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ARTICLE INFO ABSTRACT

Keywords: The ITER Radial Gamma Ray Spectrometer (RGRS) is an ITER diagnostic located in the Equatorial Port 01
ITER diagnostics undergoing its Preliminary Design Review and foreseen for Phase DT1 (2041). RGRS is expected to measure
Gamma-ray spectrometry the density profile and energy distribution of a-particles through reactions with 1°B, the current and maximum

Radial gamma ray spectrometer
Fast ions

Runaway electrons

Fusion power

energy of runaway electrons through bremsstrahlung emissions, and fusion power via a radiative channel of
the DT reaction. The diagnostic employs LaBr; scintillators coupled with PMTs along 4 radial lines of sight,
with LiH attenuators to reduce the background due to direct neutrons and a heavily hydrogenated and borated
concrete-like mixture for neutron shielding.

Performance assessments indicate RGRS can fulfil its functions regarding runaway electrons, while the
feasibility of measuring a-particles is uncertain due to the intense gamma-ray background observed at
JET. Further study is needed to confirm this measurement possibility. Additionally, while fusion power
measurements appear possible, satisfying ITER requirements necessitates detailed knowledge of the gamma-
ray-to-neutron branching-ratio of the DT reaction, which will be investigated through dedicated experiments,
and possibly gamma-ray attenuators to reduce background.

1. Introduction observed Pulse Height Spectrum (PHS) allows to investigate the energy
distribution of fast ions. For RE studies, focus is placed on thin-target
The primary aims of gamma-ray measurements in the several MeV bremsstrahlung, i.e, confined REs interacting with the bulk plasma,
range at ITER are threefold: (i) to measure the profile and energy which generates a continuous energy spectrum. The broadband shape
distribution of a-particles born from DT reactions, (ii) to detect and of this spectrum is relevant, rather than a narrow energy band [3,4]. Fi-
study runaway electrons (REs) generated during disruptions, and (iii) nally, the radiative channel of the DT fusion reaction emits gamma-rays
to provide a neutron-independent fusion power measurement. over a wide spectral region around 15MeV, enabling the determination
For a-particle studies, gamma-rays emitted by confined fast ions, of the neutron yield, and hence of the fusion power, from the absolute
including a-particles, reacting with impurities can be utilized to probe counting of the emitted high-energy gamma-rays [5,6].

their energy distribution and spatial profile [1]. Following the ITER
rebaselining, the most important impurity in this regard appears to be
108, which emits gamma-rays in the 3 to 4MeV range [2]. Analysis
of the intensity and shape of the associated full-energy peaks in the

This paper presents the design of the Radial Gamma-Ray Spec-
trometer (RGRS) for ITER. This is a diagnostic system currently in
its Preliminary Design Review (PDR) phase and foreseen by the ITER
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Fig. 1. View of the components of the Equatorial Port 01 of greatest importance for
RGRS: the Radial Neutron Camera (RNC); the Bioshield Plug (BP); RGRS itself; and the
High-Resolution Neutron Spectrometer (HRNS).

baseline for phase DT1 (2041). The design is based on past experience
with gamma-ray measurements at the JET tokamak, but also benefits
from the plurality of Lines of Sight (LoSs) available at ITER. After an
overview of the system, the main technical challenge with gamma-ray
spectrometry on large tokamaks - background - is addressed. Finally,
the performances of RGRS in fulfilling the three above-mentioned
requirements are assessed.

2. RGRS overview and layout

RGRS is located in the Port Cell (PC) of the Equatorial Port 01
(EQO01) of the ITER tokamak, behind the Radial Neutron Camera
(RNC) [7] and the Bioshield Plug (BP) and in front of the High-
Resolution Neutron Spectrometer (HRNS) [8]. RGRS lies at about 18 m
from the tokamak centre and operates at room temperature. A view of
the relevant systems is shown in Fig. 1.

2.1. Generalities

RGRS views the plasma through four radial LoSs. Three of these
LoSs are coplanar and dedicated to RGRS, while the fourth lies in a
different plane and is shared with RNC. All four LoSs are cylindrical
in shape, with the dedicated ones having a diameter of 40 mm and the
shared one measuring 25 mm. The system is also crossed along its entire
radial extension by a LoS dedicated to HRNS, with diameter 41 mm.

As shown in Fig. 2, most of the RGRS volume is filled with a
concrete-like mixture, as detailed in Section 3.2. The detectors are
accessible from the left side, facing the tokamak, through openings in
the concrete that are filled with concrete bricks during operation.

