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ABSTRACT
In tokamaks with tungsten-based plasma facing components, such as ITER, pollution of the plasma by heavy impurities is a major concern
as it can lead to radiative breakdown. The radiation emitted by such impurities is mainly composed of x-rays in the [0.1; 100] keV range. A
diagnostic allowing for the reconstruction of the impurity distribution is of high interest. The ITER requirements for the x-ray measurement
systemmake it mandatory for the detector to provide spectral information. Due to the radiation environment during the ITER nuclear phase,
advanced detectors exhibiting high resilience to neutrons and gamma rays, such as gas-filled detectors, are required. The use of Low Voltage
Ionization Chambers (LVICs) for this purpose is investigated in this paper. Several anodes have been added to the detector in order to allow
for spectral deconvolution. This article presents a conceptual study of the use of a multi-anode LVIC for energy resolved x-ray measurement
on ITER. It covers the design of the multi-anode LVIC and its modeling, the method for spectral deconvolution, and its application to energy
resolved x-ray tomography, as well as the computation of the electron temperature from the reconstructed local x-ray emissivity.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0028460

I. INTRODUCTION

With the advent of tungsten (W) as the main candidate for
the plasma-facing components of ITER and future fusion reac-
tors, impurity accumulation has become a key challenge for fusion
research.1 Due to its high atomic number, W can radiate a very
large amount of power out of the plasma and therefore decrease
the reactor performance.2 In current tokamaks equipped with W,
the emitted radiation is mostly located in the soft x-ray (SXR) range
(hν < 20 keV).3 Therefore, SXR radiation mainly depends on impu-
rity densities, and SXR tomography allows for the reconstruction of
local impurity density profiles.4

The emitted x-ray spectrum is composed of a continuum on top
of which discrete lines are added. The lines result from line radia-
tion and are located at low energy (hν < 20 keV), and the continuum

results from both electron bremsstrahlung and radiative recombina-
tion. In high power plasmas, such as ITER and DEMO, and even in
the absence of suprathermal electrons, the high electron temperature
leads to a high energy x-ray continuum: a non-negligible signal can
be observed up to 100 keV.5 The continuum emissivity spectrum fol-
lows an exponential curve, with a slope that is proportional to hν/Te.
Therefore, energy deconvolution of the x-ray spectrum in an energy
range where bremsstrahlung is dominant allows for the estimation
of the local electron temperature.

The ITER x-ray detector is stated as a supplementary diagnostic
(which is defined as “diagnostic validates or calibrates the measure-
ment, but is not complete in itself”) for the electron temperature
and a back-up diagnostic (defined as “diagnostic providing simi-
lar data to the primary diagnostics, but has some limitations”) for
the fractional content of impurities with Z > 10.6 As a result, it is
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FIG. 1. Schematic representation of a multi-anode LVIC with five anodes of respective sizes: 1, 3, 10, 35, and 100 mm. These anode sizes are used with 5 bars of argon for
spectral deconvolution in Sec. V B. The width of the chamber has been enlarged for visualization purposes and will be of around 2 mm per channel on ITER.

mandatory for the x-ray detector to provide spectral informa-
tion from the region where line radiation is dominant (2 keV
< hν < 10 keV) to the continuum-dominated region (10 keV < hν
< 100 keV).

Due to the high amount of neutron, gamma, and hard x-
ray radiation generated in ITER during the Deuterium–Deuterium
(D–D) and Deuterium–Tritium (D–T) phases, radiation resilience is
a major concern for diagnostics. In the case of x-ray measurement,
advanced gas detectors, such as Low Voltage Ionization Cham-
bers (LVICs)7 or Gas Electron Multipliers (GEMs),8 are currently
foreseen to remedy this situation.

Thanks to its simple design and low voltage operation, the
LVIC benefits from a very high resilience to neutron, gamma, and
hard x-ray radiation. The cost of this resilience is that the LVIC
operates only in the current mode and cannot a priori measure
the incoming photon spectrum. Nevertheless, adding anodes to the
LVIC could allow spectral deconvolution to be performed on the
currents measured by each chamber and therefore lead to incoming
spectrum estimation.9

This paper investigates the use of multi-anode LVICs (see
Fig. 1) for the energy resolved x-ray measurement on ITER. This
study is performed through simulation of detection using a LVIC
synthetic diagnostic tool in the real ITER geometry coupled to an
original energy deconvolution algorithm. Tomography is performed
from these energy resolved spectra in order to reconstruct the local
x-ray emissivity. The slope of the local emissivity at high energy is
computed and allows for the reconstruction of the electron temper-
ature profile. The influence of the gas filling the detection volume is
studied through the comparison of argon and xenon.

In Sec. II, the LVIC proposed design is presented for ITER
configuration. In Sec. III, a numerical model of the LVIC is envis-
aged and x-rays on ITER (emissivity and detector geometry) are
described. Section IV covers the description of the method used
for spectrum deconvolution. Deconvolved spectra using argon and
xenon LVICs are shown in Sec. V. In Sec. VI, energy resolved
tomography is performed from the results of spectrum deconvolu-
tion using xenon. The electron temperature is derived from the local
emissivity spectra in Sec. VII. Finally, conclusion and perspectives
are given in Sec. IX.

This paper aims at presenting the overall results of this work in
a succinct way, and more exhaustive results can be found in Ref. 10.

II. LOW VOLTAGE IONIZATION CHAMBER
LVICs are gas-filled particle detectors that convert the incident

radiation (x-rays in our case) into electron–ion pairs by photoion-
ization of the gas. The generated electron cloud (respectively, ion)
drifts toward the anode (respectively, cathode), thanks to the appli-
cation of an electric field to the chamber. An electrical current results
from this process and can bemeasured. The LVIC therefore operates
in the current mode, which does not allow for the extraction of any
spectral information.

