigenvalues of
KTK and KKT7, below a level set by the user, thus reg-
ularizing the problem. The truncation level to be chosen
depends on the range of singular values and the noise
level of the measurement. There are also iterative ways
to solve Eq. (11), for example, by the Kaczmarz method.
This was implemented in ART in the early days of com-
puted tomography, as the iterative method could be im-
plemented relatively efficiently and make efficient use
of computer memory. Many variations of ART exist.!3?
Regularization is achieved by breaking the iterations at
a suitable point'3? and introducing relaxation param-
eters. Both TSVD and ART can be shown to give the
least-squares solution if Eq. (11) is overdetermined, and
the minimum-norm solution if Eq. (11) is underdeter-
mined.!33:138:195 These methods use a minimum amount
of a priori information: essentially only the choice of
truncation level. If the matrix K and measurements f
contain insufficient information to be able to provide a
physically meaningful reconstruction, as is often the
case in MFE diagnostics, this may be a disadvantage, in
which case the following methods should be considered.

1IV.F.2. Constrained Optimization, Phillips-Tikhonov
Regularization, and the Use of A Priori
Information

The second way to deal with the small eigenvalues or
singular values of the matrix K is to transform Eq. (11)
into a different system of equations that does not have
small eigenvalues or singular values. This can be done
effectively by adding a priori information about the ex-
pected emission profile. The requirement is that this a
priori information adds information about the subspace
of solution space that goes unnoticed by the measure-
ments (i.e., the null-space of K) (Refs. 136, 179, and
194). This requirement is easily satisfied; e.g., the knowl-
edge that the solution should be zero outside the vacuum
vessel already adds to the regularization. However, the
degree to which the a priori information adds to the mea-
surement is the key to successful tomographic reconstruc-
tion. This is most relevant if Eq. (11) is underdetermined,
which generally is the case in MFE applications (see the
discussion in Sec. IV.E on choosing a sufficient number
of basis functions). Tomography with a coverage with
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only a few views at restricted angles, as is usually the
case in MFE diagnostics, is often referred to as “missing
angle tomography” or “limited angle tomography.” A
priori information plays a very important role to fill the
gap in information of the “missing” angles. The effect of
a priori information on the quality of the reconstruction is
illustrated by Fig. 13. Application of TSVD with differ-
ent basis functions (Figs. 13b and 13c¢) leads to features
in the reconstruction that are rather erratic, while if a
priori information about the smoothness of the solution
on flux surfaces is assumed (see below for a description
of how this is achieved), the reconstruction is closer to
what would be expected from plasma physics consider-
ations (Fig. 13a) (Ref. 191).

A convenient way to introduce a priori information is
by describing a desired or expected property of the emis-
sion profile g(x, y) (vector g in discretized form) by an
objective (or penalty) functional O(g). The measure-
ments can be considered as constraint:

C(g) = If—Kgl* — lel* . (13)

where g is the estimated noise level. Alternatively, it is
often useful to weight the contribution of each measure-
ment by its estimated error, which leads to a slight mod-
ification of C(g) and Eq. (15) (Refs. 56 and 180).
Assuming minimization of O(g) is desirable, the solu-
tion g can be found by the constrained optimization
problem

min{O(g)|C(g) =0} . (14)

If the objective functional is quadratic, e.g., O(g) =
(g|Q|g) using Dirac notation of the scalar product with
matrix (), the Lagrange multiplier method applied to
Eq. (14) gives!'8°

(AKTK + Q)g = AKf | (15)

where QT = () has been assumed. For a given Lagrange
multiplier A, which acts as the regularization parameter,
inversion of Eq. (15) gives the solution g. The required
A can be found by requiring the constraint Eq. (13),
often referred to as the discrepancy principle,'3¢ to be
satisfied. Figure 14 shows for a practical case the func-
tional dependence of O and C on A, illustrating that
there is a unique solution for C(g) = 0 (Ref. 136), i.e.,
with an equal sign rather than C(g) = 0. In fact it can
be proven that a solution exists and is unique on the
condition that the measurements exceed the noise.!3¢
Because the functional behavior is monotonic, it is
straightforward to find A iteratively by solving Eq. (15)
for different values of A, e.g., Ref. 149. Although solv-
ing Eq. (15) is time consuming (especially when many
grid points are used), in practice only of the order of
ten iterations are required to find A. There are also ways
to express the solution of Eq. (15) analytically in terms
of A and thus requiring only one inversion of a matrix
equation, for example, by expressing the solution in
FUSION SCIENCE AND TECHNOLOGY
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Fig. 13. Illustration of the effect of a priori information on the tomographic reconstruction with the JET SXR diagnostic (JET
discharge #40051; background subtracted).!°! (a) Reconstruction by constrained optimization with an objective func-
tional that penalizes solutions that are not smooth on flux surfaces (Sec. IV.E.3) ensures the smoothest solution within the
measurement errors, which is closest to the expectations from plasma physics knowledge. The grid size is indicated in the
lower left corner. However, to ascertain that the features deviating from constant values on flux surfaces were not artifacts
of the assumptions and reconstruction method, the result was compared with reconstruction with a minimum of a priori
information imposed, by application of TSVD on natural (b) and local (c) basis functions (Sec. IV.E). In this case, with
more than 200 lines of sight, reconstructions with TSVD did give adequate reconstructions, but this is unlikely to be the
case for sparser coverage. Generally, in the application of tomography to MFE diagnostics, a priori information plays a
key role for obtaining adequate and meaningful results. (Figure reprinted with permission from Ref. 191.)
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Fig. 14. Typical example of the competing functions in con-
strained optimization as a function of the inverse of
the Lagrange multiplier 1/A (the regularization pa-
rameter): the misfit (f — Kg|W|f — Kg) weighted by
the estimated errors W; = 1/g; (dotted line) and the
unsmoothness O(g) = (g|Q|g) (dashed line), where
Dirac notation has been used for inner products. The
solid circles show the optimized Lagrange multiplier
according to the discrepancy principle, i.e., where the
misfit equals the estimated errors (& |W | &) = M (solid
line) (in the weighted case this is the number of chan-
nels M).
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terms of the eigenvalues and eigenvectors of a general-
ized eigenvalue problem,!®* or in terms of singular val-
ues and vectors of the SVD or QR decomposition.'?®
Although Eq. (15) was the result of constrained op-
timization, it corresponds to the well-known Phillips-
Tikhonov regularization proposed for regularizing the
solving of the matrix equation Eq. (11) (in general with
regularization parameter = 1/A) (Refs. 127, 128, 136,
and 138). However, Phillips-Tikhonov regularization does
not necessarily use the discrepancy principle Eq. (13) to
optimize A, but other methods. Very extensive literature
exists on methods to determine an adequate regulariza-
tion parameter; see, for instance, Refs. 136 and 138. It is
clear that for large A the information from the measure-
ment and measurement geometry will have the dominant
influence on the solution, whereas for small A the infor-
mation in the objective functional will dominate. A plot
of O(g) against | f — Kg||? will typically have the shape
of an L, and a good balance between O(g) and | f — Kg||?
is found by choosing A at the “corner” of the L-curve.!38
Also, statistical considerations, such as generalized cross
validation, can be used to select an optimum A (Refs. 148
and 196). For physicists, however, the discrepancy prin-
ciple Eq. (13) is very attractive as usually insight on the
noise level is available and should be taken into account,
while for mathematicians other choices may be prefera-
ble. It is common, also when using simulated data, that
slightly underestimating the noise in the discrepancy prin-
ciple Eq. (13) leads to more accurate reconstructions com-
pared with using the upper limit of the expected noise or
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even the actual noise level.!#+194 It is therefore useful to
use rather low estimated noise levels for which no ap-
parent artifacts occur in the reconstruction. However, if
the noise level is significantly underestimated, severe
artifacts related to the measurement noise will appear in
the reconstructions.

1IV.F.3. Objective Functionals

The next step is the choice of appropriate objective
functional O(g). In Phillips-Tikhonov regularization often
the simple choice O(g) = ||g|? (minimum norm) is used,
which in principle corresponds to solutions found by
TSVD and ART (Ref. 138). Another choice is maximum
entropy>143:144168.197.198: 0 (¢) = > . ¢.1n g;, or the closely
related minimum cross entropy.!®® This objective func-
tional can be derived from Bayesian statistics consider-
ations and probabilistic inference, and the result is the
most probable and least biased solution consistent with
the available noisy data.'** As the choice of maximum
entropy objective functional is nonlinear, Eq. (14) has to
be solved by other numerical means than explained above
and is typically time consuming.

