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Abstract
This study presents the development of an advanced soft x-ray (SXR) diagnostic for the
RFX-mod2 device, tailored for photon energies of ∼1–25 keV. The system will consist of two
gas electron multiplier (GEM) detectors designed to enable energy-resolved 1D tomographic
reconstructions (i.e. reconstructions of the SXR radial emissivity profiles). Simulations have
shown its potential to achieve a spatial resolution of ∼1 cm and to differentiate between thermal
and suprathermal plasma components. This capability is particularly valuable for RFX-mod2,
where strong magnetic reconnection events are expected to generate significant SXR spectral
tails in localized regions. The GEM-based diagnostic will therefore complement the SXR
silicon photodiode arrays (SiPh) foreseen for installation at RFX-mod2 [2]. SiPh have been
successfully employed for two-dimensional tomographic reconstruction of the SXR emissivity
at RFX-mod. However, their operation in current mode allows only measurements of photon
flux, lacking energy resolution. In contrast, GEM detectors operate in photon-counting mode.
They provide energy-resolved measurements with a temporal resolution of ∼10 µs and an
energy resolution of ∼20% at 6 keV. They also offer a high rate capability (∼1 MHz/channel)
and high radiation hardness. This paper presents the CAD model of the GEM diagnostic, as well
as the custom-made simulations used to drive design choices and develop the energy resolved
1D tomographic reconstruction algorithm.
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1. Introduction

1.1. RFX-mod2 and gas electron multiplier (GEM) detectors

The reversed-field pinch (RFP) configuration [1]—employed
in devices such as RFX-mod2 [2] in Padua and MST [3] in
Madison—has been a rich environment for studying the role
of magnetic reconnection in suprathermal particle accelera-
tion. In these plasmas, several tearing modes can nonlinearly
couple and release large amounts of magnetic energy during
sawtooth-like relaxation events, generating suprathermal elec-
tron populations that in turns lead to distinctive high-energy
tails in the soft x-ray (SXR) emission. An example can be
found in [4], for the MST experiment, where SXR spectral
tails in the 10–30 keV range were observed. Such findings
highlight the importance of deploying diagnostics capable of
simultaneously measuring the position, time, and energy of
incident photons, in order to discriminate the thermal com-
ponent from the higher-energy suprathermal tail in the SXR
emission.

Electron acceleration related to magnetic reconnection has
been observed not only in RFP devices, but also in tokamaks
such as MAST-U [5], and EAST [6].

In the past, SXR measurements in the RFX-mod device
have relied on silicon photodiodes [7] operated in cur-
rent mode for tomographic reconstructions and electron
temperature (Te) determinations through the double filter
technique [8]. These diagnostics have yielded robust flux
data, but provided no energy discrimination. As the RFX-
mod2 upgrade pursues improved diagnostic capabilities and
explores novel regimes—potentially featuring stronger mag-
netic reconnection and more pronounced suprathermal elec-
tron populations—an energy-resolved, high-rate SXR dia-
gnostic becomes of great importance. Possible energization of
electrons is anticipated to be transient on a∼10 µs time scale,
making high time resolutionmeasurements necessary to reveal
electron dynamics.

GEM technology [9] addresses these needs effectively.
Designed for photon-counting operation, GEM detectors offer
a high rate capability (∼1 MHz/channel) high temporal res-
olution (∼10 µs) and moderate energy resolution (∼20% at
6 keV) [10]. GEM detectors have already been employed in
different nuclear fusion devices, such as JET [11], MAST-U
[5], WEST [12], KSTAR [13], and EAST [6, 14]. In partic-
ular, at MAST-U and EAST, they have been used to observe
macroscopic plasma instabilities and magnetic reconnection
events [5, 6].

GEM detectors are also foreseen for installation in future
devices, such as DTT [15] and DEMO [16].

In this work, we present the development of an advanced
GEM-based SXR diagnostic (consisting of two separate GEM
detectors) for the RFX-mod2 device, covering energies from
1 to 25 keV. The configuration for SXR detection described in

this work is the triple-GEM detector, made up of three GEM
foils coated with aluminum or copper. The photoelectric inter-
action of the impinging photons and the first gas ionization
occur in the drift zone between the cathode (which consists
of a thin aluminized Mylar window) and the first GEM foil.
The number of electron-ion pairs generated is proportional
to the energy of the incoming radiation [17]. The primary
electrons, carried by the electric field, drift towards the GEM
foils, traverse the holes, and are multiplied in each of the three
stages of the cascade. In the final induction region they are car-
ried to a pixelated anode, made of several gold-coated copper
pads, producing a detectable signal for each original incoming
photon. For each photon detected by a given pixel, two quantit-
ies are recorded: the time of arrival and the time-over-threshold
(TOT). The TOT represents the duration for which the signal
remains above the discrimination threshold and is related to
the energy deposited by the photon. Through an appropriate
calibration curve, as described in [10], the TOT values can be
converted into corresponding energy values, enabling energy-
resolved measurements.

The voltage difference on each GEM foil is set independ-
ently with a custom designed High Voltage module called
HVGEM [10, 18]. A diagram representing a triple-GEM
detector is shown in figure 1.

Through simulations based on past RFX-mod data and
the current GEM diagnostic design, in this work we evaluate
its ability to reconstruct emissivity profiles with ∼1 cm spa-
tial resolution and to distinguish between thermal and supra-
thermal SXR components.

1.2. REVOLT-U software

Designing advanced SXR detectors—such as GEMs—for
fusion devices requires a simulation tool that balances accur-
acy, speed, and computational efficiency. While Monte Carlo
frameworks (like MCNP [19] and GEANT4 [20]) offer high
accuracy, their computational demands can be prohibitive.
For this reason, we developed a software tool (written in
C and Python) called ‘REVOLT-U’, which trades a small
degree of accuracy for significant gains in simulation speed
and resource demands. While more details can be found in
[21–23], here we recall that, starting from the emissivity of the
x-ray source, REVOLT-U calculates counts and energy spectra
at each detector pixel, accounting for detector efficiency and
x-ray attenuation. The source emissivity can be derived from
independent simulations, experimental data, or computed dir-
ectly by REVOLT-U using a simple Bremsstrahlung model
[21, 24]. The code has been presented and validated in [21],
using GEANT4 as a reference standard and MAST-U [25]
experimental data from the MU-03 campaign [5].

In this work, REVOLT-U simulations were used
extensively to adjust the design of the RFX-mod2 GEM
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Figure 1. Diagram of a triple-GEM detector. HV is defined as the
sum of the voltages applied to each GEM foil.

diagnostic and its line of sight, as well as to develop suit-
able algorithms for tomographic reconstruction of emissivity
profiles. REVOLT-U additionally enables the integration of
other Monte Carlo simulation tools, thereby enhancing the
accuracy of detector response simulations. In this work, for
example, Heed [26] was used to determine the number of
primary electrons generated by simulated incident x-rays.