To facilitate insertion and removal of the detectors, a simple
manually-activated rail system is present. As the system is located
downstream of the BP, shutdown dose-rates are sufficiently low to
allow human access after a few days of cooling. Therefore, detector
replacement in case of failure can be carried out by human personnel
during long-term maintenance without any remote handling.

2.2. Detectors

Each LoS is equipped with a LaBr; : Ce scintillator coupled with a
Photo-Multiplier Tube (PMT). This is the fastest commercially available
inorganic scintillator, essential for sustaining the count-rates expected
during full-power discharges - roughly in the range 500kHz to 1 MHz.
Similarly, PMTs with linear-dynode configurations are also required
to handle these high count-rates. A large crystal volume of 3in x 3in
is also necessary to fully stop gamma-rays for accurate fusion power
measurement.

The gain of a PMT is highly sensitive to magnetic fields. Although
electromagnetic transients are not expected to be a concern at the radial
position of RGRS, the magnetostatic field is estimated to be 142mT
perpendicular to the PMT axis and 33 mT parallel to it. Given that PMTs
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Fig. 2. Computer model of RGRS. The grey cylinder contain the LiH attenuators, while
the tan body is the concrete-like filling material.

Table 1
Materials and radii (inner and outer) of the magnetic shield. All layers are 450 mm
long and open on both ends. The total mass is about 76 kg.

Material r; (mm) r, (mm)
Hiperco 50A 51 71
Mu-metal 72 74
Mu-metal 75 77
Hiperco 50A 78 98

equipped with linear dynodes require fields not exceeding 20 uT and
100 pT in these directions, magnetic shielding is necessary. Incidentally,
the large detector area precludes replacing PMTs with SiPMs.

The shielding design is detailed in Table 1. It consists of four
concentric cylindrical layers: the innermost and outermost are made of
Hiperco 50 A [9], a high-permeability Fe—Co-V soft magnetic alloy,
while the two central layers are in mu-metal. The use of a soft material
in the innermost layer is necessary to shield against fields parallel to
the shield axis. The presence of Co, which is subject to intense neutron
activation, is not expected to be an issue due to its shielded location.

The preamplifiers necessary to operate the detectors are located in a
shielded cabinet shared with RNC and adjacent to RGRS. Both the raw
and preamplified signals are acquired. The digitizers and later stages in
the electronic chain are in an external building.

3. Background sources

The RGRS scintillators are sensitive not only to gamma-rays, but
also to fast neutrons. In fact, the overall efficiency of large LaBrs
crystals to 14 MeV neutrons is higher than to gamma-rays [10]. RGRS
is therefore subject to background due to several sources.

3.1. Direct neutrons

At the RGRS location, neutrons streaming along the LoSs are ex-
pected to overwhelm the gamma-ray signal by about 5 orders of mag-
nitude. This being unacceptable, some attenuator is required. This at-
tenuator should be selective, i.e., essentially transparent to MeV-range
gamma-rays, while absorbing neutrons.

Several materials were considered, the final choice being LiH.
This is the same material already adopted for gamma-spectrometry at
JET [11,12]. Compared with other options, notably B-based absorbers,
it presents low gamma-ray emissions. It can be manufactured in pressed
pellets up to about 93% of the theoretical density, which is 0.78 gcm™3.

As shown in Fig. 3, an attenuator 1.2m long is appropriate for
the ITER purposes, enabling to re-establish the signal-to-noise ratio to
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Fig. 3. Attenuation factor for 14 MeV neutrons and 4.44 MeV gamma-rays as a function
of the LiH attenuator length. The gamma-ray energy, corresponding to the first 2C
excited state, is chosen as representative of the direct gamma-rays background, lying
around the spectrum mid-point. All values were found through Monte Carlo simulations
of the isolated attenuator.

acceptable values. The attenuators, one per LoS, are placed through the
BP inside concrete-filled metal cassettes. LiH being a hazardous mate-
rial, subject to violent reactions with both air and water, the pellets are
piled and encapsulated within a 316LN stainless steel tube. Analyses are
ongoing to assess gaseous swelling and tritium production inside the
pellets, though experience at JET and unpublished calculations for the
ITER Neutral Particle Analyser [13], which also uses LiH at a similar
distance from the tokamak, suggest full compatibility with the safety
requirements.

