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Abstract

ITER will be equipped with two types of diagnostics for fusion power measurement in deuterium—
tritium plasmas: neutron flux monitors and neutron cameras, both absolutely counting the

14 MeV neutrons emitted by the D(T, “He)n reaction. The radial gamma-ray spectrometer
(RGRS), though, has recently been considered as an additional fusion power diagnostic, detect-
ing 17 MeV gamma-rays emitted by the radiative D(T, >He)~y channel of the DT reaction. This
work describes the RGRS performance by determining the upper limit of its operational domain,
strictly correlated with the expected background intensity and resulting between 2.6 - 10!7 neut-
rons per second and 3.2 - 10'® neutrons per second. Based on this assessment, design optimization
are introduced to fit the RGRS performances to the ITER requirements for safety-relevant fusion
power measurements, for which the required operational range is between 2.4 - 10'° neutrons per
second and 3.2 - 10°° neutrons per second. The expected different energy ranges covered by sig-
nal and background are exploited with the employment of a proper gamma-ray attenuator, allow-
ing to widen and shift the RGRS operational domain toward the most relevant, high power plasma
scenarios.

1. Introduction

Nuclear fusion is a promising source of clean energy. Recent experimental results and ongoing projects
suggest that fusion power plants could start supplying electricity to the grid in the coming decades. As
fusion moves from research to energy production, diagnostics measuring fusion power become crucial
for assessing the reactor performances. The experimental tokamak ITER [1], currently under construc-
tion in southern France, will play a central role in this technological milestone.

Fusion power plants based on tokamak design will operate with deuterium~—tritium (DT) as fuel,
being the most promising reactants. Currently, though, only one direct method is available to meas-
ure fusion power in DT plasmas. This method relies on counting the neutrons produced in the DT
fusion reactions, which are directly correlated with the generated power. However, additional independ-
ent methods would be valuable to cross-validate the experimental results and improve accuracy, thus
enabling more efficient operation of future power plants.

The fission chambers which constitute the neutron flux monitors, although being the most accurate
neutron yield measurement technique for time-resolved fusion power measurements at ITER, features a
number of drawbacks. These diagnostics cannot distinguish between direct and scattered neutrons and
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must therefore be calibrated in-situ or cross-calibrated using the neutron activation system [2-5]. In-
vessel calibration is time-consuming and relies on complex, computationally intensive simulations of the
entire tokamak environment. In addition, any change in the reactor configuration requires a new calib-
ration. In light of these challenges, the implementation of a second, independent method for measuring
fusion power is increasingly justified.

A novel, neutron-independent, direct method to measure fusion power was developed at the joint
European torus (JET). This technique was demonstrated during the JET second DT experimental cam-
paign (DTE2) [6-9]. To develop this technique, an absolutely calibrated, large (3 x 6 inches) lanthanum
bromide gamma-ray spectrometer, already installed along a tangential line of sight (LoS), was employed
[10]. This system was used to detect the high energy (~17MeV) gamma-rays emitted by the D(T,°He)~y
reaction, the less probable secondary branch of the DT fusion process, which features a small branching
ratio of barely 2.4(5) - 107> [7]. A 90 cm long cylinder of LiH attenuator [11, 12] was used to attenuate
the 10° times more intense neutron background. The DT gamma-ray signal was extracted from the spec-
tra and scaled to the fusion power using a dedicated algorithm that accounts for the spatial distribution
of the plasma emission [6]. In these studies, this spatial information was derived from the JET neutron
camera.

The main drawback of this novel method is represented by an intense background which covers the
low energy range of the spectrum up to about 9 MeV. At JET, this background was 10° times for intense
than the signal and mostly caused by prompt gamma-rays generated by neutron capture on the surface
of the tokamak inner vessel or central column, in the areas intercepted by the detector cone of sight
[13]. The spectroscopic capabilities of the gamma-ray detector were used to separate the signal from the
background.