2. Diagnostic design: CAD model

RFX-mod2 has two available access ports for the allocation
of the GEM diagnostic—an upper central port and an upper
external port (located in the upper part of sector 12D of the
vacuum vessel). Considering realistic constraints, the full dia-
gnostic was designed on the basis of REVOLT-U simulation
results (some of which are discussed in next sections of this
paper).

The design features two GEM detectors housed within a
single Faraday cage used to reduce electronic noise from elec-
tromagnetic interference.

At the detectors position, an intense stray magnetic field is
expected, with a magnitude remaining below 200 mT at all
times. Garfield++ [27] simulations were carried out to assess
the effect of the magnetic field on the GEM physical detection
mechanism. From a physical standpoint, simulations indicated
that the presence of magnetic fields up to 200mT do not impair
the performance of GEM detectors, even when the magnetic
field is assumed to be fully perpendicular to the velocity of
electrons generating the signal. Consequently, it is expected
that the detector electronics will be the limiting factor.

Thanks to the experience gained with a GEM detector
installed at MAST-U [5], it was understood that the FPGA
power supply system is the main source of problems, as it can
shut down in the presence of strong magnetic field disturb-
ances, resulting in the interruption of data acquisition.

A solution for the power supply system has been conceptu-
alized, but will not be discussed here. A scientific article on the
subject will follow this publication, illustrating the details of
the Garfield++ simulations and the results of laboratory tests
performed with a system that implements the conceptualized
solution. This system will consist of placing the entire GEM

detector (or just the GEM electronics) inside a large solenoid
capable of reaching at least 500 mT. Rotating the GEM
detector inside the solenoid will allow for the study of the
effect of different magnetic field orientations.The diagnostic
system is modeled in a full CAD representation obtained with
CATIA [28]. The latter includes the RFX-mod2 assembly,
flanges, gate valves, beryllium windows, and pinholes; consti-
tuting the detectors lines of sight. Helium buffers, the detectors
with their electronics, and the Faraday cage are also included.
More specifically, each detector line of sight features:

• An Helicoflex-CF63 adapter to allow compatibility with the
helicoflex access ports of RFX-mod2.

• A CF63 gate valve with a CF63 flange on top to allow for
intervention in case of vacuum leaks.

• Two CF16 outlets on each CF63 flange dedicated to a pres-
sure sensor and a pumping system (for monitoring and evac-
uating the interspace between the gate valve and the CF63
flange).

• A 25 µm thick7 beryllium x-ray exit window [29] (Be win-
dow) attached to an additional CF16 outlet in the CF63
flange.

• A motorized pinhole following the Be window.
• An helium buffer placed in the space between the Be win-

dow and the detector, joined with JACOB flanges on top and
bottom.

• A rail-mounted cart for positioning the diagnostic box.
• The diagnostic box consisting of the Faraday cage housing

the detectors and their electronics.

These components are indicated in figures 2 and 3, including
the two GEM detectors, which will be referred to in the text as
GEM 1 and GEM 2.

As shown in figure 3, each GEM detector has a rectangular
shaped anode with dimensions 100 mm× 25mm, divided into
64 × 2 channels.

The geometrical view cones of each detector are drawn in
figure 4.

Each pinhole serves two primary functions: enhancing
optical resolution by reducing image blurring and regulating
the detector count rate. The helium buffer is needed to reduce
x-ray attenuation. More details on the effect of the pinhole dia-
meter and the helium percentage in the buffer are discussed in
sections 3.2 and 3.3.

To allow full control on the pinhole diameter, a motorized
pinhole consisting of two adjustable elliptical irises was

7 The manufacturer [29] certifies that the selected beryllium windows main-
tain vacuum integrity up to a differential pressure of 2 atm (front pressure
specification), with a maximum allowed leak rate of<1× 10−10 mbar·l s−1.
Under RFX-mod2 operational conditions, the windowswill experience a pres-
sure difference of approximately 1 bar, with atmospheric pressure (≈1 bar)
on the external side and a pressure higher than 10−9 mbar (likely on the order
of 10−8–10−7 mbar) on the internal side. This operating condition is within
the manufacturer’s specifications. Furthermore, an identical beryllium win-
dow was successfully operated at the high voltage Padova test facility under
comparable conditions (Pext ≈ 1 bar, Pint ≈ 10−7 mbar,∆P≈ 1 bar). On that
occasion, x-ray measurements with a GEM detector were performed without
faults or leaks [23].
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Figure 2. Full CAD drawing of the diagnostic line of sight. The
main components of the line of sight are indicated with arrows. In
the figure, ‘detector’ indicates the complete assembly comprising
the Faraday cage, the GEM detectors and their electronics. With
‘GEM 1’, we refer to the detector positioned in correspondence to
the central access port. With GEM 2, we refer to the detector
positioned in correspondence to the external port.

Figure 3. GEM detector design. On the left, the anodic pixels of a
single GEM detector are shown. They are 64 × 2 anodic pixels,
with a total width of 25 mm and a total height of 100 mm. On the
right, the diagnostic assembly with the two detectors mounted inside
the Faraday cage is shown.

chosen. The two irises forms an effective pinhole with an aper-
ture resolution of 2.6 µm [30].

The foreseen helium buffers are flexible JACOB connec-
tions (FDM) [31] made of poly urethane with knitted polyes-
ter ply, having a low helium permeability. The helium buffer
is housed in a tube serving as support structure, joined with
JACOB flanges at the top and bottom. The bottom flange is
modified to host the gas inlet pipe plus a USB feedthrough,
while the top flange is modified to host the gas outlet pipe. The
pinhole and helium buffer components are shown in figure 5.

The gas composition inside each helium buffer is not act-
ively regulated via feedback control. However, the composi-
tion can be modified by adjusting the helium flow rate using
a Bronkhorst flow meter [32] connected to a helium gas tank.

Figure 4. Poloidal section of RFX-mod2 CAD model. The GEM
diagnostic view cones are represented in white. View cone 1 is the
one associated to the GEM 1, view cone 2 is the one associated to
the GEM 2.

Figure 5. Pinhole and helium buffer components (discussed in the
text).

The flow meter enables dynamic control of the gas flow rate.
Therefore, the flow can be stopped and resumed as needed.

It has been proposed to install two 55Fe laboratory sources,
on the side of each pinhole. These sources would be used to
monitor the gains of both detectors and the effective helium
fraction within each helium buffer. To obtain a referencemeas-
urement, helium would be fluxed at a sufficiently high rate to
reach a steady-state fraction that remains close to 100%. In
this condition, the count rate at the full energy peak (∼6 keV
for 55Fe) would be measured. Any deviation from this refer-
ence value (after accounting for the source activity decay over
time) would be indicative of a variation in the helium percent-
age. Indeed, the detection efficiency strongly depends on the
gas composition in the buffer (see section 3.2).

The proposed method should allow for indirect yet effect-
ive monitoring of the helium percentage without requiring a
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dedicated gas analyzer. If necessary, variations in the helium
percentage can be compensated by adjusting the flow rate.

