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Abstract

As the primary coolant, water is used in most current fission reactors and is also a promising
coolant for future fusion devices. During normal operation, the fusion device produces plasma dis-
charges. The primary cooling water circulates through in-vessel cooling channels and thus passes
through regions of high neutron flux (E ~ 14MeV) produced by D-T fusion. During this pro-
cess, cooling water can be activated and produce radioactive nuclides that emit gamma rays and
neutrons (neutron energy range 0.4—1.7 MeV). Predicting the dose-rate field—the spatial and tem-
poral distribution of radiation dose rates (Sv-h~!) produced by activated nuclides in the flowing
coolant—requires coupling computational fluid dynamics (CFD) with radiation-transport and
activation calculations. To validate these coupled CFD + radiation-transport + activation mod-
els and to investigate how production, transport and decay of activation products together cre-

ate the observed dose-rate field, the KATANA water-activation loop at the Jozef Stefan Institute
Training, Research, Isotope production, General Atomics Mark II reactor was commissioned. This
paper examines the newly established KATANA water-activation loop and evaluates the feasibility
of using the neutron activation method for neutron measurements at the facility. The studies show
that this method can be successfully applied to detect and quantify neutrons originating from "N
decay. Furthermore, the measurements demonstrate that this technique is capable of character-
ising the neutron emission rate at the KATANA water-activation loop. Finally, the paper proposes
a method for estimating the neutron fluence at selected sample positions. The results encourage
further use of the neutron activation method to investigate neutrons emitted by activated water.
Future experiments could determine the neutron fluence-rate profile, thereby validating fluid-
activation codes for ITER, DEMO and other fusion devices. This would also contribute to reducing
the uncertainty of the 7O(n, p)'"N reaction cross-section.

1. Introduction

Most fission reactors use light water as a coolant due to its affordability, widespread availability and high
heat capacity. Light water is also expected to play a key role in future fusion reactors. It was already used
as a cooling fluid in various operational systems at JET [1] and WEST [2], and it is planned for cooling
the ITER [3] vacuum vessel and other auxiliary systems.

Water that cools in-vessel components is exposed to high-energy (~14MeV) neutrons produced by
deuterium—tritium (D-T) fusion. Since water consists of hydrogen and oxygen, both elements can be

© 2026 The Author(s). Published by IOP Publishing Ltd
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Table 1. The most important water-activation reactions, including natural abundances of target nuclides, half-lives of the product
nuclides, and information on emitted particles (their energies and intensities). Based on the ENDF/B-VIIL.0 nuclear data library [7].

Reaction Natural abundance Half-life, T} /, Released particles

0(n,p)"*N 99.76% 7.13s :6.129 MeV (67%)

:7.115 MeV (5%)

22

Y0(n,p)"'N 0.04% 4.17s :0.383 MeV (35%)
:0.871 MeV (3%)
:1.171 MeV (53%)

: 1.700 MeV (7%)

=] R=2 =

80(n,v)®0 0.20% 26.88 s :0.110 MeV (3%)
:0.197 MeV (96%)
: 1.357 MeV (50%)

: 1.444 MeV (3%)

2222

activated by neutrons. While hydrogen activation is often negligible [4], oxygen activation is significant;
the principal activation products are '®N, 1N, and 0. Details on water-activation products are presen-
ted in table 1. The decay of N and O results primarily in gamma emission, whereas decay of /N
produces gamma rays and emits neutrons with discrete energies of 0.383 MeV, 1.171 MeV and 1.700 MeV.
These secondary particles warrant investigation as activated water circulates through the primary cool-
ing loop and, in many cases, beyond the biological shield. During circulation the activated water decays,
emitting neutrons and gamma rays that contribute to doses received by personnel and increase the radi-
ation exposure of sensitive components—such as superconducting coils and electronics [5]. It is there-
fore important to examine and quantify the influence of activated water on the reactor environment.

Current knowledge of the reaction cross-sections relevant to water activation remains limited. Cross-
section data often differ significantly between nuclear data libraries and, in many cases, carry large
uncertainties [6]. Experiments that analyse activated water products could contribute to reducing these
uncertainties.

In order to improve the understanding and modelling of water-activation processes and to directly
support ITER [8, 9], a closed water-activation loop named KATANA was commissioned in late 2023
at the (TRIGA: Training, Research, Isotope production, General Atomics) Mark II research reactor of
the Jozef Stefan Institute (JSI) in Slovenia [10]. The facility can serve as a stable source of both  rays
and neutrons. Owing to its high and stable flow rate (up to 0.71-s7!), high activities of '°N, "N and
0 can be achieved, which helps to minimise experimental uncertainties [11]. Preliminary analyses
indicate that KATANA is suitable for experimental validation of fluid-activation codes relevant to ITER,
DEMO [12, 13] and other future fusion devices [11, 14, 15].

Although some water-activation simulations for ITER [16] and DEMO [17] have been performed.
Activated water remains poorly understood as a radiation source because of the lack of experimental
data, in particular under fusion-relevant conditions. Two leading water-activation experiments using
14 MeV D-T neutron generators, the Frascati Neutron Generator (Italy) [18] and the Fusion Neutronic
Source (Japan) [19, 20], have provided valuable data that support fusion research and ITER-related stud-
ies [21-25]. However, these experiments are no longer operational. Limitations of past facilities include
relatively small irradiated volumes and limited availability. In this context, the KATANA water-activation
loop fills an important research gap by enabling extended investigations of water activation.