3.2. Scattered neutrons

As discussed in Section 2, RGRS is crossed by a LoS along its
whole radial extension. This LoS being devoted to a neutron diagnostic,
the neutron flux along it reaches 1 x 10°ncm™2s~! during full-power
discharges. Rough estimates show that if the inside volume of RGRS
were empty, scattering by air alone would generate count-rates in the
hundreds kHz range at the detectors closest to the LoS. This is the
primary reason to fill the RGRS volume with a neutron shield.

The chosen material is SWX-277Z-5, a heavily hydrogenated
(4.73 wt %) and borated (4.99 wt %) concrete-like mixture [14]. Due to
its refractory properties, this material maintains physical integrity up to
1038 °C, which is sufficient for the worst fire conditions anticipated for
the PC (820 °C). Moreover, it is also castable, allowing to manufacture
the LoSs by positioning flight tubes during casting instead of drilling.

Preliminary MC simulations of the whole EQO1 show that the full-
power neutron flux at the detector positions ranges from 1 x 10* to
8 x 10*ncm~2s~! depending on the detector. While high, these fluxes
are manageable thanks to the choice of LaBr; as scintillation material.

3.3. Direct gamma-rays

Experience at JET shows the presence of an intense gamma-ray
background up to about 10 MeV. This background is due to gamma-rays
streaming along the LoS, so there is no way to suppress it without also
reducing the signal.

The precise nature of this background is still being investigated,
but it clearly consists of prompt gamma-rays emitted along the LoS by
neutrons impinging on the LoS footprint on the vacuum vessel. Indeed,
some features can be recognized in the PHS [5] of the JET Inconel
vacuum vessel main constituents, Ni and Cr, and a Monte Carlo (MC)
simulation focusing on these gamma-rays reproduces the experimental
spectrum at least qualitatively.
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This background is expected to heavily affect a-particle measure-
ments, which involve gamma-rays in this spectral region. However, the
relevance of the observed JET spectra is unclear for ITER, given the
different materials, size and structure for both first wall and vacuum
vessel. It is instead clear that RE and fusion power measurements are
not directly impacted: RE are associated with intensities high enough
to overwhelm this background, while DT gamma-rays lie in a different
spectral region. The only way these latter measurements can therefore
be affected by this background is through pile-up. This is discussed
further in Section 4.3.

3.4. Environmental gamma-rays

The RGRS scintillators need shielding against gamma-rays due to
neutron interactions with the surrounding materials. These include
both prompt emissions not along the LoS and activation gamma-rays.

Given that typical activation gamma-rays have relatively low energy
and that the RGRS detectors are already inside a thick concrete-like
shield, a relatively simple gamma-ray shield consisting of Pb bricks
is found to be sufficient. Each detector has its own shield. In order
to be compatible with fire conditions in the PC, which exceed the Pb
melting temperature, bricks are steel-cladded. Accordingly, some care
is required to avoid radiation leaking.

4. Performances

As discussed in the Introduction, RGRS has three objectives: (i) mea-
suring the profile and energy distribution of a-particles born from DT
reactions, (ii) detecting and quantifying runaway electrons (REs) gen-
erated during disruptions, and (iii) providing a neutron-independent
fusion power measurement.

4.1. a-particles

At the time RGRS underwent its first design, the ITER first wall
was made of Be. Indeed, a similar ITER-like wall was installed at JET.
Accordingly, both the first RGRS design and gamma-ray spectrometry
at JET revolved around observing the 9Be(a, n) 12C reaction through the
de-excitation gamma-rays emitted by the 2C nucleus.

The new ITER baseline replaces the Be first wall with W. Therefore,
Be is no longer present in the plasma as an impurity, so that the above
reaction cannot be exploited. Accordingly, other reactions are being
investigated.

4.1.1. Noble gases

An investigation of reactions between a-particles and noble gases
requiring positive Q-value, or at least an energy threshold not too
close to the DT fusion a-particle kinetic energy of 3.5MeV, and cross
section at least in the several mb range provides as only candidates
20Ne(a, )%°Ne*, which emits at 1.63MeV, in the region where LaBrg
exhibits intrinsic radioactivity, and 22Ne(a, n)stg, which however
becomes significantly probable only for energies above 3MeV. Thus,
reactions with noble gases appear to be challenging.

4.1.2. Boron

The most promising candidate is 108, whose reactions with a-
particles release gamma-rays at three different energies: 3.09, 3.68 and
3.85MeV. Fig. 4 shows the respective cross sections as functions of the
a-particle energy. All three lines are in principle exploitable.