Another important aspect concerns the possible permeation
of helium through the GEM detector window (12.7 µm thick
aluminized Mylar). Since helium atoms can diffuse through
the window material, a small fraction of helium may enter the
detector volume, potentially altering the composition of the
working gas and, consequently, the detector gain. To evalu-
ate this effect, published data on helium permeation through
aluminized Mylar [33] were used to estimate the steady-state
helium fraction inside the detector. In this calculation, it was
taken into account that the detector working gas is continu-
ously flowed at a rate of 5 l h−1 (regulated by a Bronkhorst
flow meter analogous to that planned for the helium buffers)
[10]. The resulting steady-state helium fraction was found to
be between 1 and 10 parts per million. A fraction of 10 parts
per million was then used as input for Garfield++ [27] simu-
lations. The latter showed no significant effect on the detector
gain, as the gain difference was statistically consistent with
zero (within one standard deviation). Despite this encouraging
result, the 55Fe sources would also be used to monitor the gain
of each detector, aiming at long-term stability. Indeed, gain
variations can arise not only from fluctuations in the gas com-
position, but also from fluctuations in the pressure, temperat-
ure and humidity of the working gas [34, 35]. The 55Fe full-
energy peak in the detectors’ TOT spectra can be continuously
monitored to identify any shifts indicative of gain variations. A
feedback control system, similar to the one described in [36] is
planned for implementation. This system should interpret peak
shifts as gain variations and automatically adjust the detectors’
high voltage to maintain the peak position (and therefore the
detector gain) fixed within a predefined tolerance.

3. REVOLT-U simulations of RFX-mod2

3.1. Simulations description

To simulate SXR data on GEM detectors, the CAD model
described above was used as reference for defining the geo-
metry in REVOLT-U, following the procedure described in
[21]. A schematic representation of the geometrical paramet-
ers used in the simulations is shown in figure 6.

In the actual system, each GEM detector will have an
anode divided into 128 copper pads, each with an area of
1.56× 12.5 mm2, arranged in a matrix of 64× 2 channels.
However, during RFX-mod2 operations, the counts in the two
channels along the short dimension will be added together,
providing the equivalent of an effective 1D array detector of
64 pixels. This choice is made because it allows distributing
the counts across two channels, thus reducing the probability
of pileup [17].

In the REVOLT-U simulations presented in this work, each
detector was represented as a 1D array of 64 pixels, each with
dimensions 1.56mm× 25mm.

The x-ray source emissivity
(

dÑ
dE

)
was modeled using the

simple model built in REVOLT-U [21, 24], as described by
equation (1):

Figure 6. Schematic representation of the geometrical parameters
used in the simulations presented throughout the main text. These
parameters were derived from the CAD model presented in
section 2.

dÑ
dE

(E)

[
#ph
sm3 eV

]
= ς

[
#pheV1/2m3

s

]
×
Zeff ne2

[
m−6

]
T1/2
e

[
eV1/2

] e− E[eV]
Te[eV]

E [eV]
,

(1)
where:

• dÑ
dE = dN

dtdVdE is the number of photons emitted by the plasma
source per unit time, volume and photon energy.

• ne is the electron density.
• Te is the electron temperature.
• is an effective atomic number that represents the average

ion charge state: Zeff =
∑

iniZ
2
i∑

iniZi
=

∑
iniZ

2
i

ne
, where i indicates

the ionic species and ni and Zi their densities and atomic
numbers. For the second equality, quasi-neutrality is assumed.

• ς is a global multiplying parameter obtained by fitting
REVOLT-U synthetic data to experimental data.

• The measurement units are displayed inside squared brack-
ets for each term of the equation. ‘#ph’ reads ‘number of
photons’.

In [21], a fit parameter was determined through the compar-
ison of REVOLT-U synthetic data with experimental measure-
ments from a specific MAST-U session. In that work, the fit
results were reported in terms of a parameter (indicated with
‘α’) that wasmultiplied to the synthetic counts of each detector
pixel (with αmaintained constant across all pixels). However,
since REVOLT-U calculates detector counts through linear
operations starting from the emissivity spectrum, the fit para-
meter can be brought inside summation and integral signs and
be multiplied directly to the emissivity spectrum used initially
to obtain the synthetic data. The result of the multiplication is
the global multiplying parameter ς shown in equation (1).

Here, we present the same fit results from [21], but
expressed in terms of ς:

ς = (2± 1)× 10−20.

In [21], it was shown that maintaining the value of α
(which corresponds to the value of ς displayed above) con-
stant, resulted in consistent agreement between experimental
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Figure 7. Radial profiles of electron density and temperature used
for the thermal component of the simulated SXRs.

and simulated data across multiple experimental sessions of
MAST-U. At the time of the present work, RFX-mod2 data
are not yet available since device operations are not yet star-
ted. Therefore, the value of ς was assumed to be equal to
2× 10−20, as this represents the only available result from a
SXR GEM detector developed by our team and installed in
a fusion device. However, once the RFX-mod2 experimental
campaign begins, the value of ς should be recalculated through
a fitting procedure similar to that described in [21], and the
simulations should be updated accordingly.

The primary objective of this paper is to present the cap-
abilities of the software and data analysis framework we have
developed by showing how they have been used to design the
SXR GEM diagnostic tailored for RFX-mod2, rather than to
present definitive and reliable absolute detector count predic-
tions. This limitation has been acknowledged and was a prin-
cipal motivation for developing a flexible diagnostic design
incorporating motorized pinholes and helium buffers (see
section 2), which enable broad-range adjustments to accom-
modate possible discrepancies (even substantial ones) between
simulated and experimental photon fluxes incident on the
detectors.

The radial Te and ne profiles used for the simulations of
this paper are reported in figure 7. As done in [21], Zeff was
assumed to have a constant profile along the radial coordin-
ate (Zeff = 1.5 for all values of R). Throughout the text, this
configuration will be referred to as ‘400 eV configuration’.

Starting from the x-ray source emissivity, REVOLT-U cal-
culates counts and energy spectra at the pixels of each GEM
detector described in section 2.

The procedure to obtain these synthetic data is described
in detail in section 2 of [21]. It accounts for the detector effi-
ciency, the shadowing effect from experimental components,
and the x-ray attenuation through the beryllium window and
the gas mixture inside the helium buffer. It assumes that each
detector event [17] results in a count, ignoring detector dead
time and pileup events.

3.2. Effect of the helium purity in the buffer on energy spectra
and count rates

Each helium buffer foreseen for RFX-mod2 allow to reduce
x-ray attenuation through air, providing two main advantages:

Figure 8. Effect of the helium purity on the energy spectrum at the
detector. The starting point of the energy spectrum shifts to the left
as low energy photons are able to pass through helium without
being absorbed. The count rate increases by orders of magnitude
with the helium purity. This figure was obtained considering a
simulation of GEM 1, with Ne/CO2–70/30% gas mixture, pinhole
diameter d = 10 mm, and the 400 eV plasma configuration.
Absorption drops are discussed in the text.

1) It shifts the energy spectrum starting point (at the detector)
towards lower energy values, thus broadening the energy
range to possibly perform a fit for the estimation of the elec-
tronic temperature [5] from the energy spectrum.