In order to remedy this problem, an innovative multi-anode
LVIC (see Fig. 1) is proposed in this paper to deconvolute the spec-
trum. The chamber can be divided into sub-chambers, which consist
of the volume between each anode and the cathode. In this paper,
we will number the sub-chambers as they are encountered by the
photons while progressing inside the detection volume: the first sub-
chamber will be the first volume of gas penetrated by the x-ray flux,
and so on. The spectral response of the i-th subchamber is therefore
expressed as

ηi(hν) = T(hν) ⋅ Ai(hν) ⋅
i−1
∏
k=1
(1 − Ak(hν)), (1)

where hν is the photon energy, T is the coefficient of transmission
through the filter, and Ai is the coefficient of absorption in the i-th
subchamber. The A and T coefficients are defined in Secs. III A 2
and III A 3, respectively.

The spectral response calculated from Eq. (4) in Sec. III A 3
and Eq. (3) in Sec. III A 2 is displayed in Fig. 2. The first sub-
chamber tends to absorb most of the low energy photons, which
leads to a near zero probability of detection of these photons in the
latter sub-chambers (see Fig. 2). For high energy photons due to
lower photoionization cross sections, a very small proportion of the
incoming spectrum is absorbed and therefore the detection proba-
bility mainly depends on the length of the detection volume. As a
result, multi-anode LVICs with increasing length of sub-chambers
present a spectral response that is shifted toward higher energies
from one sub-chamber to the next, as shown in Fig. 2.

Thanks to the different spectral response of each sub-chamber,
the currents collected by each anode can be used to deconvolute the
photon spectrum. In these conditions, spectral deconvolution is an
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FIG. 2. Spectral response for an argon-filled LVIC with five anodes. The lengths of
the sub-chambers are 1, 3, 10, 35, and 100 mm, respectively, and the filter consists
of 200 μm of beryllium. The gas pressure is 5 bars.

ill-posed inversion problem. The method used for its resolution is
described in Sec. IV.

III. SIMULATION OF THE DETECTION
This section covers all the aspects of simulating x-ray detection

on ITER using LVIC: modeling of the detector, tokamak and lines-
of-sight geometries, and emissivity scenario.

A. LVIC synthetic diagnostic
A synthetic diagnostic for gas electron multipliers4 has been

modified in order to simulate x-ray detection using LVIC. This mod-
eling tool computes the incoming photon flux on the detector (based
on a given ITER radiative scenario), transmission through the beryl-
lium window, photoionization of the gas, and charge collection (in
the different sub-chambers). This section gives a brief description
of these different modules, but a more detailed one can be found in
Ref. 11.

1. Aperture-detector system
In order to significantly simplify the estimation of the pho-

ton flux impacting the detector while retaining a good accuracy,
standard simplifications for tomography have been used.12 Two
approximations are used:

● The line-of-sight (LoS) approximation: if the radius of the
cone of detection of the system is small compared to the
spatial variation of the x-ray emissivity, the detection vol-
ume can be approximated by a line. The incident photon flux
becomes the line integral of the emissivity multiplied by the
so-called etendue of the system.

● The pinhole approximation: if the dimensions of the aperture
are small compared to those of the detector, the etendue of
the system is conserved along the line-of-sight.

With these simplifications, the photon flux impacting the detec-
tor (in ph ⋅ s−1) is given by

ϕ = E ⋅∫
r
ε(r) ⋅ dr = SA ⋅ SD

4π ⋅ L2 ⋅∫r
ε(r) ⋅ dr, (2)

where E is the etendue of the system, ε is the plasma emissivity, SA
and SD are the surface of the aperture and detector, respectively, and
L is the distance between the aperture and the detector.

2. Transmission through the beryllium window
A beryllium window is used as an interface between the pres-

surized gas and the vacuum of the port plug on the front side of
the detector. The transmission coefficients for beryllium have been
calculated using cross sections from the theoretical NIST XCOM
database.13 For a given photon energy hν, the transmission coeffi-
cient is given by

T(hν) = exp(−dm ⋅ σtot(hν) ⋅ l ⋅ 10−28), (3)

where dm is the density of the material in atom ⋅ m−3, σtot(hν) is the
total cross section at energy hν in b ⋅ atom−1, and l is the width of
the filter in m.

3. Gas photoionization
Photoionization of a gas is a physical process during which a

photon is absorbed by an atom of gas, releasing an electron of energy
E ≈ hν − Eb, where hν is the photon energy and Eb is the binding
energy of the electron to the atom of the gas.

The residual energy Eb of the ion in the excited state can be
released through different processes. This modeling tool used in this
study simulates the dominant processes, namely, Auger emission
and x-ray fluorescence. Auger emission consists of the emission of
an additional electron of energy Eb. X-ray fluorescence can happen
when the photon has a high enough energy to ionize an inner shell
electron. It consists of the emission of an x-ray photon, which has a
high probability of escaping the detection volume.

At present, two gases can be simulated by the synthetic diag-
nostic: argon and xenon. Argon K fluorescence takes place for
hν > 3.2 keV with a probability of 14%. The energy of the emit-
ted photon is 2.9 keV.14 Xenon K fluorescence takes place for hν
> 34.5 keV with a probability of 88.9%.15 The energy of the emitted
photon is 29.46 keV.