Compared to the standard neutron-based diagnostics, this novel technique offers several advantages.
First, lanthanum bromide scintillators can be absolutely calibrated in both energy and efficiency using
their intrinsic radioactivity [14]. Second, gamma-ray interactions with matter are simpler and the cross
sections are known with better accuracy than those of neutron interactions. Third, unlike fission cham-
bers and activation foils, the signal can be distinguished from the background by leveraging the detector
spectroscopic capabilities. As a result, the method does not require an in-vessel calibration or extens-
ive Monte Carlo simulations. Moreover, the background is generated only inside the detector cone of
sight, which limits the region of interest to a small part of the whole tokamak environment, making the
detector calibration independent to the rest of the tokamak geometry, making it unnecessary to repeat
the calibrations after any change in the reactor configuration.

Among other systems, ITER will also feature the radial gamma-ray spectrometer (RGRS) [16], a dia-
gnostic primarily designed to provide measurements of the runaway electron distribution and the spatial
profile of alpha particle density. The RGRS will consist of four detectors, with three of them observing
the plasma through three dedicated, radial, coplanar, collimated LoSs, positioned approximately 18 m
from the torus center. The fourth detector was not taken into account for this study, being it shared
with other diagnostics while featuring a smaller LoS diameter, which prevented its application for fusion
power measurements. All three LoSs observe portions of plasma above the equatorial plane (z=0) as
shown in figure 1. Each detector will comprise a 3 x 3inches cylindrical scintillating lanthanum bromide
crystal coupled to a photomultiplier tube. In front of it, 120 cm of LiH neutron attenuator will attenuate
the direct neutron flux.

ITER has two types of fusion power measurement requirements: one for basic control, requiring
high-speed (1 ms time resolution) and high-accuracy diagnostics, and an other for machine protection,
with a less stringent time resolution required (1 s), limited to full power plasma scenarios. Recently, it
has been shown that it is possible to use the RGRS to perform fusion power measurements at ITER
while satisfying the safety requirements. The developed solution leverages the LoSs plurality of the dia-
gnostic to improve the fusion power measurement accuracy and make it independent of external inform-
ation of the plasma spatial distribution [14, 17] or just relying on additional magnetic equilibrium
information [18]. Based on the required time resolution of 1s, these works showed that the developed
technique would allow to achieve the required accuracy (below 10%) above 2.6 - 10'7 neutrons per
second (ns™!), which is a lower neutron rate compared to the requested 10'® ns~! lower limit.

As already mentioned, at JET, the majority of the events detected with the gamma-ray spectro-
meter was background, energetically located mostly below 9 MeV (make reference to figure 3 of [8] as
an example of acquired spectrum). This background mainly originated from prompt gamma-rays pro-
duced by neutron interactions with the inner vessel components. Several efforts were made to under-
stand the origin of this background [13] but, due to the limited knowledge of the neutron interactions
cross sections, it was not possible to reproduce in the simulations the measured background structures
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Figure 1. RGRS lines of sight inside the ITER vessel during the ramp-up of a full-power scenario. Emission profiles taken from
integrated modelling and analysis suite (IMAS) [15], increasing time from left to right. The RGRS three LoSs are shown as three
white, filled lines, while the vessel walls profile is shown in orange. Detectors are numbered from 1 to 3 starting from the lowest
LoS.

quantitatively. Therefore, at present, this background cannot be used as an additional method for fusion-
power measurements. Ongoing work aims to quantify the background observed at JET and exploit its
direct correlation with fusion power to enable an independent measurement. Its intensity would support
substantially higher time-resolution in fusion-power diagnostics.

When dealing with such high fluxes like those expected at ITER (about 103ns™! - cm? in the
500 MW full power scenario), a very intense prompt gamma-ray background at the detectors is expec-
ted. Employing scintillation crystals coupled to photomultiplier tubes with such high neutron fluxes
would entail to deal with a possible degradation of the signal due to pile-up [19-22] and digitalization
paralysis. This defines an upper limit on the detector operational domain dictated by a too intense back-
ground which must be quantified. Since for the moment a background quantitative description is not
available, this work focuses on the development of an alternative solution. This approach is based on the
extrapolation from the background observed at JET at its RGRS during the DTE2. This work completes
the studies previously reported in [17, 18] about the RGRS operational domain, providing the missing
operational domain upper limit in terms of plasma total DT neutron rate.