2) It increases the photon flux reaching the detectors, thereby
reducing measurement errors thanks to enhanced count
statistics.

Both features can be seen from the energy spectra
of figure 8, which shows synthetic spectra obtained with
REVOLT-U in a central pixel of GEM 1. The detector gas
mixture was Ne/CO2–70/30%, the pinhole diameter was set
to 10 mm, while the helium percentage in the buffer was var-
ied. In RFX-mod2 experiments, the helium percentage will be
adjusted using the flow meter described in section 2. Looking
at figure 8, the drop at 3.2 keV is due to the Argon absorp-
tion peak (due to the presence of Argon in air). Therefore,
it decreases if the air percentage in the buffer decreases.
One could think that this is another advantage of increas-
ing the helium fraction in the buffer, however, these simula-
tions do not consider the detector resolution and the statist-
ical errors. They only consider the theoretical detector effi-
ciency (as described in section 4 of [21]). Therefore, in prac-
tice, finite detector resolution and statistical count fluctuations
would likely blur or erase this feature in experimental data,
even though no helium buffer is present. The drop at 1.5 keV,
visible only for the spectrum with the higher helium purity, is
due to the absorption of SXR by the GEM cathode (made of
aluminized Mylar). However, REVOLT-U does not simulate
fluorescence x-rays, which could play a role in modifying that
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Figure 9. Total detector count rate (sum of rates from every pixel,
integrated over all photon energies) as a function of the helium
percentage. The count rate increases by 4 orders of magnitude in
passing from 0% to 100% helium purity in the helium buffer. This
figure was obtained considering a simulation of GEM, with
Ne/CO2–70/30% gas mixture, pinhole diameter d = 10 mm, and the
400 eV plasma configuration.

structure. In addition, the energy resolution and count statistics
would smooth out this structure as well.

As previously mentioned, the number of photons reaching
the detectors increases with the helium purity. In fact, they
can increase so much that a pinhole becomes necessary to
reduce the detector count rate to acceptable values in terms
of GEM rate capability (≈1 MHz/pixel) and detector current
limit (≈20 µA). The effect of the helium purity on the total
detector count rate is shown in figure 9. The total rate is defined
as the sum of rates in all detector pixels and considering all
incident photon energies. The rate increases by 4 orders of
magnitude for helium percentage going from 0% to 100%.

3.3. Effect of the pinhole diameter on the count rate at the
detector

During experiments, obtaining 100% helium purity could be
challenging. Therefore, for simulations, we select a more real-
istic helium percentage of about 95%. Figure 8 shows that this
value is sufficient to achieve an energy spectrum starting point
at about 1 keV. Lowering the starting point would be unne-
cessary due to the GEM electronics threshold that allows for
noise pulses rejection: pulses with energy below ≈1 keV are
identified as noise and discarded. The detector count rate at
95% helium purity is higher than the detector rate capability.
Therefore, a pinhole is necessary to reduce the count rate. The
pinhole foreseen for installation at RFX-mod2 has a diameter
that can be varied during experiments thanks to the use of a
motorized mechanism. The pinhole (figure 10) consists of two
elliptical irises which closes in combination to create an effect-
ive aperture of given dimension. In this way, it can reach an
aperture resolution of 2.6 µm [30]. The effect of the pinhole
diameter on the detector counts is purely geometrical and it

Figure 10. Detector count rate (sum of rates from every pixel,
integrated over all photon energies) as a function of the pinhole
diameter d. The count rate increases by 4 orders of magnitude in
passing from d = 0.1 mm to d = 10 mm. The figure also shows the
analytical formula used to calculate the rate as a function of the
pinhole diameter, a picture of the pinhole that is foreseen for
installation and its aperture resolution Ares. r and r10mm represent the
rate obtained with pinhole diameter d and 10 mm, respectively. This
figure was obtained considering a simulation of GEM 1, with
Ar/CO2–70/30% gas mixture and an helium percentage in the buffer
equal to 95%.

is due to the reduction of effective x-ray acceptance area in
the line of sight. Figure 10 confirms this by showing that the
simulated rates closely match those derived analytically using
equation (2):

r(d) = r10mm ·
(

d
10mm

)2

(2)

where r(d) and r10mm represent the rate obtained with pinhole
diameter d and 10 mm, respectively.

A small discrepancy is seen only for pinhole diameters
smaller than 0.3 mm due to REVOLT-U voxel dimensions
becoming comparable with the pinhole diameter. The prob-
lem was mitigated by simulating REVOLT-U plasma with
more (thus smaller) voxels. This, however, requires a higher
computational demand. Figure 10 uses an ArCO₂ gas mix-
ture; however, since the pinhole’s effect is purely geometrical,
equation (2) and the associated considerations remain valid for
detectors using Ne/CO₂ as well.

During RFX-mod2 experiments, the He percentage will
likely remain fixed at the higher achievable value, while the
pinhole diameter will be adjusted for different plasma pulses
depending on their target scenario, e.g. tokamak configuration,
multiple helicity (MH), quasi single helicity (QSH), the pres-
ence of the diagnostic neutral beam and/or strong magnetic
reconnection events. Reducing the pinhole diameter also min-
imizes image blur, thereby enhancing the optical resolution of
the detector. This advantage supports using maximum helium
purity in the buffer, as it allows for further diameter reduction
without compromising x-ray transmission.

7
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Figure 11. Example of input spectrum to Heed’s function for
current calculation. It represents the energy spectrum of photons
immediately after the aluminized-Mylar cathode of GEM 1.

4. Detector current as a function of experimental
knobs

Excessive count rates not only exceed the rate capability of the
GEM detector, but can also induce excessive currents that can
compromise its integrity. On the other hand, a low count rate
results in large statistical errors and lost of important inform-
ation. Therefore, during experiments, the goal is to maxim-
ize the count rate while remaining below the limits imposed
by the detector rate capability and the maximum allowable
detector current. To achieve this, it becomes useful to estim-
ate the current in the detector as a function of ‘experimental
knobs’, namely the pinhole diameter and the cumulative high
voltage applied to the GEM foils (indicated asHV in figure 1).
While the count rate can be directly obtained from REVOLT-
U simulations and compared with the rate capability limit of
≈1 MHz/pixel, calculating the detector current requires a dif-
ferent approach:

The energy spectrum (counts/second) of photons immedi-
ately after the Aluminized-Mylar cathode is simulated with
REVOLT-U. An example is shown in figure 11.

• This spectrum is used as input to a program that uses Heed
[26] to calculate the resulting number of primary elec-
trons per second (rtotp ). In particular, for each energy bin of
the spectrum, the drift of H(E) photons having an energy
randomly extracted from U

[
E− ∆E

2 ,E+ ∆E
2

]
is simulated.

H(E) is the height of a bin of the input spectrum with central
energy E and width ∆E.