For applications to MFE diagnostics, however, it
may be beneficial to take into account further a priori
knowledge about the expected solution. A wide class of
quadratic objective functionals can be defined in Carte-
sian coordinates by

0(g) = (glQlg)
_fJ s ag 2 ag 2 aZg 2
= o8~ tc, 5 tc 5 Tt C 8x_2

aZg 2 azg 2
+ 2¢,, + | — dxdy , (16)
dxdy 7\ ay?

where all coefficients ¢ can be chosen to suit a particu-
lar emission profile and can depend on x and y. If ¢
is set to a large value outside the nominal plasma and
zero inside, minimization of the objective functional
will favor solutions with small values outside the plasma.
The first-derivative terms will favor small gradients in
the locations where c, , is set nonzero. Finally, the sec-
ond derivatives will favor solutions that are smooth.
The Laplacian terms, i.e., second-derivative terms with
Cxx = Cyy, are a very common choice in Phillips-
Tiknonov regularization.!?%:148:196 Smoothness is a very
general and important property of emission profiles and
a powerful way to regularize the solution. Even if the
emission profile is known not to be smooth, it usually
will be on the spatial scale that can be resolved by the
lines of sight available, and therefore, a smooth profile
will be a fair representation given the available mea-
surements. As the emission profile in MFE devices, in

554

TOMOGRAPHY DIAGNOSTICS: BOLOMETRY AND SOFT X-RAY

first approximation, usually is expected to be smoother
on flux surfaces than radially, an objective functional
similar to smoothness in Cartesian coordinates was in-
troduced by Fuchs,3856-180 which has proven very pow-
erful in tomographic reconstructions on MFE devices,
in particular, in bolometer tomography and tomography
with a limited number of views. This is achieved by
differentiating between diffusion coefficients—diffusion
of the mathematical values of the emissivity, without a
direct link to plasma transport—parallel and perpendic-
ular to the magnetic flux surfaces. For bolometer tomog-
raphy of a divertor plasma, the diffusion coefficients
must be suitably adapted in the X-point and divertor
region to allow for appropriate gradients in emissivity
along the nonclosed flux surfaces.

Tomographic reconstructions using objective func-
tionals such as Eq. (16) will often oversmooth the peaks
in the emission profile, especially at high noise levels.
Anton et al.>? proposed to use a linearized version of the
minimum Fisher information criterion in the objective
functional. Effectively, this weights the coefficients of
Eq. (16)—typically the Laplacian terms only are used—in
each grid point by the emissivity value g in that grid point
(obviously, g is not known beforehand, and therefore the
method has to be implemented iteratively; usually one or
two iterations suffice). The result is that smoothness is
reduced in locations where g(x, y) peaks, thus reducing
oversmoothing. Although this may be effective in bring-
ing out details of the reconstruction, it also has some
drawbacks, discussed in Sec. IV.H.3. The problem of
oversmoothing originates from the noise level not being
taken into account individually (see also Sec. IV.1.5) but
is summed over all channels (weighting the measure-
ments by noise level reduces the problem but does not
eliminate it). Other approaches, which may solve some
of the problems of the global nature, have been proposed
in the literature, for example, in Ref. 200.

1IV.F.4. Further Considerations on Regularization and
the Choice of Objective Functionals

Regularized solutions with quadratic objective func-
tionals can lead to unphysical negative emissivities, es-
pecially in the case of the emission profile having small
peaked structures and steep gradients, which are often
encountered in bolometer tomography of the divertor
plasma (see Sec. IV.I.5). Such negative overshoots are
related to overshoots appearing in the Fourier expansion
of steep gradients with a limited number of terms. The
negative spikes cannot be ignored, as the position and
magnitude of the positive spikes may otherwise be in-
correctly interpreted. It is therefore often necessary to
impose a positive solution. Nonnegativity constraints can
be implemented in various ways. Some standard algo-
rithms used for the optimization of Eq. (14) or Eq. (15)
allow the addition of constraints on g in every location.
This can computationally be very heavy, and it may be
FUSION SCIENCE AND TECHNOLOGY
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more effective to use a method developed by Fehmers
et al.!”* or other iterative methods that set constraints
only on locations that have been negative in earlier
reconstructions.

For a sufficiently large set of basis functions, the
choice of a priori information only has a weak influence
on the solution. The objective functional will only bias
the solution in a direction and not show the expected
property unless the input data, i.e., measurements and
noise level, support it. This is unlike parametric fitting or
some choices of restrictive basis functions (e.g., the Cor-
mack method or pixels shaped after the flux surfaces), in
which case a solution may be found that is not supported
well by the measurements. It is therefore important to
cross-check the values of Kg, i.e., the “backcalculated
solution” where g is the solution found, with f.

It can be difficult to select the optimum regulariza-
tion parameter among the many different objective func-
tionals and criteria that have been proposed in the
literature. The choice is often based on personal prefer-
ence, such as being mathematically oriented or satisfying
the intuition of the experimental physicist. Although a
functional like Eq. (16) generally gives very good results

Bayesian MaxEnt

Simulation

#8100@0.4s

Mininum Fisher
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and many of the choices made for the coefficients can be
justified from physics considerations, it contains several
rather arbitrary choices, such as the weight of nonzero
values with respect to unflatness and unsmoothness, that
affect the solution obtained. As long as the objective
functional chosen provides adequate regularization, the
choice may actually not be very important, provided the
user is well aware of the limitations. In general, a phys-
icist is not interested in one unique “best” solution but
rather in the range of solutions that is reasonable within
the experimental errors and experimental assumptions.
As discussed in Sec. IV.H, it may therefore be important
to compare several methods and variation of reconstruc-
tion parameters within reasonable ranges.

In phantom simulations, synthetic measurements for
the given phantom are calculated with Eq. (5) or Eq. (11),
a realistic level of random noise is added, and a recon-
struction is made using the synthetic measurements. Fig-
ure 15 shows a typical example of the use of phantom
simulations to compare different objective functionals
and regularization methods. Phantom simulations are an
essential standard tool to understand the reliability of the
results obtained (see Sec. IV.H).

1st order Regul. 2nd order Regul.

Fig. 15. Example of a comparison of different regularization methods in phantom simulations (phantom in top-left corner) for two
noise levels: no added noise (i.e., only numerical errors) in the top row, and 2.5% relative noise in the bottom row.?? The
regularization methods compared are maximum entropy, linearized minimum Fisher, first derivatives (flatness), and
second derivatives, as described in Sec. IV.F. The minimum Fisher and second derivatives seem comparable and to be the
preferred methods. However, phantom simulations with more complex structures (MHD island structures) showed that
the second derivatives oversmooth the result and that minimum Fisher is preferred, and even the maximum entropy
method gave more accurate results, except for a high noise level. (Figure reprinted with permission from Ref. 23.)
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It is possible to apply a constrained optimization
with second-derivative terms as in Eq. (16) to an NBF
expansion in projection space. As was pointed out in
Sec. IV.E, with NBFs, Eq. (10) corresponds to the back-
projection, and therefore, the constrained optimization in
projection space corresponds to the FBP filtering of Eq. (6).
Such an implementation of NBFs can therefore be seen
as a discrete implementation of FBP, bringing transform
and series-expansion methods together. Requiring smooth-
ness of the solution by the objective functional—in par-
ticular in projection space, but a smooth function in
projection space will also be smooth in xy space—can
therefore be considered equivalent to filtering out high
spatial frequency components with FBP.

IV.G. Numerical Implementation

For tomography methods based on constrained op-
timization using local basis functions, the practical im-
plementation of a tomography program typically consists
of the following steps:

Step 1: preprocessing of the experimental data, such
as selecting a time slice and dealing with
unreliable channels

Step 2: defining the reconstruction grid and basis
functions

Step 3: defining the geometry matrix K

Step 4: calculating the matrix () for the chosen qua-
dratic objective functional

Step 5: inversion

Step 6: postprocessing, such as graphical display of
the reconstruction and backcalculated sig-
nals and processing of objective information
(Sec. IV.H.2).

The development of tools for phantom simulations is
also required. Some notes on several of these steps are
given next. Further details for practical implementation
can be found in Ref. 180.

After the grid and basis functions have been chosen
(step 2), the geometric matrix K is calculated from Eq. (12)
(step 3). This is straightforward when the line-integral
approximation can be used as described in Sec. IV.D.3.
In case beam widths are important, calculation of the
geometry with equations such as k;( p, ¢) and Eq. (8), and
the discretization of Eq. (12), can be time consuming but
generally only needs to be done once.