The manuscript is organized as follows: the method adopted to quantify the expected background is
described in details in section 2, followed by the achieved results in section 3; discussion and conclusions
are given in sections 4 and 5.

2. Method

The upper limit of the operational domain is determined by the highest counting rate sustainable by
the RGRS LaBr;-based spectrometers. Based on JET experience, the pile-up starts affecting the collected
spectra in an unrecoverable way as soon as the count rate reaches about 500 kHz [14]. LaBr; crystals
represent the state of the art for gamma-rays measurements in tokamak environments. Therefore, at the
moment this limit can not be improved and the neutron rate corresponding to 500 kHz event rate at
each RGRS detector is to be determined.

Regardless of the reactor geometry and the detector at stake, the backbone of this method is the dir-
ect correlation between the plasma total neutron rate and the background count rate at the detector.
Based on simulations and the experiments at JET, we assume that each count in the spectrum cor-
responds to one out of two possible events: a prompt gamma-ray generated at the tokamak walls or
a direct neutron. Being 10° times less intense, direct gamma-rays generated in the plasma (DT signal,
Bremsstrahlung, etc) are therefore neglected. Based on these assumptions, the counts at the detector C,,
should be directly proportional to the total neutron yield Y, of a plasma discharge according to the fol-
lowing formula:

G = (Kj+K)) Y, =K Y, (1)

where:
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. is the direct neutrons coefficient,

K
e K] is the prompt gamma-ray coefficient,

e K is the total background coefficient.

At JET, Cp, was obtained from the gamma-ray detector measurements as the integrated number of events
above 1 MeV and, since JET was equipped with absolutely calibrated neutron monitors, the neutron
yield Y, was provided by the JET neutron counters, therefore allowing for a direct calculation of Kj.

In the case of ITER, on the other hand, only Y, is available from simulations of various planned scen-
arios accessible at the IMAS [15]. The corresponding C, must instead be inferred using an estimated K,
which, as explained later, can be extrapolated from the value obtained at JET.

Although, in principle, this coefficient could vary with the plasma emission shape or other plasma
parameters, the neutron-induced background arises from interactions with the entire reactor environ-
ment, resulting in an effectively constant coefficient largely independent of the specific plasma shape or
discharge conditions [23].

Regarding the direct neutrons coefficient, it can be thought of as the product of the following coeffi-
cients:

Ky =TA, ey (2)

where:

e T is the transport factor, namely the average optical probability for a particle born in a generic point
inside the vessel to reach the detector,

e A, represents the neutron attenuation factor, namely the fraction of neutrons transmitted across the
neutron attenuator,

o ¢, is the lanthanum bromide detection efficiency to a neutron, which is practically unitary for a
3 x 3inches crystal.

For both JET and ITER, the optical background transport factor T' can be evaluated using Linalytic [14],
a semi-analytical Python tool originally developed for the JET DTE2 campaign [7]. This script computes
the optical paths of particles generated inside the vessel and travelling toward the detector. Its accur-

acy was validated against MCNP simulations, showing agreement within 1%. For JET, Linalytic applied
to the same set of 89 DTE2 discharges used when developing the novel approach [7] yields an average
value of T=2.271-107°. The same code used for ITER, based on the scenario set used in the previous
works [17, 18], results in an estimated value of T=1.152-10719,

The attenuation factor A,, instead, can be obtained for both JET and ITER through simple MCNP
simulations [24] of the direct 14 MeV neutron transmittance across the LiH cylinder. Given the fact that
the RGRS is planned to be installed and put in operation in the DT phase, we can focus on DT neut-
rons solely. The resulting values are 3.89-10~* for JET and 1.0- 10~ for ITER. The use of a longer
attenuator in ITER was specifically chosen to fully suppress the direct neutron flux. In the simulations,
the neutron source was modelled as a three inches diameter disc emitting 14.1 MeV neutrons toward the
detector, through the LiH barrier.