Each photon, indexed by i, generates a discrete number
of primary electrons (Nip) in the simulation. Figure 12 shows
an example of the resulting primary electron spectrum. The
total rate of primary electrons produced by all photons is
therefore given by:

Figure 12. Example of spectrum of primary electrons calculated
with Heed, using the spectrum of figure 11 as input.

rtotp =

Nph∑
i=1

Nip

where Nph is the number of photons that were simulated.
The total rate of primary electrons rtotp is used to calculate
the total detector current Itot through equation (3):

Itot = rtotp ·G · e (3)

where e= 1.602× 10−19C is the elementary charge in
Coulomb and G is the effective gain of the detector, i.e. the
ratio between the detected charge and the primary ioniza-
tion charge [9]. G is an exponential function of HV and is
determined experimentally. The measured values of G(HV)
for a GEM detector using an Ar/CO2–70/30% gas mixture
were published in [37] and are shown in figure 13, along
with an exponential fit (equation (4)).

G= a · eb·HV (4)

where a and b are the fit parameters. These are only ref-
erence measurements, used here to illustrate the calculation
procedure that will be used for RFX-mod2. However, during
the detector characterization and calibration phase, meas-
urements of G as a function of HV for Ar/CO2–70/30% and
Ne/CO2–70/30% gas mixtures will be performed directly
by us.

Since the rate as a function of the pinhole diameter (d) is
known (equation (2) and G(HV) is known (equation (4)), the
last ingredient that we need to express the detector current in
terms of HV and d is the formula that relates the input rate to
the detector current. To obtain the latter, the input spectrum

8



Plasma Phys. Control. Fusion 67 (2025) 125013 F Guiotto et al

Figure 13. Gas effective gain G as a function of HV for the
Ar/CO2–70/30% gas mixture.

Figure 14. Detector current as a function of the total incident rate
(calculated as the integral of the input spectrum). The way the
different rates are obtained is discussed in the text.

of figure 11 is multiplied by different scaling constants to
achieve different values of total incident rate. Then, each res-
ulting spectrum is given as input to the Heed function to obtain
the corresponding detector current. This procedure is equival-
ent to run several simulations with different pinhole diameters,
but allow for a reduction in computational time and resource
consumption. Figure 14 shows the resulting current Itot as a
function of the input rate r. A linear fit with unknown para-
meters m and q is superimposed to simulated data:

Itot = m · r+ q (5)

The fit parameters were calculated for a specific value of
effective gain (G1080 = 7325) andHV = 1080. However, since
equation (3) tells us that Itot is proportional to G (under the
assumption of working at the calibration curve plateau), to
generalize the fit results for different values of G is sufficient

to use equation (6):

Itot = G

(
m

G1080
· r+ q

G1080

)
(6)

which is the one shown in figure 14.
Putting together all these ingredients, the overall equation

describing the current as a function of experimental knobs is:

Itot (d,HV) = a · eb·HV ·

(
m

G1080
· r10mm ·

(
d

10mm

)2

+
q

G1080

)
(7)

where is the gain for Ar/CO2 at HV = 1080. Having this for-
mula should allow the selection of values of d and HV close
to the optimal ones, reducing the number of trial-and-error
adjustments during plasma operations. For the first RFX-mod2
plasma discharges, a cautious approach will be adopted, start-
ing from low values of HV and d, in order to assess the discrep-
ancy between the model predictions and the measured detector
currents before relying on it.

Lastly, it is important to highlight that the shape of the
input spectrum is fixed in this calculation and is determined
by the simulated source emissivity (‘400 eV configuration’ in
this case). Choosing a different detector gas mixture, differ-
ent access ports (i.e. GEM 1 and GEM 2), different Plasma
configurations, or different helium percentages in the buffer,
results in different numerical values for the fit parameters of
equation (7). However, its functional form remains the same.
Simulations must be run multiple times to determine the fit
parameters and, therefore, the current laws for all possible con-
figurations of interest. In the specific configuration discussed
here as example, the estimated detector current for a pinhole
diameter d = 10 mm and HV = 1080 V was Itot = 10.62 µA,
while the detector rate overcomes the limit of 1 MHz/pixel.
Therefore, the detector rate capability is the limiting factor
in this particular case. On the other hand, in a plasma scen-
ario with 1 keV electron temperature or in case of high energy
electron population leading to high energy tails in the SXR
spectrum, the detector current increases. This occurs because
higher-energy photons produce more primary electrons per
interaction. Therefore, in those cases, the current can become
the limiting factor rather than the detector rate capability.

5. Emissivity profile reconstruction resolved in
energy

5.1. Emissivity profile reconstruction algorithm

A tomographic reconstruction algorithmwas developed to per-
form tomographic reconstructions of plasma SXR emissivit-
ies. The algorithm is based on the Tikhonov procedure to solve
ill-posed problems and has been developed following our pre-
vious work on experiments at the high voltage Padova test
facility [23].

Initially, the algorithm was designed to perform recon-
structions of full two-dimensional (2D) emissivities repres-
enting poloidal sections of the plasma. However, since only
two vertical access ports are available at RFX-mod2, full 2D
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reconstructions becomes unfeasible with that algorithm (it
would require at least two detectors placed at about 90◦ rel-
ative angle). Nevertheless, it was found that the same proced-
ure works very well for determining profile reconstructions
of plasma emissivity, provided that the 2D reconstruction is
integrated along the vertical dimension.

Even though 2D reconstruction are not currently feasible
with this diagnostic configuration, emissivity profile recon-
structions with GEMs would likely remain a valuable inform-
ation for RFX-mod2 experiments, especially considering that
they will also offer photon energy discrimination. Indeed, it is
worth noting that another SXR diagnostic, based on photodi-
odes and tailored for 2D tomographic reconstruction, will be
installed at RFX-mod2. This diagnostic will feature 58 lines
of sight located in different poloidal portholes at the same tor-
oidal section and it has already demonstrated its performance
in RFX-mod past experiments [2, 7]. However, its main lim-
itation is that it does not offer energy-resolved measurements.
Therefore, in this context, the GEM diagnostic should serve as
a complementary tool to the photodiode tomographic system,
offering energy-resolved measurements of emissivity profiles
with ≈1 cm spatial resolution.

The procedure to obtain emissivity profile reconstructions
with the GEM diagnostic is briefly summarized in the follow-
ing section. Calling ϵ2D the 2D emissivity in a plasma poloidal
section, the Tikhonov method [38] consists in searching the
value of ϵ2D that minimizes the following cost function:

cost(ϵ2D) =
∣∣L · ϵ2D − S|2 +λ

∣∣C · ϵ2D|2 (8)

where L is the matrix that project the emissivity of each voxel
to counts in each detector pixel. L is calculated using the
REVOLT-U SF3D tensor (see [21]). S is the array whose entries
represent the counts in each detector pixel (wether experi-
mental or synthetic), λ is the regularization parameter, and C
is the constraint matrix, i.e. the matrix representing the applic-
ation of constraints to ensure problem-specific properties. In
this case, C represents the application of the Laplace operator
(which ensures that the solution maintains a certain level of
smoothness) with vonNeumann boundary conditions [38–40].
ϵ2D is a function of R and Z. The latter represent the radial and
vertical locations of the REVOLT-U voxels.