Step 4 is the calculation of the matrix () related to the
objective functionals such as Eq. (16). In discrete form,
Q) can conveniently be written in terms of derivative ma-
trices. 6-133:180.201 Generally, these are very large matri-
ces, and straightforward multiplication can be very time
consuming and require much computer memory. This is
also the case for the matrix operations needed in prepa-
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ration of the inversion step 5, such as the term AKTK +
Q in Eq. (15). As most matrices have very many zero
elements, techniques for sparse-matrix storage and oper-
ations on these matrices may be of great benefit to speed
up the calculations. Although it is likely to add consid-
erably to the complexity of implementation and is not
needed for stability in well-regularized algorithms, it may
also be of benefit to use different grid sizes in different
regions in the plasma, such as a fine grid where needed
(e.g., in the divertor to be able to resolve details in the
expected radiating features) and a coarser grid every-
where else,'89 as the calculation time depends strongly
on the total number of grid points.

The numerical implementation of the algorithms in
step 5, the inversion, is generally straightforward, as for
the most complex operations, such as constrained opti-
mization Eq. (14) for nonlinear problems, solving the
matrix equation Eq. (15) for linear constrained optimi-
zation, or performing TSVD on Eq. (11), use can be
made of appropriate standard mathematical packages (such
as NAG, MATLAB, and LAPACK). Because the sparse-
ness of the matrices is usually not regular as the result of
the typically irregular coverage in MFE diagnostics, it is
generally not possible to take advantage of sparse-matrix
versions of the inversion routines or fast algorithms for
matrices with regular structure, unlike the application of
tomography in other fields. The optimization of the reg-
ularization parameter in constrained optimization is
achieved by the methods described in Sec. IV.F.2.

When developing tomography codes, often the larg-
est effort is not with the algorithm for tomographic re-
construction itself, but in integration of diagnostic details
(such as taking into account all relevant information:
noise level, beam widths, and perturbing effects), in the
preprocessing (such as for the graphical display of sig-
nals and deselection of unreliable channels) and in post-
processing (i.e., steps 1 and 6 described above), in the
testing with phantom simulations (see Sec. IV.H), and in
gaining the required experience to derive reliable phys-
ical quantities by the mathematical techniques.

IV.H. Objective Information

For the physicist it is very important to know how
reliable specific features of the tomographically recon-
structed emission profiles are. Phantom simulations are
one of the tools to assess the capabilities and reliability of
the diagnostic technique, but they also serve other pur-
poses discussed below. In diagnostic practice it is often
valuable to consider quantities derived from the recon-
structed 2-D emission profiles rather than the profiles
themselves. Some such derived quantities and their role
in objective information are discussed.

IV.H.1. Phantom Simulations

Phantom simulations with a realistic noise level are
a very important tool for establishing the reliability of
FUSION SCIENCE AND TECHNOLOGY
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reconstructed emission profiles with respect to typical
emission profiles expected, e.g., from plasma modeling
codes. Additionally, they are important to ensure the al-
gorithm is working properly, to select appropriate algo-
rithms (Fig. 15), and to optimize parameters in the
algorithm for the expected emission profiles. Further-
more, they can help in designing the layout of tomogra-
phy diagnostics.

In Sec. IV.D.2, approaches were described for the
optimization of lines of sight based on experience. It is
worthwhile to verify the optimization with phantom sim-
ulations with realistic phantoms (showing the features
one would like to be able to resolve), noise levels, per-
turbations, and uncertainties in alignment and geometry.
A quantitative analysis could include the verification of
derived quantities described below. Some fine-tuning of
lines of sight may be the result of such an analysis. Phan-
tom simulations can give a good insight into what the
diagnostic is capable of and help in selecting appropriate
tomography methods and parameters. The finding in
Fig. 15 that the choice of best-performing depends on the
phantom illustrates the importance of carrying out phan-
tom simulations. Given the generally sparse coverage of
tomography systems on MFE devices, the spatial reso-
lution obtained is often lower than expected for a large
number of lines of sight; see, for example, the limited
detail reconstructed in Fig. 16 (Ref. 202). However, one
has to realize that to improve spatial resolution by a
factor of 2, the number of lines of sight should roughly be
quadrupled, for example, by doubling the number of view-
ing directions and doubling the number of channels of

EDGE2D

Low density
Z(m)

High density
Z{m)

R(m)

Simulated
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each viewing direction. Furthermore, increasing the num-
ber of lines of sight is only meaningful for measurements
with very low noise, as the high noise level often encoun-
tered in a tokamak environment may be the limiting fac-
tor. However, as long as one is well aware of these
limitations, tomography can still provide a wealth of quan-
titative information about emission profiles.

IV.H.2. Derived Quantities

Figure 17 shows an example of bolometer tomogra-
phy on ASDEX-Upgrade in which more detail could be
achieved than in an equivalent example on JET (Fig. 16)
by artificially increasing the number of lines of sight by
moving the plasma rigidly and using several time slices
in the same reconstruction (see also Sec. IV.I.3). This
experimental result resolved the same detailed structures
as predicted by modeling?°-205 and illustrates the prac-
tice of comparing 2-D reconstructed profiles and code
modeling results. However, it is not trivial to compare a
2-D profile quantitatively with other cases and with mod-
eling results. In bolometry there is some use in direct
comparison of 2-D emission profiles in the divertor with
modeling results (as illustrated with Figs. 16 and 17) and
in SXR with MHD modeling. Spatial resolution is not
well defined for 2-D emission profiles and is not neces-
sarily related to the distance between lines of sight.?%¢

For quantitative comparison it is often of benefit to
calculate certain derived quantities. Examples of such
derived quantities that have proven useful in practice
for SXR profiles are cross sections and the flux-surface

Experimental

MW m™
115

3.0 2.0 25 3.0 35

R(m) R (m}

Fig. 16. Total radiation profile in the JET MKIIA divertor at a low density (attached plasma; upper row) and high density (detached
plasma; lower row) during a density ramp in the same discharge (JET discharge #39587) (Ref. 202). (a) and (e) Modeling
prediction (EDGE2D-NIMBUS code). (b) and (d) Phantom simulation using the modeling prediction as input. (¢) and
(f) Tomographic reconstruction of the experimental bolometer data (taking into account a CX-neutral contribution; see
Fig. 22). Note that even with more than 100 lines of sight, the spatial resolution that can be reconstructed is very limited.
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#10093

Fig. 17. Comparison of the emission profile in the ASDEX-Upgrade divertor modeled (left) and obtained by tomographic
reconstruction (right), making use of a rigid movement of the divertor plasma.2%3-29 (Adapted figure reprinted with
permission from Ref. 204, and from Ref. 205; Copyright 2001, Elsevier.)

averaged emissivity.’® For bolometry, scalar quantities
are, for example, the total radiated power, the power
radiated within the separatrix, and the power radiated
below the X-point. Useful 1-D quantities include cross
sections, flux-surface averages, and the wall-loading pro-
file.”!297 Projection moments, as introduced in
Sec. IV.D.1, may also be useful derived quantities. Gra-
dients make some quantities unreliable in certain areas,
in particular, in the edge of plasma and the X-point.
Such quantities provide physically meaningful informa-
tion that allows a direct comparison with modeling or
are even used as input in modeling codes. Special de-
rived quantities from SXR tomographic reconstruction
have been used to differentiate between sawtooth mod-
els.!87 An example of derived quantities is given in
Fig. 19a.

IV.H.3. Toward Objective Information

The finding in Fig. 15 that the conclusions on per-
formance of tomography methods depend on the details
of the phantom suggests that regularization methods
should not be compared in phantom simulations to select
asingle “best” method,?*>7-18¢ but this information should
rather be used to establish how reliable the information
on features of the reconstructed emission profiles is. Dif-
ferent methods may yield different reliable informa-
tion.!3%-1°1 Similarly, varying reconstruction parameters
within a tomography method, rather than selecting a “best”
set of parameters, may also yield useful information. It
should therefore be encouraged to use different tomog-
raphy methods and variation of the input parameters.

The zero and 1-D derived quantities introduced above
also make it possible to establish error bars that indicate
the certainty of the tomographic reconstructions. Error
bars can be derived by comparing different suitable to-
mography methods and using reconstruction parameters
within reasonable ranges. This provides objective infor-
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mation and can give certainty on the reliability of the
reconstructed emission profiles, avoiding the often heard
criticism that tomography is not objective because it de-
pends on arbitrary choices and personal preferences.

Figures 18 and 19 illustrate the use of SXR tomog-
raphy for impurity-transport analysis on JET (Ref. 56).
The background-subtracted tomographic reconstructions
for some time slices after injection of a trace impurity
(nickel) by laser ablation are shown in Fig. 18. The rel-
evant derived quantity that can be compared with trans-
port modeling in this case is the flux-surface averaged
emission (Fig. 19), for which error bars have been estab-
lished by the method described above. The 2-D recon-
structions shown (Fig. 18) are the ones that seem most
likely with rather subjective criteria (such as the expec-
tation of smoothness on flux surfaces and low level of
artifacts), whereas the 1-D profiles with error bars pro-
vide quantitative objective information. The use of SXR
tomography for plasma transport analysis is placed into
context in Sec. V.A.