Regarding the prompt gamma-rays coefficient K}/, the modelling requires the adoption of more
restrictive assumptions. Specifically, only neutrons generated within the plasma and directly impinging
on the vessel are considered capable of producing prompt gamma-rays (for a matter of geometrical ease,
scattered neutrons are neglected); when such a neutron hits the wall, gamma-rays are emitted isotrop-
ically with a prompt gamma-ray production probability (Ppgp). Then, a fraction of these gamma-rays
propagates toward the detector according to an optical background transport factor Tj, undergoing first
attenuation by the neutron attenuator, characterized by a background transmittance Ay, and then detec-
tion with a given background gamma-ray detection efficiency €. In formula, this can be summarized as:

KZ =foaTy Ppgp Ap gy (3)

where, in addition to the previously defined parameters:

e f, is the direct neutron flux per source particle and unitary surface at the tokamak walls,

e a is the walls surface intercepted by the detector LoS.

4
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Figure 2. Neutron flux per source particle f,, expected at the in-vessel components for JET and ITER according to the performed
Monte Carlo simulations with a simplified tokamak and neutron source geometry (more information in the main text). The
angle § = 0 corresponds to the low field side midplane position.

All parameters (except for Ppg,) can be either calculated or simulated for both JET and ITER. The atten-
uation through the LiH attenuator can be evaluated using MCNP simulations, assuming a thickness

of 90 cm for JET and 120 cm for ITER. The gamma-ray source was modelled as a disc with the same
diameter as the detector (three inches), emitting radiation toward the detector. Its energy distribution
was derived by deconvolving the background spectrum measured at JET. The resulting coefficients are
Ap =0.178 and ¢, = 0.861 for JET and A, = 0.128 and ¢, = 0.679 for ITER. The difference in detec-
tion efficiency arises from the use of different detectors: a 3 x 6 inches detector at JET, and a 3 x 3 inches
detector planned for ITER. The parameters f,, a, and T} can be estimated as described in the following
subsections.

The core approach is to determine Ppg, from JET DTE2 data and the corresponding coefficients and
then assume that this probability remains approximately valid across different machines, applying it also
to ITER. Being derived not only from counts and simulations but also measurements, this Ppg, coeffi-
cient could be better interpreted as an effective background production probability which also includes
the effect of scattered neutrons and other neglected emissions. In practice, Py, depends on the materi-
als constituting the vessel. At JET, the relevant surface materials were primarily composed of beryllium,
inconel, and copper; whereas at ITER, the central column facing components are still to be determined
conclusively.

The next subsection describes the estimation of the neutron flux f,; the following one focuses on the
evaluation of the wall surface a and the optical background transport factor T3, while the third details
the determination of the prompt gamma-ray production probability Pp,,.

2.1. Neutron flux at the vessel

A simple Monte Carlo approach is employed to estimate the direct neutron flux f, at the tokamak in-
vessel components for both JET and ITER. Since only unscattered neutrons are considered, the method
is purely geometrical. A Python script was developed for this purpose, modelling the vessel as a torus
with circular cross-section, characterized by its nominal major (R) and minor (r) radii: R =2.96m and
r=1.25m for JET, and R = 6.20m and r = 2.08 m for ITER. The neutron source was modelled as a one-
dimensional toroidal ring, centred in the middle of each poloidal Section, with no spatial extension in
the poloidal plane, emitting isotropically in the three-dimensional space. For each emitted particle, the
point of impact on the torus is computed analytically. As expected, the flux distribution results uniform
along the toroidal direction, while the resulting flux distributions on the poloidal direction are shown in
figure 2 for JET and ITER, normalized per source particle.