By collisioning with other atoms in the gas, the initial electron
of energy E ≈ hν − Eb generates a cloud of primary electrons of pop-
ulation N ≈ E

Weff
, where Weff is the mean ionization energy of the

gas. The population of the primary electron cloud is subject to a sta-
tistical fluctuation σ2N given by σ2N

N2 = F
N , where F is the so-called Fano

factor.16 The mean ionization energy was taken as 26 eV for argon17
and 21 eV for xenon.18 The Fano factor was taken as 0.23 for argon19
and as 0.29 for xenon.20

Photoionization cross sections for both gases have been
extracted from the NIST XCOM database,13 given in barns per atom
(b ⋅ atom−1), and used to compute the probability of photoioniza-
tion A(hν) given by

A(hν) = 1 − exp(−dg ⋅ σph(hν) ⋅ l ⋅ 10−28), (4)

where dg is the density of the gas in atom ⋅ m−3, σph(hν) is the pho-
toionization cross section at energy hν in b ⋅ atom−1, and l is the
length of the ionization chamber inm.
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4. Charge collection
The charge collection module calculates the number of elec-

trons forming the detection signal. It relies on two simplifying
assumptions on the voltage applied to the detector. Indeed, this
model assumes that the electric field in the detection volume is high
enough so that all the charge is collected on the electrodes (electron
absorption and ion neutralization can be neglected) and so that the
effect of screening of the electrodes by the transiting charge is neg-
ligible (the electric field does not vary with the incoming photon
flux).

B. ITER x-ray geometry
On ITER, 12 radial x-ray cameras of 16 channels each are con-

sidered for a total of 192 lines-of-sight (radial lines in Fig. 3), each
channel corresponding to a line-of-sight. In this paper, the term
camera denotes the physical detector, which is divided into several
channels. The term pixel is strictly reserved to the geometrical pixels
of the poloidal section and is used for tomography.

It has been demonstrated in Ref. 11 that the lack of line-of-sight
overlapping in this configuration does not allow for accurate tomo-
graphic reconstruction of poloidally asymmetric emissivity profiles.
60 additional lines-of-sight located in an upper port plug have been
proposed (“vertical” lines in Fig. 3). The configuration containing
both sets of detectors will be considered in this study.

The etendue as calculated from Eq. (2) for each detector chan-
nel is displayed in Fig. 4. For all channels, the surfaces of the detector
and of the aperture are the same. Therefore, the differences observed
in Fig. 4 only result from different aperture-detector distances. It can
be noticed that this distance is significantly higher for the “vertical”
lines-of-sight, leading to a much lower etendue.

FIG. 3. Considered line-of-sight geometry of x-ray detectors in ITER. Adapted from
Colette et al., “Modeling a low voltage ionization chamber based tomography sys-
tem on ITER,” Rev. Sci. Instrum. 91, 073504 (2020) with the permission of AIP
Publishing.

FIG. 4. Etendue of the different x-ray cameras. Radial lines-of-sight are numbered
from 1 to 192 in ascending order from the bottom to the top of the vacuum vessel.
“Vertical” lines-of-sight are numbered from 193 to 252 in ascending order from the
low field side to the high field side. Reproduced from Colette et al., “Modeling a low
voltage ionization chamber based tomography system on ITER,” Rev. Sci. Instrum.
91, 073504 (2020) with the permission of AIP Publishing.

C. ITER standard high power scenario
Plasma emissivity has been estimated in the context of a stan-

dard high power D–T plasma scenario.5 X-ray emission in the
[0.001; 100] keV energy range was simulated for an impurity con-
tent of 10−2 of beryllium, 5 ⋅ 10−4 of iron, and 10−5 of tung-
sten. The impurity density profiles are homothetic to the electron

FIG. 5. Radiated power profile as a function of photon energy and normalized
radius for the standard high power D–T scenario.5

Rev. Sci. Instrum. 92, 083511 (2021); doi: 10.1063/5.0028460 92, 083511-4

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/rsi


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

density profile. The adas810 database atomic data were used to esti-
mate the line emission, and the SANCO impurity transport code was
used to obtain a steady state equilibrium in predicted ITER plasma
conditions. The resulting radiated profile is displayed in Fig. 5. The
lines observed over the whole plasma around 7 keV are due to iron,
and the 10 keV line results from tungsten line emission. Tungsten is
also dominant in the plasma edge around 2 keV.

IV. SPECTRAL DECONVOLUTION
Energy deconvolution using the multi-anode LVIC is an ill-

posed problem as we attempt to reconstruct a continuous spectrum
from a finite number of measurements. Modeling of the solution
is used to get rid of the ill-posedness of the problem. The shape
of the incoming spectrum is modeled using a simple mathematical
function, which depends on a limited number of parameters. This
hypothesis can be made because the processes leading to x-ray emis-
sion in the plasma are well known (as long as good hypothesis are
made on the plasma impurity content) and so is the expected emis-
sivity spectrum. The mathematical function is defined in Sec. IV A.
For any given parameters of the regularizing function, the currents
that would be collected by each anode can be simulated. They will be
labeled reconstructed currents, as opposed to the measured currents
resulting from the synthetic diagnostic (which takes into account the
full distributed incoming flux information). An algorithm is there-
fore used to find the parameters of the function, minimizing the
difference between the measured and reconstructed currents. This
algorithm is presented in Sec. IV B.

A. Hypothesis on the shape of the x-ray spectrum
As the processes leading to x-ray emission are well understood,

the expected shape of the incoming spectrum is known. The low
energy part of the spectrum (from 1 to 10 keV) is dominated by
line emission (see Fig. 6). From around 15 keV, the x-ray pho-
tons result from continuous emission, which evolves as a decreasing
exponential with energy.

FIG. 6. Contribution of each impurity to the incoming photon flux of channel number
96. Channel number 96 corresponds to the radial line-of-sight, which goes through
the very core of the plasma.

FIG. 7. Fitting of the channel number 96 incoming photon flux. Here, the parame-
ters are X1 = 1.40 ⋅ 109 ph/s, X2 = 2.26 ⋅ 10−2 keV−1, X3 = 5.0 ⋅ 109 ph/s, and
X4 = 6.0 ⋅ 108 ph/s.