The above method is rather ad hoc in how the error
bars are derived. Statistical and information theoretical
methods exist to derive the reliability in a more devel-
oped mathematical formalism,!44148.167.168 for example,
in the case of the maximum entropy method or with
Bayesian approaches. This area is, however, not well
developed in the field of MFE diagnostics and would
benefit from further exploration.

The use of linearized minimum Fisher information
in the objective functional as described in Sec. IV.F.3 will
enhance the peaks in the emission profile in a mathemat-
ically robust way, without certainty, however, whether
the peaks in the solution are overestimated or underesti-
mated. Phantom simulations show that with Fisher infor-
mation the peaks in the emission profile may actually be
overestimated (i.e., higher in the reconstruction than in
the phantom). This means that the objectivity of the in-
formation is lost. With the other regularization one can at
FUSION SCIENCE AND TECHNOLOGY
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Fig. 18. Background-subtracted SXR emission in a poloidal cross section of JET for three time slices after injection of a trace
impurity (nickel) into an ELM-free hot-ion H-mode (JET discharge #34476) (Ref. 56). The square in the lower-left corner
indicates the grid size, and the curve indicates the separatrix. (Figure reprinted with permission from Ref. 56.)

least be certain that the reconstruction will be over-
smoothed and, therefore, set a reliable lower limit to the
peak in the emission profile. One may therefore prefer
certainty that the peaks have been smoothed (by not ap-
plying linearized minimum Fisher information) than un-
certainty over something that may be closer to reality (as
could be the case when applying linearized minimum
Fisher information).

IV.l. Miscellaneous Topics

There are several variations and extensions to the
purely 2-D tomography described above that are useful
for application in MFE diagnostics. The miscellaneous
topics discussed next are Abel inversion, 3-D tomogra-
phy and tomography of a tangential view, using temporal
information in 2-D reconstructions, using vector tomog-
raphy for MFE diagnostics, and specific topics related to
bolometer tomography.

1V.I 1. Abel Inversion

In some cases only one view with multiple lines of
sight is available. When symmetry is present in the emis-
sion profile, the 1-D profile can be reconstructed. In cir-
cular symmetry (such as a cross section of a cylinder or
torus), the measurement along lines of sight is described
by the so-called Abel transform. Similar to the Radon
inversion formula mentioned in Sec. IV.C, an analytical
inversion formula is known,*”-2%8 but because of a sin-
gularity and derivative, direct numerical implementation
is difficult. The application of the FBP method [Egs. (6)
and (7)], taking into account symmetry in f( p) (addition-
ally, the origin must be chosen such that this is an even
FUSION SCIENCE AND TECHNOLOGY
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function), is numerically robust and reasonably efficient
(although despite the symmetry double integrals are still
needed). In another robust method, a fit (i.e., series ex-
pansion) is made to the function f(p) by, for example, a
polynomial, for which the exact Abel inverse is known
(see Ref. 209 for Abel transform pairs).

In the case of symmetry other than circular, for ex-
ample, when it is expected that the emissivity is constant
on noncircular flux surfaces, the problem is similar in
character to that of the Abel inverse and is often referred
to as Abel inversion. For general flux surfaces, it is pos-
sible to discretize the problem by series expansion sim-
ilar to Eq. (10), in which beam widths can also be taken
into account. If the number of basis functions is chosen to
equal the number of measurements, the resulting Eq. (11)
contains a matrix K that typically is triangular. Math-
ematically, this could be inverted analytically (this cor-
responds to a method that is also referred to as “onion
peeling”), which seems the most straightforward solu-
tion technique. Although this method may give adequate
reconstructions of the edge, in unaltered form it is not
regularized, and noise on the measurements will amplify
reconstruction errors toward the center of the plasma.
Although this method has often been applied, and a large
variety of ways have been implemented to cope with the
intrinsic instability, it is not a recommended method given
the many excellent alternatives. Most of the regulariza-
tion techniques described in Sec. [V.F can easily be adapted
to the 1-D case.

There are two aspects of Abel inversion that make it
more problematic than 2-D reconstruction. First, any re-
constructed profile from Abel inversion depends criti-
cally on the radius at which the measurement is assumed
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Fig. 19. (a) Background-subtracted flux-surface averaged emis-
sivity Ae from the tomographic reconstructions of
Fig. 18 and other time slices as a function of normal-
ized minor radius p. (b) The simulated emissivity for
the same plasma using a transport code that includes
a collisional-radiative model>® (c) and (d) The de-
rived radial profile of the diffusion coefficient D and
convection velocity V. The hatched and gray areas
indicate the region og uncertainty from the assess-
ment. (¢) and (f) Electron density and electron and ion
temperature profiles. Times are given with respect to
the time of nickel injection. (Figure reprinted with
permission from Ref. 56.)

to go to zero. In 2-D tomography, the possible emission
profiles are constrained by measurements at different an-
gles. With line-of-sight measurements from only one di-
rection, the constraint has to be supplied, for example, by
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zero measurements (i.e., lines of sight measuring outside
the plasma) or in the form of a priori information, with
the reconstruction quality depending on the accuracy
of the a priori information. In general, it is therefore
sensible to include a few lines of sight viewing outside
the emitting part of the plasma in the design of Abel
systems, as these may provide more crucial information
than a measurement inside the plasma. Second, Abel in-
version will generally give emission profiles that look
reasonable, even if the assumption about constant emis-
sivity on flux surfaces is violated (only if it is violated
significantly, it may be obvious from unphysical recon-
structed profiles, such as negative emissivity in regions
of the plasma). Unless there is a view of the plasma at a
different angle to compare with, it may be impossible to
ascertain whether the assumption of emissivity constant
on flux surfaces is valid. This uncertainty clearly reduces
the value of the diagnostic data and is a strong argument
for measurements at several angles and 2-D tomography.
Despite these arguments against Abel inversion, it should
be realized that Abel inversion of the emissivity of the
edge plasma may provide more accurate results (locally)
than possible with 2-D tomography (because of too few
views). However, it is always useful, and often essential,
to have an additional view of the plasma to verify that the
assumptions made are valid.

1V.1.2. Three-Dimensional Tomography and
Two-Dimensional Tomography
of a Tangential View

With the start of the use of 2-D detector arrays as
MFE diagnostics, such as charge-coupled-device (CCD)
cameras in the visible and ultraviolet range, various 2-D
X-ray detector types, and imaging bolometers, a large
number of line-integral measurements become available.
With several such cameras, it would in principle become
possible to make 3-D tomographic reconstructions. Three-
dimensional tomography is a straightforward extension
of the 2-D Radon transform, with similar reconstruction
algorithms, although technically 3-D tomography of line-
integral measurements is called the X-ray transform rather
than 3-D Radon transform (n-dimensional Radon trans-
form is for measurements over a dimension n — 1, i.e.,
planes in the case of n = 3) (Refs. 130 and 132). Truly
3-D tomography has hardly been applied to MFE diag-
nostics because as for 2-D tomography discussed in
Sec. IV.D, it is very important that multiple views (i.e.,
lines of sight from several directions) cover every part of
the reconstruction volume and that there are no emitting
plasma regions seen by the views that are outside the
reconstruction volume. To obtain sufficient experimental
data to be able to make reconstructions with limited a
priori information, very many views are needed (possi-
bly from tens of directions or more around the entire
MEFE device, not just two cameras). This is very difficult
to fulfill on most MFE devices because access is usually
FUSION SCIENCE AND TECHNOLOGY
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restricted to a few ports. If assumptions can be made
about toroidal symmetry of plasma emission, it is possi-
ble to relax the requirement of full multiple coverage and
on the number of views dramatically: One view may be
sufficient. The local basis functions and regularization
methods of Secs. IV.E and IV.F can easily be adapted for
3-D tomography, and assumptions about symmetry and
other a priori information can be included in the objec-
tive functionals. However, as the computation time de-
pends strongly on the number of basis functions or grid
points, it is generally more effective to use the 2-D to-
mography methods for tangential views.