Due to the larger size of the ITER vessel, its resulting direct neutron flux is lower than in JET.
Moreover, due to its lower r/R ratio, the probability distribution for ITER features reduced variations
with respect to the JET case, being closer to a cylindrical approximation. Since the LoSs of both JET and
RGRS detectors intersect the vessel at or close to the equatorial plane, only the flux values at toroidal

5
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Table 1. Neutron flux per source particle f, expected at the central column
and the low field side (LFS), midplane in-vessel components for JET and
ITER according to the performed simplified Monte Carlo simulations.

Tokamak Column (m™2) LFS vessel (m?)
JET 6.365-1073 7.135.1073
ITER 1.828-1073 2.060- 1073

Table 2. LoSs intercepted in-vessel components surfaces a and average optical transport factors T}, for all
detectors under analysis.

Machine Detector Structure a(m?) T,

JET — Column 2.208 - 107! 4.664-1077
JET — LES vessel 5.438 1072 3.304-1077
ITER Detector 1 Column 2.712-1072 1.189-107°
ITER Detector 2 Column 2.906- 102 1.131-107°
ITER Detector 3 Column 2.970- 102 1.208-10~°

angles § = 7 (central column) and # =0 LFS, midplane in-vessel components) are considered relevant
for this study and are listed in table 1.

This simplified representation of the source and vessel geometries inevitably introduces some inac-
curacy in the neutron flux calculated at the tokamak walls. To estimate the magnitude of this error, we
benchmark it against an even more rudimentary approximation. By modelling the torus as a sphere and
treating the plasma as a point-like neutron source at its center, the resulting neutron flux at the sphere’s
surface deviates by less than 7% from the values reported in table 1 for both JET and ITER. We can
therefore reasonably expect the accuracy of our method to remain within the same order of magnitude.

2.2. LoS intercepted surface and particle transport

The area a of the central column or LFS in-vessel components intercepted by the detectors LoS is
determined using the Linalytic code again. Instead of using it for source particles in the plasma, it is
used to compute the probability for prompt gamma-rays born at the LFS vessel (or central column) to
reach the detector. This can be done by discretising the surface into dense pixels and computing the
optical transport probability for each of them. The non-null probability pixels contribute to the total
area, leading to two distinct sets: the pixels areas {a;} and their transport factors {T;}. The found total
intercepted areas are listed in table 2 together with their relative weighted average transport factors T},
computed as:

> Tia;

a

Ty (4)
where i runs over all surface pixels. Note that the product between T}, and a is equivalent to the sum
over all pixels of the product between each pixel area and its transport probability.

In the case of the JET gamma-ray spectrometer, due to its tangential orientation, the LoS intersec-
ted both the central column and the vessel walls behind it: the two areas are summed and the trans-
port coefficients weighted-averaged before being inserted in the main formula for K] computation. The
surface on the column is four times larger than the other, being the surface smeared on the column
itself. At ITER, the detectors are radially aligned, so the three LoSs intersect only the central column
in approximately circular areas. In figure 3, the resulting footprint is shown for the RGRS detector 2.
Compared to the JET surface on the LFS in-vessel components, the RGRS areas are smaller because the
collimators are narrower. However, the transport probabilities are higher at ITER because the detectors
are closer to the plasma (~ 18 m against ~ 25m).

2.3. Prompt gamma-ray probability
As previously stated, the prompt gamma-ray production probability requires prior determination of the
K}, coefficient at JET. Let us recall its definition:
C
Ky =K +Kj= -~ (5)
While the DT neutron yields Y, are provided by JET for each plasma discharge, the background counts
at the detector must be determined independently. DT plasmas also generate 2.5 MeV DD neutrons from

6
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Figure 3. Central column surface intercepted by the RGRS detector 2 at ITER. The colour scheme corresponds to the optical
transport probability toward the detector.
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Figure 4. Integrated counts above 1 MeV acquired with the JET tangential gamma-ray spectrometer versus the corresponding
neutron yield provided by JET for 7 DTE2 discharges. The fitting line slope corresponds to the K}, factor, while its y-intercept
(—3.1- 10%) was disregarded.

the D(D,?He)n fusion reaction, which become significant when the tritium concentration in the fuel is
below 3%-4%. In cases where DT neutron-induced background dominates, on the other hand, the total
number of background events Cj, is expected to scale linearly with the total DT neutron yield, according
to Kp.