Natural B is present in the ITER plasma as an impurity due to wall-
conditioning, though at the moment neither its concentration nor its
density profile are known. Here, a 1% B concentration is adopted with
the same density profile as for electrons. This latter assumption is moti-
vated by light impurities transport being dominated by turbulence [15].
The natural isotopic abundance of 19.9% is assumed for 1°B.
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Fig. 4. Cross sections for B reactions as functions of a-particle energy [2]. Experimental
data points are presented alongside cubic interpolations. The dashed vertical line
corresponds to the energy of DT fusion a-particles.

As mentioned in Section 3.3, the main issue with a-particle mea-
surements is the direct gamma-ray background. This aspect is crucial
in determining whether a-particle measurements are feasible and with
which performances. Currently MC simulations up to the tokamak
central column are being set up, aiming to quantify this background for
ITER to assess its effects on a-particle measurements. It is however un-
clear how reliable prompt gamma-ray cross section data for high-energy
neutrons are.

4.2. Runaway electrons

The Conceptual Design considerations about REs previously pub-
lished in [16] remain valid for the current design stage of RGRS. This
paper therefore only provides a brief summary.

RGRS focuses on detecting thin-target bremsstrahlung, which in-
volves the hard X-rays (HXRs) emitted when confined REs interact with
the bulk plasma. This is in contrast to thick-target bremsstrahlung,
where REs leave the plasma and interact with the tokamak structures.
The interest lies in both the intensity of the RE beam and its energy
distribution.

Since bremsstrahlung emits an energy continuum, the entire spec-
trum shape is relevant for RE studies. In particular, the RE distribution
function and current can be obtained from the measured spectrum by a
deconvolution method that accounts for both the HXR emission process
and the detector response function. As the bremsstrahlung spectrum
extends up to almost the RE energy, which can be as high as 100 MeV on
ITER, the background of Section 3.3 is not a concern in most scenarios.

Given a typical disruption duration of 100 ms, achieving a time-
resolved measurement requires working on a timescale of 10ms. To
ensure sufficient counts for the deconvolution algorithm to work prop-
erly, a RE current of at least 10 MA is necessary. However, if the time
resolution requirement is relaxed and the disruption duration is inte-
grated over, it becomes possible to measure RE currents down to 1 MA.
These values apply to an unmitigated scenario. The use of gas injection
as a mitigation technique would enhance bremsstrahlung emissions due
to the addition of heavy neutral scatterers in the plasma, enabling
measurement of RE currents as low as 40kA, even in a time-resolved
mode.

It should be mentioned that the probability for a RE to produce
a HXR along the radial direction decreases with increasing energy,
due to the emission becoming more forward. Consequently, the sen-
sitivity of RGRS is limited to detecting RE energy distributions up to
approximately 30—-40MeV.
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4.3. Fusion power

Fusion power measurement with RGRS relies on detecting de-
excitation gamma-rays from the D + T — SHe* reaction. Two
such gamma-rays exist, with nominal energies at 12.5 and 16.75 MeV;
they exhibit significant intrinsic broadening [5]. By counting gamma-
rays in this spectral region and having established suitable transport
coefficients through simulations, it is possible to determine the LoS-
integrated fusion gamma-ray emissivity, and hence the neutron rate
and fusion power. This technique was tested at JET as part of the
GET-ART project [6].

The transport coefficients mentioned above depend on the plasma
scenario through the plasma position and shape. Consequently, it is
not possible for a single gamma-ray detector to distinguish between
variations in fusion power and changes in the plasma scenario as causes
of fluctuations in count-rates. This limitation necessitates the use of sev-
eral LoSs for RGRS: even without full tomographic reconstruction, look-
ing at the plasma through different LoSs allows compensating for varia-
tions in one detector with those in another. Specifically, semi-analytical
methods based on determining linear combinations of detector readings
that are least sensitive to changes in the plasma scenario achieve an
accuracy of around 5% in fusion power measurements for full-power
discharges [17]. Investigations into machine-learning approaches are
also ongoing, with techniques based on Principal Component Analysis
(PCA) showing comparable performances.

The main concerns with the overall gamma-ray approach to power
measurements are twofold: (i) converting fusion gamma-ray emissivi-
ties into neutron rates requires accurate knowledge of the gamma-ray-
to-neutron branching-ratio for the DT fusion reaction, and (ii) the direct
gamma-ray background described in Section 3.3 may paralyse the
detectors during high-power discharges, thus limiting the operational
range of RGRS.