ϵ2D was found to not match well the true plasma emissiv-
ity (i.e. the input source used to generate synthetic data).
However, integrating it along the Z axis leads to emissivity
profiles ϵ1D (R) that match well with those calculated from the
true emissivity. The integration that leads from the 2D emissiv-
ity to the radial profile is reported in equation (9):

ϵ1D (R) =

Zmaxˆ

Zmin

ϵ2D (R,Z) dZ (9)

where Zmin,Zmax represents the plasma boundary along the
vertical coordinate (approximately 0.4 m and−0.4 m, respect-
ively, for RFX-mod2).

An example of emissivity profile reconstruction starting
from a complex shape emissivity of past RFX-mod data is dis-
cussed in section 5.2.

Figure 15. Normalized emissivity of RFX-mod shot #29961, at
time = 70 ms, reconstructed with the SXR tomographic diagnostic
based on photodiodes.

Since GEM detectors allow measurements resolved in
energy, the variable S of equation (8) is actually a function
of the photon energy E. The plasma emissivity is a func-
tion of energy as well. This can be understood by looking at
equation (1), even though, in actual plasmas, the dependence
of the emissivity on energy can be more complex.

By integrating GEM counts over narrow energy intervals
and performing multiple minimizations of equation (8), it is
possible to reconstruct emissivity profiles in a given energy
range of interest. Section 5.3 discusses this procedure and
provides an illustrative example.

5.2. Example reconstruction of past RFX-mod data

In past RFX-mod experiments, several measurements have
been performed with the SXR tomographic diagnostic based
on photodiodes. During MH states of RFX-mod, it was
observed that the core of the plasma was stochastic due to
the simultaneous presence of several instabilities. In this state,
SXR emissivity reconstructions had a typical bell-shaped
form. On the other hand, when the plasma reached QSH
states, clear m = 1 structures were present in the bright-
ness profiles, resulting in more complex shapes from the
point of view of tomographic reconstruction [41]. We tested
our emissivity profile reconstruction algorithm with several
phantom emissivities created with REVOLT-U. At this stage,
most of them were bell-shaped or simpler (e.g. emission form
only a single voxel, all voxels emitting an emissivity equal to 1,
etc). Then, for the last test phase, we used RFX-mod emissiv-
ities from past tomographic reconstructions. We used both
data related to MH and QSH states. This section illustrates an
example test usingQSHdatawith complex shape. The purpose
is to assess the algorithm’s performance under challenging
conditions, thereby providing insight into its robustness for
difficult reconstruction tasks. The RFX-mod shot considered
is the #29961, at time = 70 ms, and is shown in figure 15.
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Figure 16. Past RFX-mod emissivity (figure 15) projected onto
REVOLT-U voxels to create synthetic data. The emissivity
boundaries are determined by the view cones of GEM 1 and GEM 2.

Figure 17. Clean and noisy synthetic data of GEM 1 and GEM 2,
calculated with REVOLT-U using the source emissivity shown in
figure 16. The way noise was calculated is described in the text.

To create the source emissivity for synthetic GEMdetectors
data, the emissivity of figure 15 was projected onto REVOLT-
U voxels. The result is shown in figure 16.

The REVOLT-U voxels were initially defined as 50 along R
and 50 along Z. Then, the program removed those that do not
contribute to detector counts. Therefore, the emissivity bound-
aries in figure 16 were determined by the lines of sight of GEM
1 and GEM 2. REVOLT-U was used to calculate the counts at
GEM 1 and GEM 2 starting from the emissivity of figure 16.
The synthetic counts are shown in figure 17, both with and
without synthetic noise. The latter was obtained by substitut-
ing the detector counts in each pixel i (indicated as Si) with a
random value extracted from a Gaussian distribution centered
at Si, and with the standard deviation defined by equation (10):

σ = β · Si (10)

In this example, β = 5%. This is indicated as ‘5%Gaussian
noise’ in figure 17.

Having called S the array containing all synthetic detector
counts with noise, the cost function of equation (8) was

Figure 18. Reconstructed and true emissivity profiles of RFX-mod
shot #29961, time = 70 ms. The reconstruction was performed
considering data with 5% Gaussian noise (figure 17). The
discrepancy at R < 1.9 m and R ϵ [2.1, 2.15] m is due to the limited
view cones of GEM 1 and GEM 2.

minimized to find ϵ2D. The latter was used in equation (9) to
obtain the reconstructed emissivity profile ϵrec1D. ϵ

rec
1D is visually

compared with the true emissivity profile (ϵtrue1D ) in figure 18.
Since REVOLT-U voxels were 50 along R (extending from

1.6 m to 2.4 m) and 50 along Z (extending from −0.4 m to
0.4 m), the reconstruction had a spatial resolution of 1.6 cm in
this case. In principle, the latter can be improved by increasing
the number of voxels in REVOLT-U. However, having fixed
the number of detector pixels and its active area, the actual
information content of themeasurements is limited. Therefore,
while a small increase can be beneficial, defining too many
voxels (relative to the number of detector pixels) can lead to
a computationally expensive problem with limited practical
advantage in terms of spatial resolution.

A quantitative comparison of ϵrec1D with ϵtrue1D is shown
in figure 19, where residuals are plotted against the radial
coordinate. The residuals are defined by equation (11), and
allow to assess the reconstruction accuracy,

res(R) = 100 ·
∣∣ϵrec1D (R)− ϵtrue1D (R)

∣∣ (11)

The discrepancy between the reconstructed and the true
emissivity profile is maximum at R< 1.9 m and R ϵ [2.1, 2.15]
m due to the true emissivity boundaries created by the limited
view cones of the GEM detectors (see figure 16). Thanks to
the regularization imposed on the solution by the reconstruc-
tion algorithm, the reconstructed emissivity profile is probably
closer to the real one (figure 15) with respect to ϵtrue1D , since the
latter features a sudden decay due to the view cones limits.
Nevertheless, to ensure reliability in experiments, reconstruc-
tions can be discarded at radial positions where the view cones
do not fully cover the poloidal section (i.e. R < 1.9 m and
R ϵ [2.1, 2.15] m in this case).

Excluding these regions, the discrepancy between ϵtrue1D and
ϵrec1D remains⩽ 4% for all other radial positions, demonstrating
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Figure 19. Residuals between the reconstructed emissivity and the
true emissivity (both shown in figure 18). Average residuals
(equation (12)) are also displayed.

the high accuracy of the reconstruction algorithm. To quant-
itatively evaluate the reconstruction with a single numerical
value, we used the average residual as a figure of merit:

⟨res⟩= 1
N

N∑
i=1

res
(
R1.9
i

)
(12)

where R1.9
i are the radial positions corresponding only to

R > 1.9 m, and N is their number. The result is displayed in
figure 19.

At this point it is important to note that, even though the
emissivity shape of figure 16 is complex, its emissivity pro-
file (figure 18) is bell-shaped and therefore easier to recon-
struct by an algorithm that imposes smoothness on the solu-
tion. Therefore, to test the algorithm even further, the emissiv-
ity of each voxel was elevated to the power of γ = 10, resulting
in an enhancement of the image contrast. In other words, this
procedure allowed to enhance the relative difference between
more and less emissive voxels, with the result of producing a
more complex radial profile. The result is shown in figure 20.