As discussed in section 1, due to a too high event rate at the scintillator, only a few DTE2 discharges
with tritium content above 4.5% are suitable for the analysis. These include JET pulse numbers 99 657,
88658, 99 659, 99 660, 99 663, 99 664, and 99 665. Above this threshold, the DD neutron contribu-
tion is assumed negligible. After subtracting the intrinsic activity of the lanthanum bromide detector,
the integrated counts above 1 MeV are plotted against the neutron yield measured by the JET neutron
monitors in figure 4. A linear fit is performed to extract the linear proportionality factor, resulting in
Kp = 4.147 - 1072, The y-intercept (—3.1-10°) is disregarded, as it is negligible compared to the total
number of counts in the analysed spectra (~ 5.5-10°).

With all coefficients determined, the prompt gamma-ray production probability can be calculated,
yielding to Ppe, = 2.717- 1072, This implies that approximately 3% of all neutrons impinging on the
vessel walls result in prompt gamma-ray emission.

3. Results

Under the assumption discussed in section 2, according to which prompt gamma-ray production prob-
ability is independent of the in-vessel components material, the expected background intensity at ITER
can be estimated as a function of the neutron rate using the computed Ppg, from JET, which leads to
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Figure 5. Operational domain of the JET tangential gamma-ray spectrometer (above) and foreseen for the ITER RGRS (below)
based on the measured or predicted signal and background intensities. The background intensity is also shown as a function
of the neutron rate in both plots. The requested neutron rate range for machine protection at ITER is shown in yellow the plot
below.

Ky, =1.549-107 1 for ITER. Since the upper operational limit is determined by detector saturation

due to excessive background, K can now be used to determine the neutron rate corresponding to the
detector saturation. Based on JET data, the maximum acceptable background event rate is C, = 500kHz.
Detector 3 was used as a reference for all RGRS detectors, since its largest LoS impinging area and
highest background transport probability make it the most likely to saturate first.

To fully define the operational domain, however, the lower limit must also be established. At JET,
this is derived from experimental observations: the DT gamma-ray signal at the tangential spectrometer
was measurable only when the total neutron yield exceeded 2.3 - 10! neutrons. For ITER, the lower limit
was estimated at 2.6-10'7 ns™!, as reported in [17]. Given the time resolution is fixed at 1s per ITER
requirements, no distinction is to be made between rates and yields.

The background intensity as a function of the neutron rate is shown in figure 5 for both JET and
ITER, based on the K} coefficients calculated in section 1. The figure also includes the 500 kHz upper
count limit as a horizontal shaded area and the operational domains as vertical shaded areas. For the
RGRS, the operational domain results between 2.6 - 10!7 neutrons per second and 3.2 - 10'® neutrons per
second. In the plot below, the requested neutron rate range is shown as a circle-filled yellow-shaded area:
as can be observed, it is related only to high power plasma scenarios, from 70 to 900 MW. Given the
requirements on fusion power measurements at ITER, therefore, it is now possible to notice that the
foreseen RGRS operational domain has to be drifted up to match the requested neutron rate range. This
can be done by including a gamma-ray attenuator in front of the detector, thus reducing both the signal
and the background intensities.