A simple mathematical function based on four parameters
has been used in order to fit the incoming (and well known)
photon flux (see Fig. 7). Because bremsstrahlung emission results
from several impurities and is integrated over a line with differ-
ent electron temperatures, a decreasing exponential description is
not completely accurate. In order to take into account these vari-
ations from the function, a correction coefficient Ccor is required.
The “bremsstrahlung part” of the spectrum was chosen as the
10–100 keV range (it is the region in which bremsstrahlung is
dominant) and is described by

f (hν > 10) = X1 ⋅ e−X2 ⋅hν ⋅ Ccor(hν). (5)

As the only available data come from this emissivity scenario,
the actual correction coefficients for each line-of-sight CLoS

cor have
been computed and averaged in order to obtain a final coefficient,

which has been used in this study: Ccor = Σnchannel
i=1 CLoS

cor (i)
nchannel

. It is displayed
in black in Fig. 7. The use of a single coefficient for all lines-of-sight,
which integrate the plasma volume over very different electron tem-
peratures, aims at demonstrating the robustness of this method with
regard to geometry. A study of the impact of the electron temper-
ature profile on the coefficient is required in order to validate this
method for ITER operation, and this can be achieved by using dif-
ferent emissivity scenarios. It can be noticed that the coefficient is
equal to 1 outside of the “bremsstrahlung part” of the spectrum.

The two remaining parameters of the function describe line
emission peaks located at 2 and 7 keV,

f (hν < 10) = X3 ⋅ e−2⋅(hν−7)
2

+ X4 ⋅ e−1.5⋅(hν−2)
2

+ X1 ⋅ e−X2 ⋅10

10
⋅ hν. (6)

The last part of the function is added in order to model a lin-
ear increase in the flux from 1 to 10 keV and ensure continuity
at 10 keV. The width of each line emission peak has been cho-
sen arbitrarily. The fitted peaks are wider than the actual peaks in
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order to take into account additional radiation from neighboring
peaks.

B. Minimization algorithm
Thanks to a hypothesis on the impurity content, we have estab-

lished the shape of the incoming flux that we are trying to recon-
struct. It is now necessary to compute the amplitude of the peaks and
the coefficients (amplitude and slope) of the “bremsstrahlung part”
of the spectrum: it is the set of coefficients that best fits the measured
currents. An algorithm minimizing the difference between simu-
lated and reconstructed measurements has been developed. The cost
function of this method is defined as

r(X) = Σ(Isimu − Irec(X))2, (7)

where X = (X1,X2,X3,X4) is the vector of the function parameters,
Isimu is the vector containing the measured currents simulated by
the synthetic diagnostic tool, and Irec is the vector containing the
currents, which would be measured with an incoming photon flux
f (X).

The algorithm is based on the relaxation method. It works as
follows:

● An initial X vector is computed. For the lines-of-sight look-
ing at the very edge of the plasma (channel numbers 1,
192, and 193), this vector is taken as Xini = (109, 2 ⋅ 10−2,
5 ⋅ 109, 109). The values of this initial vector have been cho-
sen in order to be close to fitting the incoming spectrum
while still needing significant modification from the algo-
rithm. For other lines-of-sight, the initial X vector is taken as
the resulting X vector of the previous line-of-sight in order
to gain time by taking the space continuity of the emissiv-
ity into account. The scanning of lines-of-sight is performed
from the plasma edge to plasma core (1–96, 192–97, and
193–252).

● For each X parameter, fromX1 toX4, a gradient descent with
a constant step is performed until a minimal value of r(X)
is obtained. These gradient descents are repeated until the
(X1,X2,X3,X4) vector stays the same from one iteration to
the next.

● Several iterations of the last stage are performed with a
decreasing step in order to fasten the reconstruction while
keeping a high accuracy.

V. SINGLE LINES-OF-SIGHT RESULTS
The results of the previously described method and the fit-

ness of each gas (argon and xenon) for energy deconvolution are
discussed in this section. Quantification of the accuracy of recon-
struction is also introduced.

A. Figure of merit
In order to assess the reconstruction accuracy, the following

figure of merit is defined:

FOMdec =

¿
ÁÁÁÀ∑

Nbins
i=1 dhν(i)2 ⋅ ( ϕ(i)−ϕrec(i)ϕ(i) )2

∑Nbins
i=1 dhν(i)2

, (8)

where dhν(i) is the width of the i-th energy band,Nbins is the amount
of energy bins, ϕ is the photon flux impacting the detector, and ϕrec
is the reconstructed photon flux.

Another figure of merit is used to depict how well the current is
reproduced:

FOMcur =
1

Nanodes

¿
ÁÁÀNanodes

∑
i=1
( I

simu(i) − Irec(i)
Isimu(i) )

2

. (9)

In this work, we will consider that the function properly fits the
incoming spectrum when FOMcur is lower than 10−2. This value
came from a statistical analysis. Because the fitting function is very
simple, it will not fit perfectly the incoming spectrum, which con-
tains numerous peaks at low energy. Therefore, the obtained FOMdec
are quite high with regard to FOMcur and will mostly be used to
compare different reconstructions (e.g., with different gases).

B. Spectrum reconstruction using argon
For this study, a multi-anode LVIC with five anodes is simu-

lated. In order to minimize the overlapping in the spectral response
of each sub-chamber, it is necessary to use anodes of increasing
length. The reconstruction is performed with argon under 5 bars
of pressure, with anode sizes of 1, 3, 10, 35, and 100 mm and a
200 μm deep beryllium window. The dimensions of the anodes have
been chosen in order to minimize the overlapping of the spectral
responses of each sub-chamber and in order to maximize the accu-
racy of reconstruction. The resulting spectral responses are those
displayed in Fig. 2.

The results of energy deconvolution using a multi-anode LVIC
for channel number 96 (looking at the very core of the plasma) are
displayed in the left panel of Fig. 8, and the figures ofmerit associated
with this energy deconvolution are shown in the right panel of Fig. 8.
It can be noted that the spectrum looks visually quite good. The high
energy continuum (hν ≥ 10 keV) is well reconstructed, with only a
small difference between emissivity and reconstruction. The peak
located around 8 keV is also well reconstructed in terms of inte-
gral: its amplitude is underestimated, but it is wider. The low energy
peak is, however, clearly overestimated. The reconstruction of the
low energy radiation is discussed in Sec. VD. The study of the figures
of merit shows that good fitting of the currents is achieved for all the
lines-of-sights except those located at the very edge of the plasma.
This is explained by the fact that the spectrum of these lines-of-
sight deviates too much from the model described by using Eqs. (5)
and (6).