If it is known that the emissivity of the plasma is
symmetric in the toroidal direction, the 3-D nature of
lines of sight of toroidally (also referred to as tangen-
tially) viewing 2-D cameras can be reduced to a 2-D
tomography problem, and the same methods as de-
scribed in Secs. IV.E and IV.F can be used, with the
geometric matrix properly describing the line integrals.
Projection of the lines of sight on the poloidal cross
section is a convenient way to assess the coverage. Note
however that in the geometric matrix, the actual length
of the lines of sight in three dimensions is used, not the
length of the projected line of sight on a poloidal cross
section. Typical coverages obtainable in a tokamak, when
the emissivity can be assumed not to change in the
toroidal direction, are illustrated in Fig. 20. Reasonable
coverage can be obtained in many locations, albeit the
coverage is irregular and in some regions lines of sight
from certain local directions may be missing (which
may lead to artifacts in the reconstructions unless ap-
propriate a priori information is taken into account).
The symmetry conditions that allow tangential tomog-
raphy may be that every poloidal cross section of
the plasma emissivity is identical (e.g., visible and ul-
traviolet regions) or, for example, helical symmetry
along field lines (e.g., structures related to MHD events).
After early successful applications of visible CCD cam-
eras,?197213 ygually with filters to measure line radia-
tion from deuterium and particular ionization stages
of impurities, the diagnostic technique is now in com-
mon use on MFE experiments and has been extended
to the vacuum ultraviolet range.>'# The reconstructed
emission profiles are usually compared with the pre-
dicted profiles from 2-D modeling of the divertor plas-
ma.?!> Tangential tomography has also been proposed
for 2-D X-ray measurements (e.g., Refs. 145, 216, and
217 and other MFE devices), especially for MHD
analysis.

The standard series-expansion tomography meth-
ods, usually on a regular grid, can be applied to tangen-
tial tomography. Methods that have been applied are TSVD
(Ref. 213) without a priori information (apart from trun-
cation level), other standard inversion algorithms,?!® and
ART (Ref. 145). Also, the other regularization methods
of Sec IV.F can be used,'?® and the associated a priori
information may have benefits in avoiding artifacts due
FUSION SCIENCE AND TECHNOLOGY
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Fig. 20. Illustration of the projections on a poloidal cross sec-
tion, assuming toroidal symmetry, of four different
tangential views with a 2-D camera (equatorial port
horizontal, equatorial port toward divertor, and two
horizontal views from the divertor) in a study of the
implementation of an imaging bolometer camera on
ITER (Ref. 93).

to the incomplete coverage (i.e., each point is usually not
covered from all angles, as is evident from Fig. 20).
Although the numerical implementation is not difficult,
there are some aspects that make tangential tomography
far more difficult in practice than ordinary 2-D tomog-
raphy. The geometry is far more sensitive to misalign-
ments (i.e., that the geometry used in the reconstructions
does not correspond to reality) than 2-D tomography,
and the assumptions on toroidal symmetry often break
down. In most applications of tangential tomography,
a significant effort is put into determining the actual
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viewing geometry after installation of the camera, both
determining the hardware alignment, and subsequently
by software tools.?!® Even an uncertainty in camera lo-
cation of only one camera pixel in one direction can
create large artifacts in the reconstructions because the
assumed projected line of sight on the poloidal cross
section is already significantly different from reality (see
Fig. 20). Toroidal asymmetries also often occur in reality,
which are difficult to handle and will degrade the tomo-
graphic reconstructions. These difficulties can often be
overcome, and tangential tomography in the visible and
ultraviolet range has become a powerful routine diagnos-
tic. Tomographic reconstruction of a semitangentially
viewing imaging bolometer has also been obtained.'?® To
study MHD activity with 2-D X-ray cameras is more
ambitious than the applications with toroidal symmetry,
however, as the helical structure of the field lines must be
taken into account in the tomographic reconstructions,
which may require more accurate equilibrium reconstruc-
tions than are usually available, and also knowledge of
field ripples and other perturbing effects. These difficul-
ties can be overcome, however.?!” They result from the
need to use the symmetry assumptions in the geometric
function of the lines of sight and may, despite lengthy
computation times, justify a reconsideration of 3-D to-
mography with the symmetry assumptions implemented
as a priori information in the objective functional since
this would give more flexibility to cope with violations
of the assumptions.

1V.1.3. Using Temporal Information to Improve the
Output from Tomographic Reconstructions

In the 2-D tomography discussed so far, data
are processed only from individual time slices. Espe-
cially when only views from one or two directions
were available in SXR tomography systems on MFE
devices, attempts were made to increase the achiev-
able resolution, e.g., the angular harmonics in the Cor-
mack method, by taking into account temporal
information. Subsequent time slices of a circular plasma
(or an approximately elliptical plasma transformed to
circular) in which features can be assumed to rotate
rigidly poloidally, for example, due to actual toroidal
rotation of the plasma, can be interpreted as additional
views at different angles. This has been exploited to
study MHD phenomena,'®® such as islands!! and
snakes.?!”

In a similar way, the number of lines of sight can be
increased artificially in bolometer tomography by rigidly
moving the plasma vertically. As shown in Fig. 17, this
has allowed the resolution of radiative features similar to
those predicted by modeling,?** which could not be re-
solved when considering single time slices because of
the limited number of lines of sight.?03:205.220

Although very interesting results have been obtained
by artificially increasing the number of views by taking
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into account several time slices, the application of the
method requires the assumption of rigid movement, which
is often violated. It is therefore not a technique used
routinely.

Artificially increasing the number of views is not the
only way to take into account temporal information in the
tomographic reconstructions. At great computational ex-
pense, one could introduce time as a third dimension in
the discretization Eq. (10) and obtain a smooth transition
between time slices of the reconstructed emission profile
by an appropriately chosen objective functional. In fact,
this has been applied by deciding on the reliability of
Cormack expansion coefficients on the basis of a statis-
tical analysis of their time dependence.!”!:??!

Another method for taking into account temporal
information is biorthogonal decomposition.??>-?24 To
apply this method to tomography,?® the 2-D reconstruc-
tions on a regular grid for a given number of time slices
are put in a matrix with each row being a time series.
The SVD of this matrix results in three matrices, the
columns of one of which contain orthogonal “spatial
eigenvectors” (often referred to as “topos”) and the col-
umns of another of which contain orthogonal “temporal
eigenvectors” (often referred to as “chronos”). The third
matrix contains the singular values, the magnitude of
which is a measure of the significance of each eigen-
vector pair. Large values correspond to pairs that con-
tain the most significant spatial and temporal information,
whereas the components with the smallest singular val-
ues merely contain noise. By considering components
separately, certain spatial and temporal characteristics
of data may be isolated. However, as this is a purely
mathematical method, physical information may well
be scattered over several components. By discarding
components with the largest singular values (which are
likely to contain the information about the average emis-
sivity) and components with small singular values (noise
and artifacts of the reconstruction), it is possible to
effectively filter the data and isolate features of most
interest.?® This filtering has been highly successful for
visualizing MHD fluctuations, in particular, rotating is-
land structures, in the SXR emission profile; see for
example Fig. 21 (Ref. 225). Without the SVD filtering,
the island structures, which only give small perturba-
tions on the line-integral SXR signals, may be much
less evident as they can be drowned in the noise and
artifacts of the reconstructions due to small inconsisten-
cies in the data. In some applications, the signals
have been “SVD filtered” before the reconstruction,
rather than the 2-D reconstructions.?!-189:222-224 T gen-
eral, this is less successful, as features of the signals,
for example, characteristics due to their line-integral
nature, often are scattered over several of the topos and
chronos. SVD filtering of tomographic reconstructions
of several time slices therefore seems the more success-
ful approach, and more applications are discussed in
Sec. V.A.
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Fig. 21. Reconstructions of a number of time slices (upper row) show a variation in time of the SXR emissivity measured by the
Wendelstein 7-AS stellarator ten-camera system.?2> A spatio-temporal filtering technique based on SVD (lower row)
clearly resolves an m = 2 tearing-mode structure. (Figure reprinted with permission from Ref. 225.)

1V.1.4. Vector Tomography

The application of tomography discussed so far deals
with the reconstruction of scalar quantities. An exten-
sion of the formalism to the reconstruction of vector
fields with application in plasma diagnostics has been
proposed, in particular, for the reconstruction of veloc-
ity fields from line-integral measurements.>?6-22° Al-
though spectrally resolved measurements are strictly
speaking outside the scope of this chapter, it is worth-
while to briefly discuss this special application of to-
mography. For broadband measurements, the Doppler
effects are usually negligible, and ordinary scalar tomog-
raphy is possible, as long as the spectral response of all
channels is the same.

Many spectroscopic measurements of MFE plasmas
are local in nature because of spectral lines radiating in
thin shells or local CX processes with a neutral beam.
However, when the radiation is nonlocal, such as for
heavy impurities, in a rotating plasma with a nonconstant
ion temperature, the spectral line shape varies along the
lines of sight due to the changing angle between the flow
field and the line of sight (varying Doppler shift) and the
variation in Doppler broadening.?3° Therefore, emission
profiles cannot be reconstructed independently for each
wavelength, and the special techniques from vector to-
mography are required??%228 to reconstruct the scalar
field (emissivity, and ion temperature) and vector field
(velocity) independently from spectrally resolved mea-
surements. It has been recognized??%2?%23! that linear
equations, from which the required quantities can be
solved, can be obtained by taking moments in wave-
length of the (nonlinear) line integrals over the spectral
line shape, after the background has been subtracted.
FUSION SCIENCE AND TECHNOLOGY
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These moments can subsequently be reconstructed, yield-
ing the emissivity profile, rotation velocity, and ion tem-
perature from the zeroth, first, and second moments,
respectively.