At JET, the background gamma-ray spectrum spanned the low-energy range up to approximately
9 MeV, while the majority of the DT signal was concentrated between 12 and 17 MeV. The background
average energy was around 4.5 MeV, compared to an average energy of about 15MeV for the signal. This
energy separation is anticipated at ITER as well, since prompt gamma-ray emissions typically exhibit a
decreasing probability of producing photons with energies significantly above 9 MeV. As a consequence,
this energy parting can be exploited by employing an attenuator which attenuates the background more
than the signal, therefore also increasing the operational domain besides shifting it. For instance, we
could require the signal to be suppressed by a factor 10 (decreasing its transmittance factor to one-tenth
of the original one) and check which is the achievable transmittance on the background with different
attenuator materials.
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Table 3. Density (second column) and transmittance at 4 MeV (last column) for the proposed
attenuator materials. The attenuators length was selected in order to provide a 10%
transmittance at 15 MeV.

Material Density g(cm™) Length (cm) Ay

Graphite 2.2 61.64 0.016
Aluminium 2.7 38.85 0.038
Titanium 4.5 18.53 0.071
Iron 7.9 9.43 0.085
Tungsten 19 2.25 0.178

The selected attenuators should meet the following interaction criteria:

e attenuate the signal as little as possible,
e attenuate the background as much as possible,
e produce prompt gamma-rays as little as possible,

e activate as little as possible.

The most common gamma-ray attenuating materials, like heavy metals, present the drawback of
attenuating more the signal than the background. Because of their high atomic number Z, in fact, the
pair-production probabilities at high energies is dominant. In general, this effect becomes significant for
increasing Z. Consequently, although heavy-metal attenuators were still considered, particular emphasis
was placed on low-Z materials, which are typically not employed for gamma-ray attenuation.

The most promising materials are listed in table 3 together with their densities in the second column.
Tungsten has been added as well for comparison. The lengths in the third column have been selected
in order to provide a 10% transmittance of the signal. The last column shows the transmittance for the
background at 4 MeV. The attenuation coefficients used to evaluate transmittances were taken from the
NIST [25].

The achievable operational domains are shown in figure 6. The best background-to-signal attenu-
ations also have the longest required attenuator lengths. As expected because of its high atomic num-
ber, despite being the shortest option, tungsten tightens the operational domain. Regarding all the other
materials, they could not fit within the detector cassette and would require additional space inside the
bio-shield penetration. Moreover, aluminium and graphite attenuators would be so long as to exceed the
space available. Titanium and iron are the only options which meet the requirements, provided that a
steel alloy is used in stead of iron to avoid corrosion issues.

In order to match the requested operational domain, in particular, 33 cm of titanium or 18 cm of
steel (where the 136 L was selected as steel type) would be sufficient. Further investigations are ongo-
ing in order to find the most viable solution, also considering the possibility to use different attenuators
along different LoSs.

4. Discussion

The presented method allows to estimate the expected operational domain of the RGRS diagnostic at
ITER for fusion power assessment. The estimate is based on extrapolations from the measurements per-
formed at JET during the DTE2 with the tangential gamma-ray spectrometer and a series of assumptions
on the measured background.

Among these, the fact that the background is due either to direct neutrons or neutron-induced
prompt gamma-rays generated at the tokamak walls. At JET, the studies led to a direct neutrons factor
K} =8.834-10 " and a gamma-ray factor K] = 3.263 - 10~ '2. Thus, the main contribution is due to
neutron-induced gamma-rays. At ITER, the neutron factor resulted in K} = 1.152- 107" which is com-
pletely negligible compared to the gamma-ray factor K = 1.549 - 10~ '?. Therefore, the direct neutron
flux will be fully suppressed thanks to the longer LiH neutron attenuator planned for the measurements.

Compared to that of the JET spectrometer, the RGRS operational domain will be larger and shifted
to higher neutron rates. On the one hand, once normalized to the number of fusion reactions, the sig-
nal at ITER will be weaker than that at JET. The reason lies in the larger tokamak size and the detector
geometry, which will have a smaller LoS diameter (3 inches at JET and 2 cm at ITER) and will roughly
be located at the same distance from the plasma, thus covering a smaller portion of the total plasma
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Figure 6. Modified operational domains predicted for the RGRS detector by means of different gamma-ray attenuators.

volume. In fact, the direct particles coefficient T contains this information, being larger at JET by a
factor 20 (2.271- 1077 against 1.152-107'). On the other, the different geometry of the detectors LoSs
will lead to an even weaker background intensity. The K, factors, in fact, differ by almost a factor 30
(JET K;, / ITER K} = 26.7), mainly because the intercepted in-vessel components surface will be smaller.
This highlights the advantage of a radial LoS over a tangential one, as the latter captures radiation from
the central column on a smeared area.