Inspection of an additional line-of-sight and the reconstruc-
tion of the line integrated x-ray emissivity in the given energy bands
covering different parts of interest of the spectrum can be found in
Ref. 10.

C. Spectrum reconstruction with xenon
A second set of reconstructions is performed with xenon at

atmospheric pressure, with anode sizes of 5, 30, 60, 100, and 150mm
and a 200 μm deep beryllium window. The differences in size and
pressure between argon and xenon are explained by the fact that
we try to reproduce the shape with little overlapping in the spectral
response while covering the whole energy range. The high pressure
in the case of the argon detector comes from the fact that in order
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FIG. 8. Left: Energy deconvolution of the photon flux impinging channel number 96 (looking at the plasma core). Right: FOMdec and FOMcur of energy deconvolution. The
multi-anode LVIC is filled with argon at five times the atmospheric pressure, with anode sizes of 1, 3, 10, 35, 60, and 100 mm and a 200 μm deep beryllium window.

to keep the detector of a size that could fit in the ITER port plug
while retaining a high enough spectral response, argon requires a
much higher pressure than xenon. The resulting spectral responses
are displayed in Fig. 9. The peak in detection probability around
30 keV corresponds to the xenon K − α absorption edge, and the
one at around 5 keV corresponds to its L absorption edge.21

The results of energy deconvolution with xenon at atmospheric
pressure for channel number 96 (looking at the very core of the
plasma) are displayed in Fig. 10. It can be noted that there is a
very good agreement between incoming and reconstructed fluxes for
hν > 15 keV. We can note that the W peak at 2 keV is not recon-
structed [the coefficient X4 from Eq. (6) is equal to 0]. The Fe peak
at 7 keV is present, and its amplitude leads to an accurate integral
of the peak. The continuum-dominated part of the spectrum is very
well reconstructed: no significant difference can be observed.

The figures of merit for this energy deconvolution are displayed
in the left panel of Fig. 11. It can be noted that the figures of merit

FIG. 9. Spectral response of each sub-chamber in the case of five anodes of
the xenon LVIC at atmospheric pressure with anode sizes of 5, 30, 60, 100, and
150 mm and a 200 μm deep beryllium window.

are of the same order of magnitude than the argon reconstruction
and have a fairly similar shape.

The lines-of-sight exhibiting poor reconstruction are those
aiming at the very edge of the plasma, where the emissivity does
not match the hypothesis on the shape made in Sec. IV A. Indeed,
it can be observed in the right panel of Fig. 11 that for a line-of-sight
looking toward the plasma edge (channel number 10), the charge
collected by sub-chambers 3–5 is not fitted by the algorithm. These
sub-chambers mostly detect photons of energy higher than 10 keV
(see Fig. 9), a range in which the emissivity at the very edge of the
plasma does not follow the model of Eq. (5).

By comparing Figs. 8 and 10, we conclude that xenon is a bet-
ter candidate than argon for energy resolved tomography due to its
better accuracy at high energy. This conclusion is confirmed by the
comparison of line integrated x-ray emissivity in the given energy
bands for both gases.10

FIG. 10. Energy deconvolution of the photon flux impinging channel number 96
(looking at the plasma core). The multi-anode LVIC is filled with xenon at atmo-
spheric pressure with anode sizes of 5, 30, 60, 100, and 150 mm and a 200 μm
deep beryllium window.
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FIG. 11. Left: FOMdec and FOMcur of energy deconvolution technique. Right: Simulated and reconstructed currents for several lines-of-sight. The multi-anode LVIC is filled
with xenon at atmospheric pressure with anode sizes of 5, 30, 60, 100, and 150 mm and a 200 μm deep beryllium window.

However, neither of these gases allows for an accurate recon-
struction of the low energy part of the spectrum. The main hypoth-
esis behind this error is the absorption through the beryllium win-
dow. We can, indeed, see in Fig. 9 that less than 40% of the flux is
detected in the (2; 3) keV range.

D. Improving the reconstruction
in the [2; 3] keV range

In order to verify the hypothesis formulated previously, a
deconvolution has been performed with different beryllium window
depths, with the parameters of the xenon simulation. As the beryl-
lium window mostly absorbs photons of hν < 5 keV, the influence
of the beryllium window is negligible outside of this energy range
and therefore the reconstruction is not affected by its removal for
hν > 5 keV. The reconstruction of the line integrated x-ray emissivity
for each line-of-sight, integrated in between 2 and 3 keV, is displayed
in Fig. 12.

With a 200 μm beryllium window, there is a clear overestima-
tion (up to more than 100%) of the flux on the plasma edges and

FIG. 12. Reconstruction of the line integrated x-ray emissivity in the [2; 3] keV
range for each line-of-sight using xenon at atmospheric pressure with anode sizes
of 5, 30, 60, and 100 and with different depths of the beryllium window.

underestimation (up to 50%) in the plasma core. Oscillations can
be noticed in the core, which show that the reconstruction in this
energy band is not stable.

A clear improvement of the reconstruction can be noted on
the reconstructed flux as the beryllium window gets thinner. With
a 100 μm beryllium window, the previously described reconstruc-
tion error is still present but with a much lower amplitude. The same
can be said about the oscillations in the core. Without the beryllium
window, there is still an underestimation in the core and overesti-
mation in the edges, but their amplitude is much smaller than in
the reconstruction with a beryllium window, and no oscillation is
observed.