Elevating the voxel emissivity to maintains the emissivity
unchanged. Therefore, to allow distinction of the two phantom
emissivities throughout the rest of the text, we will indicate the
emissivity of figure 15 as the one with γ = 1.

The source emissivity of figure 20 was used in REVOLT-U
to generate synthetic detector data. Once again, 5% Gaussian
noise was added before performing the reconstruction. Noisy
and clean data are shown in figure 21.

Calling S the array containing all synthetic detector counts
with noise, the cost function of equation (8) was minimized
to find ϵ2D. The latter was used in equation (9) to obtain the
reconstructed emissivity profile (ϵrec1D). ϵ

rec
1D is visually compared

with the true emissivity profile (ϵtrue1D ) in figure 22.
A quantitative comparison is done in figure 23, where resid-

uals are plotted against the radial coordinate.

Figure 20. Emissivity of figure 16 enhanced by γ = 10. The
emissivity boundaries are determined by the view cones of GEM 1
and GEM 2.

Figure 21. Clean and noisy synthetic data of GEM 1 and GEM 2,
calculated with REVOLT-U using the source emissivity shown in
figure 20. The way noise was calculated is described in the text.

Figure 22. Reconstructed and true emissivity profiles of RFX-mod
shot #29961, time= 70 ms, enhanced by γ = 10. The reconstruction
was performed considering data with 5% Gaussian noise (figure 21).

In this case, several fluctuations on residuals are present due
to the increased complexity in the emissivity profile shape.
Nevertheless, the residuals remain below 8% for all radial
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Figure 23. Residuals between the reconstructed emissivity and the
true emissivity (both shown in figure 22). Average residuals
(equation (12)) are also displayed.

positions, indicating good accuracy also in this case. The aver-
age residual is equal to 1.79%, compared to 1.73% of recon-
struction in the γ = 1 case, providing additional evidence in
favor of the previous statement.

In this case, discrepancies at R < 1.9 m and R ϵ [2.1, 2.15]
m are less critical than in the γ = 1 case. This is because the
emissivity of external voxels is negligible compared to the
emissivity of internal ones, effectively localizing the emissive
region in a portion entirely seen by the GEM detectors. This
can be seen by looking at figure 20. Nevertheless, the aver-
age residuals were still calculated considering only values of
R < 1.9 m to allow for a comparison between the γ = 1 and
γ = 10 cases.

Another test was performed to evaluate the robustness of
the reconstruction algorithm to noise. Reconstructions were
performed with different noise levels for both the γ = 1 and
γ = 10 cases, starting from data of figures 17 and 21, respect-
ively. The result of this procedure is shown in figure 24, where
the average residuals (equation (12)) are plotted against the
noise level (i.e. β of equation (10).

As expected, the average residual follows a monotonic
increasing trend with the noise level in both cases. Its value
remains similar in both cases, with the γ = 1 case showing
larger errors at noise levels between 10% and 30%. This is
counter-intuitive, as one would expect that errors would be
higher for the γ = 10 case, since it corresponds to a more com-
plex shape. This behavior is likely attributable to the inclu-
sion of residuals at R ϵ [2.1, 2.15] m in the calculation defined
by equation (12). In the γ = 1 case, the line of sight partially
intersects the true emissivity, artificially increasing the error,
whereas in the γ = 10 case, the emissivity is more localized
and fully captured by the lines of sight, resulting in lower
residuals. At a noise level of 40%, themaximum average resid-
ual is ≈4% for both cases, demonstrating a very high robust-
ness to noise.

Figure 24. Average residual (equation (12)) against the noise level
(i.e. β of equation (10)), for both the γ = 1 and cases.

5.3. Example of energy-resolved reconstruction of a spatially
localized suprathermal component

A phantom emissivity was created to test the ability of
the GEM diagnostic to perform tomographic reconstructions
resolved in energy. The emissivity consisted of a thermal com-
ponent created in REVOLT-U using the plasma profiles of
figure 7 (400 eV configuration), plus a suprathermal compon-
ent created assuming Bremsstrahlung emission (equation (1))
with a fixed temperature. This value was determined by a fit
to the parallel and antiparallel components of the simulated
spectrum shown in figure 5(b) of [4]. To simulate a scenario in
which the suprathermal component is localized in space, the
Bremsstrahlung formula of the suprathermal component was
multiplied by a Gaussian function of R and Z (equation (1)):

g(R,Z)∝ exp

(
− (R−Rc)

2

2σ2
R

− (Z−Zc)
2

2σ2
Z

)
(13)

where Rc = 2.1 m, Zc = −0.1 m, and σR = σZ = 0.08 m. The
proportionality constant was determined from the simulated
spectra of figure 5(d) of [4] to mimic the relative magnitude of
the suprathermal component with respect to the thermal one.

At this point, it is important to emphasize that the primary
goal was not to produce a high-fidelity or physically accur-
ate emissivity model. Instead, the suprathermal component
was introduced solely to evaluate the GEM diagnostic’s abil-
ity to perform tomographic reconstructions across different
energy bands. The emphasis was placed on demonstrating the
method’s functionality over a broad dynamic range, rather than
on the physical realism of the emission model.

We defined the total emissivity, ϵtot, as the emissivity integ-
rated over all energies:

ϵtot =

ˆ

E

dÑ
dEph

(E)dE (14)
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Figure 25. (a) Shows the emissivity integrated over all energies,
comprehensive of both the thermal and suprathermal component. (b)
Shows the emissivity integrated over the energy range [10, 25] keV,
where the suprathermal component dominates the emission. (c)
Shows an example of synthetic energy spectrum (clean) in a single
detector pixel for two different detector gas mixtures:
Ar/CO2–70/30% and Ne/CO2–70/30%. (d) Shows the true and the
reconstructed emissivity profiles in the energy range [10, 25] keV,
for both Ar/CO2–70/30% and Ne/CO2–70/30%. Data used for the
reconstruction process were generated with 5% Gaussian noise.

where dÑ
dEph

(E) is the phantom emissivity (number of photons
per unit time, volume, and energy) discussed above, compre-
hensive of both the thermal and suprathermal components.
dÑ
dEph

(E)was used as the source emissivity in REVOLT-U, i.e. it
was used to define the emissivity associated to each voxel.
Then, synthetic detector data were obtained using REVOLT-U.
ϵtot was not used for the calculation of synthetic detector data.
Nevertheless, ϵtot is shown in figure 25(a) to illustrate how the
background emissivity would obscure the true spatial structure
of the suprathermal component if the tomographic reconstruc-
tion were performed by integrating counts over all energies
(thus obtaining the energy-integrated emissivity). Figure 25(b)
shows the integral of dÑ

dEph
(E) in the [10, 25] keV energy

range. In this range, the suprathermal component dominates,
effectively allowing to visualize the localization in space of
the suprathermal component. This shows how equation (13)
approximates the localization of a high energy electron popu-
lation in space (with the aim of simulating phenomena similar
to what was observed in [4]).