4.3.1. Branching-ratio

The afore-mentioned GET-ART project has reported a value of
2.4(5) x 1073 for the gamma-ray-to-neutron branching-ratio. The stated
uncertainty, about 21%, does not satisfy the ITER requirements, which
include an accuracy no worse than 10% on fusion power measurements.
Moreover, the existing literature presents a wide range of results, with
values scattered by about a factor of 20 and uncertainties which are
inconsistent, suggesting caution. Consequently, dedicated experiments
at neutron-sources are planned to determine a reliable value with un-
certainty compatible with the ITER requirements. Detailed planning is
already underway to conduct measurements at the Monnet fast-neutron
source [18] using Time-of-Flight (ToF) techniques.

4.3.2. Operational range

RGRS should provide its (safety-relevant) fusion power measure-
ments for machine protection (MP) purposes. The requirements are: (i)
fusion power between 70 and 900 MW, (ii) time resolution of 1s, and
(iii) accuracy no worse than 10%. Given the transport factors calculated
for the RGRS detectors, these requirements entail a lower limit on
the operational range of 280kW. Below this value, the integration
time necessary to achieve 10% accuracy exceeds the requirements.
Therefore, the lower limit of the operational range of RGRS satisfies
the requirements.

The situation is more complex for the upper limit, which is deter-
mined by the highest count-rate sustainable by the detectors. Based on
JET experience, count-rates at the detectors exceeding 500 kHz cannot
be compensated for by pile-up recovery techniques [19]. This in turn
makes the direct gamma-ray background of Section 3.3 crucial in
determining the upper limit for the operational range.

To provide some estimate for this upper limit despite the inherent
uncertainty in the direct gamma-ray background, the JET data were
used to compute the probability that a neutron interacting with the
JET tokamak wall would produce a prompt gamma-ray recorded by the
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Fig. 5. Operational range of RGRS as found by extrapolating JET results [21].

Table 2

Attenuation performance for various materials. The length of each attenuator was
chosen to ensure 10% transmittance at 15 MeV. The background column contains
transmittances at 4 MeV, taken as representative background energy.

Material Length (cm) Background (%)
C 61.6 1.6

Al 38.8 3.8

Ti 18.5 7.1

Fe 9.4 8.5

w 2.2 17.8

detector [20]. Then, and in spite of the different materials used for first
wall and vacuum vessel, this value was used to estimate the background
at the ITER detectors given the neutron flux at the LoS footprints.

The resulting operational range, shown in Fig. 5, lies below the
power levels required for machine protection. Therefore, it is necessary
to shift this range towards higher powers. This can be achieved by
placing a gamma-ray attenuator along the LoS, separate from the
LiH neutron attenuator. However, most common gamma-attenuating
materials - heavy metals - have the disadvantage of preferentially
attenuating the signal over the background due to pair-production ef-
fects. Consequently, while heavy metals were still investigated, lighter
elements were also explored as a potential solution. The results are
summarized in Table 2. Not all the examined materials are sensible for
adoption due to compatibility issues, such as a too low melting point.
However, in view of the substantial uncertainties in the direct gamma-
ray background, the final selection of the gamma-ray attenuator is still
ongoing.

5. Conclusions

The ITER Radial Gamma-Ray Spectrometer (RGRS) is currently
undergoing its Preliminary Design Review. The capability of RGRS of
satisfying its requirements has not been completely established.

The determination of the a-particle density profile and energy
distribution should exploit 1°B reactions, taking advantage of wall-
conditioning. However, the amount of B present in the plasma still has
to be quantified in detail. Moreover, the effect of the direct gamma-ray
background must be assessed.

The detection of thin-target bremsstrahlung enables RGRS to deter-
mine the energy distribution of runaway electrons for currents down
to 10MA in the time-resolved (10 ms) option and 1 MA with a time-
integrated (100 ms) measurement. If disruption mitigation through gas
injection is adopted, it becomes possible to measure currents as low
as 40kA. The RGRS system is sensitive to the energy distribution of
runaway electrons up to 30-40MeV.

The determination of fusion power with the performance required
for Machine Protection is possible provided the gamma-ray-to-neutron
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branching-ratio of the DT fusion reaction is known with sufficient
accuracy. Dedicated experiments are planned to reduce the uncer-
tainties found in the literature. Moreover, depending on the direct
gamma-ray background, which is still to be determined in detail,
a gamma-ray attenuator may be needed. Light elements would be
especially appropriate to improve the signal-to-noise ratio.
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