VI. ENERGY RESOLVED TOMOGRAPHY
In Sec. V, the incoming photon flux for each line-of-sight has

been reconstructed. This photon flux is divided into 236 energy
bins of increasing width. The method presented in this paper recon-
structs the local x-ray emissivity by performing tomography for all
the energy bins for which the energy is higher than 2 keV. The result
of tomography is the reconstruction of the local emissivity at a given
energy. By concatenating these local emissivities together, the energy
resolved local emissivity is obtained.

For a given energy bin of energy hν, the deconvoluted photon
flux profile is a fitting input for tomographic reconstruction. The
photon flux in each bin must first be converted into the line integral
of the emissivity through the line-of-sight for this particular energy
bin,

f(meas)(hν) =
ϕ(hν) ⋅ hν

E
, (10)

where f(meas) is the line integral of the emissivity and E is the etendue
of the aperture-detector system.

In this work, an algorithm based on the Tikhonov method,22
minimizing the Fisher information,23 was used for energy resolved
tomography. Anisotropic regularization limiting the gradients on
the magnetic flux surfaces was applied in order to solve the inver-
sion problem. This tomographic setup is the one used for soft x-ray
tomography on the WEST tokamak.24
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A. Figures of merit
In order to assess the quality of tomographic reconstruction,

four figures of merit are defined. First two figures of merit quan-
tify the accuracy of tomographic reconstruction and are calculated
over the region of the plasma core (defined as the region where
Te > 10 keV) and over the region enclosed by the last closed mag-
netic flux surface. They will be labeled FOMcore and FOMlcms, respec-
tively, and are given by

FOM = 1
NP
⋅
¿
ÁÁÀ∑

(ε(plasma) − ε(rec))2
ε2(plasma)

, (11)

where NP is the number of geometrical pixels considered and
ε(plasma) and ε(rec) are the plasma and reconstructed emissivities,
respectively.

The third figure of merit is used to assess the fidelity of the
fitting of the input line-of-sight profile by the algorithm. It is
expressed as

FOMLoS =
1
NC
⋅
√
∑ ( f(meas) − f(rec))2, (12)

where NC is the number of measurement channels and f(meas) and
f(rec) are the measured and reconstructed line integrals of emissivity,
respectively.

The last figure of merit is similar to FOMdec from Eq. (8) but
applied to the emissivity of each geometrical pixel in the tokamak.
For a given pixel of coordinates (R, Z), the figure of merit is

FOMpix =

¿
ÁÁÁÀ∑

Nbins
i=1 dhν(i) ⋅ ( ε(i)−εrec(i)ε(i) )

2

∑Nbins
i=1 dhν(i)

. (13)

B. Results
The outputs (photon fluxes) from the xenon experiments of

Sec. V have been used as inputs for tomography. Tomographic
reconstructions have been performed independently for each energy

FIG. 13. Reconstructed radiated power profile as a function of photon energy and
normalized radius with xenon at atmospheric pressure with anode sizes of 5, 30,
60, 100, and 150 mm and a 200 μm deep beryllium window.

bin from 2 to 100 keV. Below 2 keV, the spectral response of the
LVIC does not allow for a good enough current measurement (most
of the photons are stopped in the beryllium window), and therefore,
these energy bands are not considered.

The results of this energy resolved tomography can be visu-
alized through the reconstructed radiated profile in Fig. 13. Visual
differences can be observed with the input radiated profile (Fig. 5).
However, the overall shape and value are similar for both profiles.
TheW lines around 2 keV at the plasma edge and the Fe line at 7 keV
are qualitatively reconstructed. This is a good result as this method
could allow for an estimation of the W concentration in the plasma
edge.

FIG. 14. Left: Figures of merit of energy resolved tomography: FOMLoS, FOMlcms, and FOMcore. Right: Reconstruction of the local plasma emissivity in the plasma core (at
R = 6.27 m and Z = 0.57 m). For this pixel, FOMpix = 3.7 ⋅ 10−3. The multi-anode LVIC is filled with xenon at atmospheric pressure with anode sizes of 5, 30, 60, 100, and
150 mm and a 200 μm deep beryllium window.
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FIG. 15. Figure of merit FOMpix of energy resolved tomography. The multi-anode
LVIC is filled with xenon at atmospheric pressure with anode sizes of 5, 30, 60,
100, and 150 mm and a 200 μm deep beryllium window.

A more quantitative estimation of the accuracy of reconstruc-
tion is provided by an analysis of the figures of merit. FOMLoS,
FOMlcms, and FOMcore are displayed in Fig. 14.

For each energy bin, the backfitting of the line integrated emis-
sivity is fairly stable with energy with an increase around 7 keV.
This shows that the tomographic algorithm has struggled to recon-
struct the profiles corresponding to the second peak of the spectrum
model, but overall, the discrepancy in the input data was well spread
over all the energy bins. FOMlcms and FOMcore quantify the accu-
racy of the reconstruction of the x-ray emissivity in the whole plasma
and in the core. It can be observed that for the line emission part of
the spectrum (hv < 15 keV), the emissivity is well reconstructed with
both figures of merit around 1. In the “bremsstrahlung part” of the
spectrum (hν > 15 keV), the core exhibits a very good reconstruc-
tion with FOMcore around 10−1. However, when we look at the whole
plasma, we can observe a very high loss of accuracy with energy:
FOMlcms goes up to almost 1010. This is explained by the facts that
the plasma edge does not emit much at high energies and that the
tomographic algorithm tends to be less accurate in the edges.

The reconstruction of the local emissivity for a pixel located at
the very core of the plasma (R = 6.27 m, Z = 0.57 m) is displayed
in the right panel of Fig. 14. We can observe that the agreement
between the shape of the local emissivity and its reconstruction is
quite good. This is confirmed by the low FOMpix value obtained for
this pixel.