Derivation of rotation and ion-temperature profiles
from broad emission profiles on present-day MFE de-
vices, using both active and passive visible and near-
ultraviolet spectroscopy, has been reported in the
literature,?30-234 while a well-regularized reconstruction
method has been presented and the performance as-
sessed of derivation of poloidal and toroidal rotation
from expected X-ray crystal spectroscopic signals in
ITER (Ref. 235). Some of these applications are for
multiple lines of sight from a single direction,?30-231:234.235
thus requiring assumptions about the quantities on flux
surfaces (similar to Abel inversion). It has also been
proposed to apply the technique to full tomography using
data from multiple directions,??*2?® and 2-D reconstruc-
tion of the ion temperature has been demonstrated.>3¢
By recognizing that the local spectral emissivity in par-
ticular directions is described by the 3-D Radon trans-
form of the velocity distribution function, i.e., integral
over planes in velocity space perpendicular to the view-
ing directions, it should be possible to reconstruct as-
pects of the velocity distribution function without the
assumptions usually made about flow velocities and the

temperature (e.g., the latter being Maxwellian).?3¢

IV.L5. Issues Related to Bolometer Tomography

Three issues specific to bolometer tomography will
be discussed here: the large difference in emission level
from the bulk plasma and radiative peaks in the divertor
plasmas in MFE devices with divertors, the relatively
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high noise level, and the contribution of CX neutrals to
the bolometer measurements.

The first issue is the large difference in emissivity
level between the bulk plasma and divertor (e.g., Fig. 16).
The total radiation emitted in the divertor may be similar
to that of the bulk plasma, while the volume is much
smaller. This leads to two problems (note that in general
it is not possible to separate the reconstruction of differ-
ent regions, as pointed out in Sec. IV.D). First, tomogra-
phy algorithms typically have difficulties in dealing with
large differences in emissivity. The absolute reconstruc-
tion accuracy in the high- and low-radiation regions is
similar, which implies a low relative accuracy in the low-
radiation region. Furthermore, the noisy and sparse mea-
surements may result in a limited reconstruction accuracy
of the peaks in the divertor radiation. This is amplified by
the second problem, i.e., that relative noise on a line-
integral measurement through the bulk plasma that also
views a radiating peak in the divertor leads to a large
uncertainty in the contribution from the bulk plasma.
Even small inconsistencies between lines of sight view-
ing the peaks in the divertor will translate to very large
uncertainties in the reconstruction of the bulk-plasma
emission profile. It may be possible to limit the effects of
these problems by specifically developed reconstruction
algorithms, but these have not yet been developed. If the
tomography system has been designed to have adequate
coverage of the bulk plasma by lines of sight that do not
see the divertor, it is possible to use these to make a
tomographic reconstruction of the bulk emission profile.
The contribution of this emission profile to lines of sight
that do view the divertor can be subtracted from those
signals, and a separate reconstruction can be made of the
divertor emission profile. Phantom simulations demon-
strate that this separation technique can produce accurate
reconstructions of the bulk and divertor emission pro-
files, provided the coverage is adequate and special pre-
cautions are taken in the objective functional to ensure a
smooth transition between the two reconstruction re-
gions. Unfortunately, in many present-day bolometer sys-
tems, such as at JET, the coverage of the bulk plasma is
insufficient for the separation method to work.

The relatively high noise levels and large uncertain-
ties in bolometer measurements generally make it diffi-
cult to reconstruct very peaked emission profiles, even if
the spatial resolution in principle is sufficient. This is
especially the case when the discrepancy principle
[Eq. (13)] is used as a constraint, which is a constraint on
the discrepancy between measurements and backcalcu-
lated signals summed over the channels rather than a
constraint on individual channels. Weighting the con-
straint by the estimated error, as described in Sec. IV.F.2,
helps only partially. It is effective to artificially decrease
the estimated errors of channels that see the radiative
peaks, but this is not a correct procedure that furthermore
risks introducing artifacts in the reconstructions if the
estimated errors are too small. The use of linearized min-
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imum Fisher information as described in Sec. IV.E.3 to
avoid oversmoothing will also enhance the peaks in a
mathematically robust way, however, without certainty
whether the peaks in the solution are overestimated or
underestimated (Sec. IV.H.3). The conclusion is that al-
though constrained optimization with the discrepancy prin-
ciple is adequate for bolometer tomography, refinements
could be envisaged that deal with the above issues and
could improve the capabilities. Despite this, improve-
ments in the algorithms will have only a limited impact,
and significant improvements beyond those achieved cur-
rently (e.g., Fig. 16) seem possible only if the coverage
and bolometer sensitivity are improved significantly with
respect to current systems.

As pointed out in Sec. IV.F4, it is typical that neg-
ative peaks occur in reconstructions of very localized
radiating peaks in the divertor when normal linear reg-
ularizarion as described in Sec. IV.F is used. Without
nonnegativity constraint on the solution, phantom sim-
ulations like those in Fig. 16 (which did use the non-
negativity constraint) result in large negative peaks and
the possibility that positive peaks occur even in incor-
rect positions. It is therefore important to impose non-
negativity on the solution (some methods are pointed
out in Sec. IV.F.4).

The third issue is that of CX neutrals contributing
to bolometer signals (as described in Sec. III.C.3).
Charge-exchange neutrals are mainly generated in the
divertor plasma. Although CX neutrals from the edge
could contribute to bolometer signals, code modeling
of, for example, the JET edge shows this is negligible.
Experimental evidence of CX neutrals has been found
from comparisons of bolometer lines of sight viewing
the divertor plasma from the divertor and from the op-
posite direction through the bulk plasma (which shields
those channels against the neutrals and the plasma is
optically thick for low-energy neutrals)?’ and from com-
parison of AXUVDs and metal absorber bolometers.”"7!
Provided the coverage of the divertor from both bolom-
eters mounted around the divertor and viewing the
divertor through the bulk plasma constrains the mea-
surement sufficiently, it is possible to derive the
CX-neutral contribution to divertor channels from to-
mographic reconstructions. Instead of the CX neutrals
being a liability to bolometer measurements, it is an
opportunity to derive information on the power carried
from the plasma by CX neutrals at the same time as the
emission profile. Derivation can be achieved by adding
the CX-neutral contribution to each signal as unknowns
to Eq. (11) and penalizing a high level of neutrals in the
objective functional.>*® By appropriate choice of the
regularization parameter, from phantom simulations or
by requiring a positive emission profile with least over-
smoothing, an estimate of the CX neutrals to the diver-
tor bolometer signals can be obtained. A result of the
derivation of the CX-neutral level in this way for
the experimental data shown in Fig. 16 is illustrated
FUSION SCIENCE AND TECHNOLOGY
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in Fig. 22 with code modeling results for compari-
son.?? The comparison with code modeling is reason-
able.292:220.238 [t was also found experimentally and from
modeling that for helium plasmas on JET, the CX-
neutral contribution is negligible. Although these re-
sults show that the CX-neutral contribution can be
derived from bolometer measurements if the viewing
geometry is adequate, because of the discrete spacing
of bolometer channels it is not possible to derive the
total power lost from the plasma by neutrals as a full
space/angle coverage of the plasma edge by bolometers
would be required; however, the code modeling, com-
pared with measurements of CX-neutral losses in a few
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Fig. 22. Charge-exchange-neutral power load on the JET di-
vertor targets derived from the bolometer tomography
(points), compared with modeling with the EDGE2D-
NIMBUS code (lines)?°? for the same (a) low-density
plasma and (b) high-density plasma as assessed in
Fig. 16 (JET discharge #39587). The modeling code
could only provide data for neutrals impinging on the
surface within a certain cone perpendicular to the sur-
face, not the actual viewing cone of the bolometers
[see insert (c)]. The variation of the acceptance cone
illustrates that the neutrals are not uniformly distrib-
uted over the angle of incidence and that for the actual
small acceptance angles of the bolometers, modeling
results could well be more consistent with the exper-
imentally derived values.
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locations, can provide estimates of the total power loss
by neutrals.