Based on the expected background intensity, though, the RGRS operational domain would not be
suitable for ITER DT operation, since the detectors would saturate too fast. The use of gamma-ray atten-
uators in front of the detectors will be necessary to shift the operational domain at higher neutron rates,
possibly also widening it by leveraging the difference in energy between signal and background and
employ a material which attenuates low energy gamma-rays more than more energetic ones. Based on
first considerations, the attenuator might consist of 33 cm of titanium or 18 cm of steel 136 L. As next
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steps, the search for the most suitable gamma-ray attenuator will continue, including detailed Monte
Carlo simulations of the attenuating materials effect on the signal and prompt gamma-ray spectra.

Given the obtained results, it would be interesting to point out that this observed (at JET) and
expected (at ITER) proportionality between the background intensity and the total neutron yield could
in principle be exploited for direct fusion power measurements too. Though, the lack of understanding
of the background source processes would force it to be a relative measurement instead of an absolute
one. Furthermore, any change in the environment would entail a different rescaling coefficient K; which
shall be reassessed with a dedicated calibration. Efforts will be made to describe the background quantit-
atively by studying all the cross sections reported in various simulation platform libraries and comparing
them with each other and with the latest experiments. This would allow for reliable background simula-
tions for ITER, which could then be benchmarked against the results of this work.

5. Conclusions

A method has been developed to estimate the background intensity expected at the ITER RGRS detect-
ors based on extrapolations from the background intensity measured at JET with the tangential gamma-
ray spectrometer during the DTE2. The method leverages a series of physical assumptions and has been
used to estimate the background intensity as a function of the plasma total neutron rate, leading to the
assessment of the RGRS expected operational domain.

At JET, the background was primarily due to direct neutrons or prompt gamma-rays produced
through neutron interaction with the in-vessel components. In the developed method, the key para-
meter is the prompt gamma-ray production probability P, namely the probability that a gamma-ray
is produced isotropically whenever a neutron impinges on the tokamak walls. This factor has been quan-
tified at JET resulting in Ppg, = 2.717 - 1072 and has been assumed to be valid also for ITER. This con-
stant has been used in a formula that describes the full prompt gamma-ray production process, start-
ing from neutron creation in the plasma and ending with the gamma-ray detection. Each of the factors
composing this formula has been estimated with light Monte Carlo simulations or numerical-analytical
computations.

While this method allows for estimating the neutron rate corresponding to detectors saturation due
to excessive background intensity, the lower limit of the operational domain has been inherited from two
previous works [14, 17, 18]. This made it possible to determine the RGRS operational domain, resulting
in neutron rates between 2.6 - 10" and 3.2 - 10'® neutrons per second. However, this range is not com-
patible with the one requested by the ITER nuclear regulator for machine protection, which is between
2.4-10" and 3.2-10% neutrons per second. In order to make the RGRS compatible with this require-
ment, it must be equipped with a proper gamma-ray attenuator. Studies on the deployment of such an
attenuator are still ongoing, currently leading to titanium or a steel alloy as promising materials which
would allow the diagnostics to operate within the ITER fusion power measurement requirements.

The method described in this work could be extended to other future tokamaks. This would allow
for synthetic diagnostic studies and performance assessments of fusion power diagnostics regarding both
signal and background intensity estimations.

6. Disclaimer

The views and opinions expressed here do not necessarily reflect those of the ITER Organization.

Data availability statement

The data that support the findings of this study are available from the corresponding author upon reas-
onable request.
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