FOMpix is shown in Fig. 15. This figure of merit quantifies the
difference between the local emissivity and its reconstruction. Sim-
ilarly as with FOMlcms and FOMcore, it can be observed that the
plasma core exhibits a much higher reconstruction accuracy with
FOMpix < 10−2.

VII. ESTIMATION OF THE ELECTRON TEMPERATURE
At high energy, the plasma emissivity is proportional to

exp(− h̵⋅ν
k⋅Te
) = exp(− hν

2π⋅k⋅Te
).25 Therefore, an exponential fitting of

the local reconstructed emissivity can allow for an estimation of the
local electron temperature, and thus, doing this for each pixel leads
to electron temperature profiles. This has been performed using the
energy resolved local plasma emissivity presented in Sec. VI B. The
original electron temperature profile is displayed in the left panel of
Fig. 16.

Similarly as for tomography, a figure of merit quantifying the
accuracy of reconstruction is used in the scope of this study. It can
be estimated over the plasma core or over the whole region enclosed
by the last closed magnetic surface. It is given by

FOM = 1
NP
⋅

¿
ÁÁÁÁÁÀ∑

(T(input)e − T(rec)e )
2

(T(input)e )
2 . (14)

The result of the reconstruction of the electron temperature
is shown in the right panel of Fig. 16. The corresponding FOMlcms
and FOMcore are 0.55 and 0.35, respectively. Compared to the pre-
vious reconstructions, these values are quite high, but it can be
observed that the visual aspect of the electron temperature (shape
and amplitude) is well reproduced. The analysis of the relative error
(see Fig. 17) confirms the good accuracy of the reconstruction at the
very core of the plasma. A ring of ≈ 40% of error surrounds that
region, making this result valid only where the electron temperature
is the highest. An improvement of this result could be achieved by
an increase in the amount of sub-chambers or by the use of a differ-
ent method, which could potentially perform spectral deconvolution
and tomography simultaneously, as described in Ref. 26. In a plasma
with a higher temperature, this method should be valid in a wider
region.

VIII. SENSITIVITY ANALYSIS
In this section, the influence of perturbation on the mea-

surement is investigated. A statistical analysis is performed on the
energy deconvolutionmethod, considering 100 reconstructions with
a Gaussian noise with a 1% amplitude. The results of a tomographic
reconstruction and the related electron temperature computation in
the same noise configuration are also presented.

A. Energy deconvolution
In order to estimate the performance of the method under per-

turbative noise, a sensitivity analysis has been performed. A random
noise following a Gaussian distribution with an amplitude of 1% has
been added to the currents measured in the case of a xenon LVIC at
atmospheric pressure with anode sizes of 5, 30, 60, 100, and 150 mm
and a 200 μm deep beryllium window. In order to gather enough
statistics for estimating the stability of the method with regard to
noise, the impact of noise has been recorded in 100 simulations. The
highest and lowest reconstructions are used to create the so-called
envelope, inside which a 1% noise reconstruction is most likely to be
located.

FOMdec and its envelope, as well as the line integrated x-ray
emissivity in the continuum-dominated energy range, are displayed
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FIG. 16. Left: Electron temperature profile of the ITER standard high power D–T scenario. Right: Reconstructed electron temperature profile obtained after energy resolved
tomography. Xenon LVICs with anodes sizes of 5, 30, 60, 100, and 150 mm and a beryllium window of 200 μm were used in this case.

in Fig. 18. In terms of figure of merit, the noise does not necessarily
have a great impact, and in some cases, the figure of merit is actu-
ally lowered by the presence of noise. The “continuum part” of the
spectrum exhibits a high resilience to noise with a maximal error of
around 10%. The high energy end of the spectrum has the highest
impact on FOMdec from Eq. (8) because dhν increases exponentially

FIG. 17. Relative error of the electron temperature reconstruction. The multi-anode
LVIC is filled with xenon at atmospheric pressure with anode sizes of 5, 30, 60, 100,
and 150 mm and a 200 μm deep beryllium window.

with energy. Therefore, it is possible that instabilities occur at low
energy as these energy ranges do not have a high weight on the
FOMdec 1% noise envelope. A more complete study of the impact
of noise can be found in Ref. 10 and can be summarized as follows:
the low energy part of the spectrum exhibits high instabilities with
up to ten times overestimation of the emissivity and the (6, 10) keV
range is more stable, but a significant underestimation (of around
30%) can be obtained.

The impact of noise on energy discrimination is quite high
under 10 keV, where the spectrum is dominated by emissivity
peaks. However, the “bremsstrahlung part” of the spectrum and its
exponential decrease are much more stable to such perturbations.

B. Energy resolved tomography
The results of an energy deconvolution simulation with a Gaus-

sian perturbative noise of 1% on the measurement have been used as
inputs for tomography, as described in Sec. VI.

The reconstruction of local emissivity in the plasma core is
displayed in the left panel of Fig. 19. The high energy end of the
spectrum is quite accurate; however, in the [2; 10] keV region, the
reconstruction is inaccurate (especially below 4 keV). The peak at
around 2 keV is, indeed, extremely overestimated, and the peak at
7 keV is better, although clearly overestimated as well. In this range,
the sensitivity to perturbation is quite high, which corroborates the
envelopes obtained in Figs. 18 and 19. The use of a different method
or the addition of smoothing on the inputs for tomography might
improve the reconstruction at low energy. Due to the error levels
obtained in the low energy part of Fig. 19 (there is up to a factor 104

between plasma emissivity and its reconstruction), the spectrum has
been divided into two energy bands {[4; 10] and [10; 100] keV} for
the calculation of the FOMpix figure of merit, which is displayed in
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FIG. 18. Left: FOMdec and its 1% noise envelope of energy deconvolution technique. Right: Reconstruction of the line integrated x-ray emissivity in the [10; 97] keV range
and its 1% noise envelope for each line-of-sight. The multi-anode LVIC is filled with xenon at atmospheric pressure with anode sizes of 5, 30, 60, 100, and 150 mm and a
200 μm deep beryllium window.