IV.J. Summary

Various algorithms that are well suited for applica-
tion to MFE tomography diagnostics and consider-
ations that need to be taken into account when applying
them have been described. Methods we here refer to as
constrained optimization with local basis functions now
rank as the most widely applied in MFE tomography
diagnostics.>23:38:42,56,143,144,147-151 The reasons are the
generally good performance, the flexibility to cope with
the peculiarities of MFE diagnostics, and the acceptable
computation times on modern computers. These meth-
ods include the maximum entropy approach, and linear
approaches that typically include some form of smooth-
ness in the objective functional. However, the details of
the choices made in the implementation—basis func-
tions, objective functional (Sec. IV.E.3), and criterion
for finding the regularization parameter (Sec. IV.F.2)—
depend on personal preferences of the implementer (as
described in Sec. IV.F4). In our experience requiring
smoothness on flux surfaces and the discrepancy prin-
ciple provide very satisfactory results for both bolom-
eter and SXR tomography. The detailed choices are
probably not very important, and it may be of benefit to
compare several tomography methods, as described
below in relation to objective information.

Although the use of tomography is routine, the qual-
ity and the nature of the measurements, such as the lim-
ited coverage and unreliability of measurements due to
drift, radiation damage, or changing calibration factors,
usually make it necessary to manually assess signals and
the reconstructions of each time slice or to vary recon-
struction parameters to establish the reliability of the
reconstructions. Automation is therefore only possible to
a limited extent. It also means that for the actual devel-
opment of tomography codes for MFE diagnostics, most
effort does not go into the development of the tomogra-
phy algorithm but in the required tools for preprocessing
and postprocessing of signals and reconstruction results.
In some cases, routine automatic tomographic reconstruc-
tions are made of many time slices. This usually provides
less reliable data, which however can be useful to iden-
tify the most interesting events in plasma for subsequent
detailed analysis.

A number of important general conclusions can be
drawn from the description of tomography methods in
this section. First, by well-established and easily imple-
mented methods for mathematical regularization, it is
possible to deal effectively with high spatial-frequency
noise but is impossible to deal with low spatial frequency
noise, which therefore has to be avoided by careful de-
sign of the system. Second, the number of basis func-
tions, in particular, grid points if local basis functions are
used, is a valuable parameter. As described in Sec. IV.E,
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choosing the number such that Eq. (11) is underdeter-
mined has many advantages if a priori information is
used effectively. Third, for the physicist the reliability
and the objectivity of the information in tomographic
reconstructions are of paramount importance.

Reliability is assessed by phantom simulations, which
give insight into the limitations in the quality of the re-
constructions and help optimize reconstruction param-
eters. From the example of Fig. 16, it is clear that even
with a comprehensive bolometer tomography system such
as that on JET, the obtainable resolution of radiating
features is often limited because of the small number of
lines of sight and noise and uncertainties on the measure-
ments. Improved information is possible through tech-
niques for special cases, such as that applied for Fig. 17.
Varying reconstruction parameters and comparing differ-
ent tomography methods may be useful to gain insight
into the reliability and objectivity of features appearing
in the reconstructions. This is illustrated to some extent
by how the error bars of Fig. 19a were obtained. Com-
parisons of tomography methods, as exemplified in
Fig. 15, have often been made.?3-27-150:186.191 However, it
could be of more concern to the physicist to determine
objective information by considering ranges of recon-
struction parameters and different tomography methods
than the details of an actual optimized actual choice of a
priori information and of a reconstruction method from
the many good ones available. Methods to establish the
objectivity of tomographic data need to be developed
further; see Sec. IV.H.3.

It is not expected that major developments will be
needed on new tomography algorithms nor that advances
can be made that would dramatically improve the capa-
bility to deal with irregularly and sparsely sampled and
noise data, as it occurs in MFE diagnostics. However, it
is likely that advances can be made by adaptations of
existing algorithms. Particular needs for further devel-
opment are the following. As discussed in Sec. IV.L5,
bolometer tomography in MFE devices with divertors
has to deal with very large differences in radiation level
between bulk and divertor plasmas, which makes it very
difficult to accurately reconstruct the bulk-plasma emis-
sivity. In addition to adequately distributing lines of sight
of the system to at least be able to separate the recon-
structions partially, it may also be of benefit to explore
new algorithms that could deal effectively with the large
differences in emissivity levels. For potentially optically
thick plasma regions in the BPX divertor, it may also be
necessary to develop or adapt algorithms. Advances may
also be made by more effectively making use of temporal
information in the tomographic reconstructions (rather
than postprocessing as used, for example, for Fig. 21)
and by combining cross-correlation techniques of 2-D
multichannel line-integral measurements with 2-D recon-
struction and visualization. Further development of the
techniques to derive objective information would be of
benefit (see Sec. IV.H.3).
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V. EXAMPLES OF THE USES OF THE DIAGNOSTICS

A number of representative examples of results that
can be obtained with SXR and bolometer MFE diagnos-
tics have been given in the previous sections, for exam-
ple, to illustrate a particular aspect of a tomography
method. In this section, the plasma physics aspects of
some of the examples, in particular, those related to the
quantities listed in Table I, will be given in more detail,
and the results will be placed into context. In addition, a
few other applications of SXR and bolometer diagnostics
will be mentioned.

As pointed out earlier, similar mathematical recon-
struction techniques are also applicable to other MFE
diagnostics, such as interferometry and reflectom-
etry, spectrally resolved spatial measurements (see
Sec. IV.I.4), and deconvolution, for example, of instru-
ment functions such as measurements with compact
neutron spectrometers.”>® These are outside the scope
of this chapter, however.

V.A. SXR

Figures 2 and 3 illustrate the use of line-integral (i.e.,
uninverted) SXR measurements in the characterization
of events such as sawteeth and snakes. Analysis of MHD
activity in the form of islands is also common. Compar-
ison of uninverted SXR signals with modeling of MHD
mode activity has yielded important confirmation about
the plasma physics.?*0-242 SVD filtering (biorthogonal
decomposition) has both been applied to uninverted and
tomographically reconstructed SXR data, as described in
Sec. IV.I.3. Other techniques of analysis of, in particular,
the temporal behavior of uninverted SXR data are Fou-
rier?* and wavelet analysis.

SVD filtering of tomographic reconstructions for the
study of magnetic islands, as pioneered in Ref. 23 and
illustrated for MHD islands by Fig. 21 (Ref. 225), has
subsequently been applied to a range of MHD instabili-
ties, such as global Alfvén eigenmodes, and the recon-
structed spatial structure is typically compared with that
predicted by modeling #4243 The spatial structure of MHD
activity has also been studied with other, specifically
developed tomography approaches,'3*!153 including the
use of temporal information as described in Sec. IV.1.3
(Refs. 11 and 188). The physics of sawteeth, using SXR
tomography, has been studied in, for example, Refs. 187,
246, 247, and 248, while snakes were discovered and
were described both from SXR tomography and unin-
verted SXR signals.?!9-249:250 Other uses of SXR mea-
surements and SXR tomography include plasma transport
studies (see below), the study of pellet-enhanced perfor-
mance modes?! and disruptions,?>? and the determina-
tion of light impurity densities and Z, (Ref. 253), and 7,
profiles.*

Figures 18 and 19 illustrate the use of SXR tomog-
raphy for the study of particle transport in tokamak
FUSION SCIENCE AND TECHNOLOGY

VOL. 53 FEB. 2008



Ingesson et al.

plasmas using the injection of trace heavy impurities and
the method that has often been used.’®234-2%° One-
dimensional transport modeling is used to derive the dif-
fusion coefficient and convection velocity (Fig. 19). When
comparing SXR data with transport modeling, it is sen-
sible to compare reconstructed emission profiles rather
than simulated SXR line integrals, as the former is more
sensitive to variations and all knowledge of the SXR
system can be used to obtain reliable emission profiles.
In a similar way to the study of particle transport, SXR
diagnostics are used extensively for the study of heat
transport (such as cold pulses and power modulation);
see, for example, Ref. 260.

Figure 18 (Ref. 56) shows a very significant poloidal
asymmetry. Such an asymmetry had been observed a
number of times earlier?°'-2%3 and can very well be ex-
plained by heavy impurities experiencing a redistribu-
tion of flux surfaces due to the centrifugal force of the
toroidally rotating plasma.?62-264265 Also, poloidal asym-
metries with the peak on the inboard side have been
observed during radio-frequency heating of the plas-
ma.!”* In other conditions it has been established that the
SXR emission contours do not completely coincide with
the flux surfaces.?®® Despite these cases of the SXR emis-
sivity not being constant on flux surfaces, in general the
quantities are sufficiently linked that the SXR profile can
be used for plasma position control as a backup for con-
trol on magnetics signals, for example, the vertical po-
sition control on the peak of the line-integral SXR profile
(using two cameras separated toroidally by 180 deg to
remove contributions from n = 1 mode oscillations)?¢” or
control on the center of gravity of the SXR profile from
real-time tomography.®?