GEM detectors, with their energy-resolved measurements,
enable the selection of photon counts corresponding to a spe-
cific energy range. In REVOLT-U simulations, this process is
represented by the binning of S(E). Therefore, to perform a
tomographic reconstruction for each energy bin, it is sufficient
to substitute S with S(E) and L with SF3D(E) in equation (8).
It is worth noting that this not only accounts for geometrical
factors, but also incorporates x-ray attenuation and detector
efficiency, since all this information is contained in SF3D(E).
More often, the interest is in performing reconstructions over
an energy range larger than a single energy bin. For instance,
in this example, it was interesting to determine the spatial

Figure 26. Residuals between the reconstructed and the true
emissivity profiles of figure 25(d). Only radial positions greater than
1.9 m are shown. The average residual (calculated through
equation (12) is displayed for both gas mixtures. Reconstructions
were obtained from synthetic data with 5% Gaussian noise.

localization of the suprathermal component by performing a
reconstruction in the [10, 25] keV range. The best way to pro-
ceed was by iterating the reconstructions for each energy bin
in the [10, 25] keV range, rather than using detector counts
directly integrated in the [10, 25] keV range. This ensured that
the x-ray attenuation and the detector efficiency were properly
accounted for. This procedure resulted in multiple instances
of ϵ2D, one for each energy bin. These were added together
to obtain the fully reconstructed 2D emissivity in the [10, 25]
keV energy range. Since we were using only two vertical lines
of sight, the 2D emissivity was integrated along Z to obtain the
emissivity profile.

An example of the synthetic energy spectrum (clean) in a
single detector pixel is shown in figure 25(c), for two different
gasmixtures: Ar/CO2–70/30% andNe/CO2–70/30%.We used
two different gas mixtures (Ar/CO2–70/30% and Ne/CO2–
70/30%) to test if they were characterized by different per-
formance. Ne/CO2–70/30% was considered a good candidate
in place of Ar/CO2–70/30% mainly because it removes the
Argon efficiency peak at 3.2 keV. However, as figure 25(c)
shows, using Ar/CO2 results in more counts at higher ener-
gies (approximately by a factor 10), reducing the statistical
error on the measurements and thus making it more appeal-
ing for suprathermal tail profile reconstructions. If needed, it
should be possible to change the detector gas mixture during
the experimental campaign thanks to the setup discussed in
section 2.

Figure 25(d) shows the true and reconstructed emissiv-
ity profiles in the [10, 25] keV range for both Ar/CO2 and
Ne/CO2. The reconstruction was obtained through the proced-
ure described above, using S(E) with a noise level of 5%.

The residuals between the reconstructed and the true
emissivity profiles for both detector gas mixtures are shown
in figure 26. Residuals are shown only for R > 1.9 m and
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the average residual (equation (12)) is displayed. The res-
ults show that Ar/CO2 and Ne/CO2 yield very similar per-
formance. The slight differences can be attributed to vari-
ations in random number generation for synthetic noise and
potentially to the minimization algorithm of the reconstruc-
tion process. Therefore, under experimental conditions, dif-
ferences in reconstruction performance between the two gas
mixtures may be primarily driven by differences in the stat-
istical errors of the measurements, given that Ne/CO2 is
expected to lead to lower counts at high energies compared
to Ar/CO2.

6. Conclusions and future perspectives

Adiagnostic design for RFX-mod2 has been proposed, includ-
ing a complete CAD model of the mechanical components
for the diagnostic lines of sight. Dedicated simulation tools
tailored to the GEM detectors have been developed and sug-
gest that measurements simultaneously resolved in energy,
space and time should be feasible. These simulations high-
lighted two key requirements: (i) helium buffers to minim-
ize x-ray attenuation between the plasma and the detectors,
and (ii) a motor-driven pinhole of variable diameter for each
detector to control the photon flux incident on the detectors.
They have also shown that selecting Ne/CO₂–70/30 as the
detector working gas is advantageous when the low-energy
portion of the spectrum is of interest, because it avoids the
argon absorption edge (approximately located at 3.2 keV),
whereas Ar/CO₂–70/30 becomes preferable for high-energy
studies due to its superior efficiency above ∼3 keV. Varying
the helium fraction in the buffer is predicted to raise the
count rate by up to four orders of magnitude as the mixture
approaches pure helium. This gain, however, increases the risk
of exceeding the detector’s current limit or its count rate cap-
ability. To manage this risk, a scaling law has been derived to
express the current as a function of the high-voltage setting
and the pinhole diameter. This relation should guide the selec-
tion of operating parameters during future RFX-mod2 exper-
iments. Before it is applied, however, its coefficients must be
recalculated using a plasma emissivity model tailored to the
experimental scenario of interest and calibrated against exper-
imental data through the determination of the global fitting
parameter ς (see section 3.1).

Synthetic data from simulations were employed to eval-
uate the feasibility of tomographic reconstruction at RFX-
mod2. Given the limitation of having only two vertical view
cones, a complete two-dimensional reconstruction of the
plasma emissivity was not achievable with this configuration.
Nevertheless, simulations indicate that it should be feasible
to reconstruct emissivity profiles, even for complex plasma
shapes like those expected during QSH states of RFX-mod2
plasmas. The reconstruction performance was assessed under
varying noise conditions, indicating robust noise resilience of
the algorithm. Specifically, the radial average residual was
approximately 2% at a noise level of 10%, and approximately
4% at a noise level of 40%.

Extending the study to energy resolved reconstructions,
results suggest that at least two distinct energy ranges can
be independently reconstructed: one corresponding to the
thermal component and another corresponding to the supra-
thermal component of the emission spectrum. The choice of
the detector wroking gas should influence the reconstruction
outcomes primarily through statistical measurement errors:
using Ne/CO₂ gas should result in lower count rates (therefore
greater statistical errors) at higher energies compared
to Ar/CO₂.

According to simulations, in principle, arbitrary energy
bands across the measured energy spectrum can be selec-
ted for tomographic inversion. Indeed, preliminary analyses
(not shown in this paper) indicate that should be possible
to invert specific energy bands around prominent spectral
peaks, such as those resulting from x-ray-emitting impur-
ities. However, the width of the selected bands should
at least exceed the energy resolution of the detector and
include sufficient statistical counts to ensure reliable recon-
struction. Moreover, the accuracy of the detector calibration
could also play a role in the reconstruction performance,
and its influence could depend on the width of the chosen
energy intervals. Future work is foreseen to investigate these
aspects.

Future work will also explore inferring the electron temper-
ature from a fit to the measured energy spectrum. For this pur-
pose, a deconvolution algorithm to correct for detector energy
resolution is under development. The impact of line-of-sight
attenuation on the measured electron temperature is quantified
and compensated by the algorithm.

The diagnostic commissioning will begin as soon as the
detectors have been assembled and calibrated. A program of
experimental tests at RFX-mod2, carried out under conser-
vative operating conditions, will benchmark the simulations
before the models are relied upon for routine operation.
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