Fig. 20. FOMpix exhibits a high value in the [4; 10] keV range in the
whole plasma, but higher accuracy is observed in the plasma core.
This shows that, even though the second peak is not very well recon-
structed by energy resolved tomography, its accuracy is higher in the
plasma core. We can observe that FOMpix displays a low and con-
stant value over the whole plasma core in the [10; 100] keV range,
which indicates a satisfactory spectral deconvolution in this region
and energy range. It is worth mentioning that in the scope of com-
puting the electron temperature from the local emissivity spectrum,
only the high energy range is of interest. Therefore, the addition of
noise to this method should not prohibit the reconstruction of the
electron temperature profile.

The other figures of merit used to assess the quality of tomog-
raphy are shown in the right panel of Fig. 19. Overall, it can be noted
that the figures of merit are of the same order of magnitude as those
of Fig. 14, without perturbative noise. The shape of FOMcore and
FOMlcms has not changed much with the addition of noise, at the

exception of the low energy part (from 2 to 4 keV) where these fig-
ures of merit increase by several orders of magnitude because of the
addition of noise. For photon energies higher than 4 keV, no sig-
nificant difference can be observed in FOMcore due to the addition
of perturbation. This means that the reconstruction of the plasma
core is very resilient to perturbative noise. The value of FOMlcms is
much higher at high energies where it can reach up to 1015 com-
pared to 1010 without noise. This is explained by the fact that the
plasma edge does not emit much high energy photons, and there-
fore, a small perturbation can lead to a big relative overestimation of
the emissivity.

The study of FOMLoS shows that the addition of noise does
not affect much the ability of the tomographic algorithm to fit the
input data. It can be concluded that the addition of noise for energy
resolved tomography leads to high relative error at high energy on
the plasma edge. However, the plasma core exhibits a very good
reconstruction in this energy range.

FIG. 19. Left: Reconstruction of the local emissivity in the plasma core (at R = 6.27 m and Z = 0.57 m) with 1% of perturbative noise added to the measurement. Right:
Figures of merit of energy resolved tomography: FOMLoS, FOMlcms, and FOMcore, with 1% of Gaussian perturbative noise on the LVIC measurement. The multi-anode LVIC
is filled with xenon at atmospheric pressure with anode sizes of 5, 30, 60, 100, and 150 mm and a 200 μm deep beryllium window.
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FIG. 20. Left: Figure of merit FOMpix of energy resolved tomography with 1% of Gaussian perturbative noise on the LVIC measurement computed in [4; 10] keV range.
Right: Figure of merit FOMpix of energy resolved tomography with 1% of Gaussian perturbative noise on the LVIC measurement computed in the [10; 100] keV range. The
multi-anode LVIC is filled with xenon at atmospheric pressure with anode sizes of 5, 30, 60, 100, and 150 mm and a 200 μm deep beryllium window.

C. Electron temperature profile

The electron temperature has been computed from the local
emissivity spectra obtained in Sec. VIII B, following the method
described in Sec. VII, and is shown in the left panel of Fig. 21. The
overall shape and intensity of the profile are satisfactory, although

it seems more blurry than in the reconstruction without perturba-
tion. The relative error, displayed in the right panel of Fig. 21, shows
that the electron temperature in the core is quite accurate, but this
accuracy has suffered from the addition of noise. There has been
an increase in the reconstruction error in the blue ring; the error is
now around 50% instead of 40. Overall, it can be concluded that the

FIG. 21. Left: Reconstructed electron temperature profile obtained after energy resolved tomography with 1% of Gaussian perturbative noise on the LVIC measurement.
Right: Relative error of the electron temperature reconstruction with 1% of Gaussian perturbative noise on the LVIC measurement. Xenon LVICs with anodes sizes of 5, 30,
60, 100, and 150 mm and a beryllium window of 200 μm were used in this case.
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electron temperature reconstruction seems to be quite resilient to
this perturbation.

IX. CONCLUSION
For SXR measurements, traditional semiconductors cannot be

considered for ITER due to their low resilience to fast particles and
the LVIC seems to be an adequate solution. Through this work, we
have proposed a new way to make use of multi-anode LVICs, which
shows an interesting capability to perform energy resolved x-ray
measurement on ITER. An original deconvolution method to obtain
a continuous spectrum from a finite amount of measurement has
been developed and tested through modeling. The influence of the
LVIC filling gas has been studied through the comparison of argon
and xenon, under different pressure conditions, which concluded
that xenon is the best candidate of the two for performing an accu-
rate reconstruction of the spectrum in a rather broad energy range.
However, the reconstruction of the low energy part of the spectrum
displays a very low resilience to such perturbations. Reconstructed
line integrated emissivity has been used as inputs for tomography
in order to obtain spectrally resolved radiation power profiles. Good
accuracy has been observed in the comparison of the reconstructed
profiles to the original ones. Fitting of the high energy range of the
local emissivity spectrum has been performed in order to recon-
struct the electron temperature profile from x-ray measurement.
The accuracy of the electron temperature profile is satisfying at the
very core of the plasma. This is not a surprise; indeed, emissivity is
rather low at the edge and accuracy of the reconstructed imping-
ing spectrum at the same location is less accurate. The sensitivity
of the energy deconvolution method to perturbative noise has been
investigated as well, concluding that the method is viable for 1%
noise levels in the high energy range (hv > 10 keV). Energy resolved
tomography has been performed with such a noise level, showing
that the accuracy is quite good at high energy but not satisfactory
below 10 keV. Reconstruction of the electron temperature proved
to be fairly resilient to this perturbation, especially in the plasma
core.

The LVIC with multiple anodes and the proposed associated
method of deconvolution seems to be very promising for ITER,
which presents very high core temperature. In these conditions and
setup, information on spectral distribution and electron temperature
profiles can be obtained from discrete measurements.
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