V.B. Bolometry

Probably the most important parameter determined
by bolometers is the total radiated power, which is needed
to understand the power balance of the plasma, i.e., power
input versus power losses, in particular, in highly radia-
tive plasmas.33-91:205.207 The radiated power in the diver-
tor and the radiative power load on the wall are also relevant
quantities for the power balance studies. Divertor-operation
relevant phenomena that can be studied with bolometers
are summarized in Ref. 37. Highly radiative plasmas (“ra-
diative divertor” operation), to reduce the power flux to
the strike points and reduce ELMs, may play an important
role in BPX and are obtained routinely in existing
tokamaks®1:205:268-270 with or without impurity seeding.
Also, feedback on the radiation level in such discharges
has been demonstrated in JET, DIII-D (Ref. 270),
ASDEX-Upgrade (Ref. 271), and JT-60U (Ref. 272). In
such cases the total radiated power needs to be derived in
real time, for example, by simple formulas, statistical meth-
ods,?”! or neural networks.2”3

The examples of bolometer tomography given in
Figs. 16 and 17 illustrate its role in the characterization of
FUSION SCIENCE AND TECHNOLOGY
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divertor radiation and detachment, which has been used
extensively on many machines; see, for example, Refs. 268
and 274. Typically, the 2-D emission profiles derived are
compared with code modeling to confirm the physics
understanding obtained from the modeling.?9426%-275 Ra-
diation magnitude and distribution were an important
factor in characterizing divertor detachment in high power-
density plasmas?’® and in illustrating the role of convec-
tive parallel energy transport in producing a distributed
radiation pattern in a radiative divertor.”’”-*’8 Addition-
ally, derived quantities are used as input data for model-
ing codes.

Under favorable circumstances, it is possible to ana-
lyze accurately the energy received by bolometers inte-
grated over events much faster than the time response of
the bolometers. The radiation pattern of Type-I ELMs has
been reconstructed in ASDEX-Upgrade,?’® contributing
to the understanding of the dynamics and power balance
of Type-1 ELMs. The radiated energy has similarly been
analyzed for disruptions in JET (Ref. 280) and DIII-D.

Information about the CX neutrals escaping from the
divertor plasma can also be characterized with metal-
absorber bolometers, as illustrated in Fig. 22 (Refs. 202,
220, and 238). The 2-D line-integral measurements from
imaging bolometers also help in the localization of radi-
ative features, as illustrated in Fig. 8 (Ref. 123), and
tomographic reconstruction by techniques as described
in Sec. IV.1.2 have been obtained '%° to quantify the emis-
sion profiles.

VI. CONCLUSIONS AND PROSPECTS FOR FUTURE
DEVELOPMENT AND APPLICABILITY TO BPX

After initial application of single SXR detectors and
bolometers to early MFE experiments, a development took
place via one or two fans of detectors viewing the plasma
through vacuum vessel ports to large numbers of fans of
miniature detector arrays mounted in-vessel. The latter have
greatly enhanced the value of the SXR and bolometer di-
agnostics. Such tomography systems have become a stan-
dard on most major and many smaller MFE devices.
Although manual intervention is usually required and to-
mographic reconstructions are in most cases not made au-
tomatically of every time slice of every discharge because
of the complexities in the analysis described in Sec. IV.],
careful manual analysis of the emissivity during interest-
ing plasma events provides very valuable data on the
plasma parameters listed in Table I. Despite the advances
made over recent decades and the wide use of the tomog-
raphy diagnostics on MFE devices, their application re-
mains a challenge: Given that the plasma is generally not
stationary, many fast detectors and electronics units are
needed, which makes the diagnostics costly, and the de-
tectors have to survive and function reliably in a hostile
and often inaccessible environment with relatively high
levels of noise and interference.
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Several quantities that have proven use in physics
analyses, derived from the reconstructed 2-D emission
profiles, were introduced in Sec. IV.H.2, and it was ar-
gued that these are more adequate to describe objective
information than the 2-D emission profile. It may seem a
luxury that a comprehensive 2-D system is needed to
obtain the most valuable quantitative information: 1-D
and scalar quantities. However, experience shows that
derivation of most of these quantities is most reliably
done from accurate 2-D emission profiles rather than
from Abel inversions from single fans or from single
detectors. A possible exception is the total radiated power,
which can reliably be obtained from a single view, and
also Abel inversion of the emission profile at the edge. It
can also be pointed out that despite the large number of
channels, the spatial features that can be resolved are
often limited. This is especially true for bolometer to-
mography (see Fig. 16) but also for SXR tomography:
Special techniques are required to be able to reliably
extract details of the emission profile such as MHD ac-
tivity (see Fig. 21).

As discussed in Sec. IV, standard algorithms and
techniques have been developed that are well adapted
to tomographic reconstruction of data from multiple line-
of-sight MFE diagnostics. It is therefore not expected
that major developments will be needed on new tomog-
raphy algorithms nor that advances can be made that
would dramatically improve the capability to deal with
irregularly and sparsely sampled noisy data, as occur in
MFE diagnostics. However, it is likely that advances
can be made by adaptations of existing algorithms; par-
ticular needs for further development were discussed in
Sec. IV.L.

The most widely applied sensors today, semicon-
ductor photodiodes for SXR and ultraviolet and metal-
resistor bolometers on Kapton® or mica foils, are not
likely to be sufficiently radiation hard for BPX, at least
not for application inside the vacuum vessel. In the
descriptions of individual sensor types in Sec. III, the
prospects of the development of radiation-hard sensors
have been discussed. For SXR detection, there is the
prospect of the development of VP detectors, although
questions remain over their sensitivity and spectral re-
sponse. New, reasonably radiation hard SXR detector
arrays may also offer prospects if they can be suffi-
ciently shielded. For bolometers, advances have been
made on resistive bolometers on ceramic substrates,
which also are likely to offer a slightly higher sensitiv-
ity than existing resistive bolometers. Imaging bolom-
eters and capacitive bolometers based on ferroelectric
materials offer further prospects to improve the sensi-
tivity. To improve the capability of bolometer tomogra-
phy systems with respect to those commonly used on
present-day MFE devices, more lines of sight will be
needed, and the noise, interference, and other perturb-
ing effects such as drift must be reduced. Because of
the 2-D nature of the problem, a factor of ~4 more
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lines of sight would be needed to achieve an improve-
ment of the spatial resolution by a factor of 2. However,
improvements of tomographic reconstructions are only
found if the noise level is low. It is therefore necessary
to increase sensitivity and to optimize cabling and earth-
ing schemes. For ITER, a comprehensive bolometer sys-
tem is planned, which has channels mounted in ports,
on the vacuum vessel viewing through narrow gaps be-
tween blanket shielding modules, and in the divertor
viewing through gaps between divertor tiles. Because
of the uncertainties in sensor development, it is difficult
to assess the likely performance of such a system and
what level of redundancy will be needed. However, it is
clear that the in-vessel conditions are extremely hostile,
the prospects for replacing failed bolometers other than
in the ports and divertor are poor, and the signal levels
of channels viewing through gaps in the blanket and
divertor are less than ideal. For ITER, no decision has
been taken at this moment on the SXR system, for ex-
ample, whether it will only consist of shielded detector
fans mounted outside the vacuum vessel viewing through
vacuum-vessel ports or whether there is a prospect to
mount sensors in a similar way to bolometers.

For ITER, the prospects for comprehensive bolom-
eter and SXR tomography diagnostics are therefore rea-
sonable, despite the many technical difficulties that must
be overcome. However, it is unclear whether even more
radiation-hard sensors can be developed for in-vessel
use in MFE reactors, given the environment and addi-
tional constraints (further shielding). Despite the likely
requirements for plasma control, for example, on the
radiation level, it may only be possible to place sensors
in ports with an adequate level of cooling available,
which leads to a significant reduction in spatial cover-
age (e.g., a vertical and horizontal fan of lines of sight).
This is also likely to be true for other tomography diag-
nostics, such as neutron and gamma-ray cameras.
Tomography-like techniques will still be required for
one- or two-camera views, for example, Abel inversion
(Sec. IV.I.1) or the determination of rotation and ion-
temperature profiles from spatially and spectrally re-
solved X-ray crystal spectrometer measurements (as
discussed in Sec. IV.I.4). Compact 2-D sensors viewing
tangentially may have an advantage in a BPX environ-
ment. The justification for a comprehensive tomogra-
phy system on an MFE reactor can also be questioned,
as the role of the diagnostic is mainly to advance phys-
ics understanding of plasma processes from detailed mea-
surements. Because of these difficulties of function,
access, integration, and environment, it may be con-
cluded that the prospects for tomography diagnostics on
future MFE reactors are, unfortunately, likely to be re-
duced compared with present-day MFE experiments.
On smaller MFE experiments, however, tomography di-
agnostics will probably continue to be developed fur-
ther and play an important role in improving physics
understanding of plasma processes.
FUSION SCIENCE AND TECHNOLOGY
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