The neutron spectra of fission and fusion reactors differ significantly. Prompt fission neutrons are
emitted with a Maxwellian-like distribution peaking below 1 MeV and with an average energy around
2MeV [26, 27], whereas D-T fusion produces almost monoenergetic neutrons with an energy near
14.1 MeV [28]. Figure 1 shows the prompt fission neutron spectrum of *>U, the D-T neutron spectrum,
and cross-sections of key water-activation reactions. The *O(n,v)!?O reaction occurs primarily with
thermal neutrons, whereas °O(n,p)'*N and 7O(n,p)'”N are threshold reactions with energy thresholds
of about 10 MeV and 8 MeV, respectively. Therefore, water activation is more prevalent in fusion envir-
onments with high-energy neutrons. Since only about 0.3% of prompt ***U fission neutrons exceed
9MeV and only about 0.1% exceed 10.5MeV, the contribution of water activation in fission reactors is
limited [4]. Nevertheless, the same water-activation products can be produced in both fusion and fission
environments. Furthermore, water activation in fusion reactors is estimated to be several orders of mag-
nitude larger than in fission reactors of comparable power [4]. Although the absolute specific activity
of water is not critical for validation experiments—because the neutron transport equation is linear and
results can be extrapolated—fission reactors can still be used for fusion-relevant experiments [29, 30].
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Figure 1. 2**U prompt fission neutron spectrum (blue) [27] and D-T fusion neutron spectrum (red), both normalised to a neut-
ron flux of In-cm™2 - s~! per MeV. Cross-sections for water-activation reactions (black) are based on the FENDL-3.2b data
library [31]. Reproduced with permission from [10]. CC BY-NC-ND 4.0.

This work investigates the feasibility of detecting and quantifying neutrons emitted in the decay of
17N using the neutron activation method [32]. Additionally, this method is proposed to estimate the
KATANA neutron emission rate and to evaluate the neutron fluence at selected sample locations.

The outcomes of this study may broaden the application of the neutron activation method to detect
neutrons emitted by activation products in water—an approach, to the authors’ knowledge, not previ-
ously applied to this problem. The results will support the experimental characterisation of the newly
commissioned KATANA water-activation loop, assist validation of fluid—activation codes, and help reduce
uncertainties in water-activation experiments.

This paper is organised as follows. Section 2 describes the KATANA water-activation loop, presents
the pre-analysis used to select suitable neutron activation monitors, and summarises the experimental
conditions. Section 3 describes the proposed methodology and details the MCNP simulations. Section 4
presents gamma-spectrometry measurements for analysed samples, the determined activities of produced
nuclides, and assessed experimental reaction rates. The section also includes MCNP predictions of the
neutron-fluence energy spectrum and calculated reaction rates, leading to the derived neutron emission
rate of the KATANA water-activation loop and estimated neutron fluence at sample positions. Section 5
summarises the main conclusions of this work.

2. Experiments at KATANA water-activation loop

The JSI operates a TRIGA Mark II research reactor. The reactor is a 250 kW light-water pool-type
facility cooled by natural convection [33]. A useful feature for simulating fusion devices is that the
TRIGA reactor can simulate pulse operation by reaching peak powers of up to 1 GW for several milli-
seconds [34, 35].

The reactor includes several irradiation channels; in particular, the radial piercing port (RPP) passes
through the graphite reflector and reaches the reactor core. An analysis has shown that the RPP is the
most suitable location for implementing an irradiation facility that utilises a closed-water-activation
loop [36].

The KATANA water-activation loop is shown in figure 2. It consists of three parts: the inner irra-
diation part, where water activation occurs; transport tubes that convey activated water from the RPP
to the outer observation section; and the outer observation part (referred to hereafter as the KATANA
snail) - the final piece of the loop, designed to accumulate the activated water in a defined region where
detectors can be placed to measure «y rays and neutrons.

2.1. Preliminary analysis for selection of neutron-activation monitors

In order to select the most suitable neutron activation monitors for irradiation experiments at KATANA,
a detailed pre-analysis was performed. A set of FISPACT-II [38] simulations was carried out for selected
materials: Au, Co, Cr, In, Mn, Mo, Nb, Ni, Sc and Ta. These materials were considered for irradiation in
a given neutron flux for 3h, 8h and 12h. The neutron spectra used as input for the FISPACT-II calcu-
lations were based on neutron emissions resulting from the decay of '”N; these emissions occur at the

3
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Figure 2. Schematic drawing of the KATANA water-activation loop, showing its three main components: the inner irradiation
part, the transport tubes (partly located in the RPP), and the outer observation part (KATANA snail) for placement of -y and
neutron detectors. Adapted with permission from [37].
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Figure 3. Calculated specific activity of selected neutron activation monitors at selected cooling intervals following 8 h of
irradiation.

three discrete energies listed in table 1. For a coolant flow rate of 0.51- s~1, the total neutron emission
rate from '”N decay was estimated as 1.11 x 10*n-s~! [39]. All simulations employed the TENDL-2017
nuclear data library [40].

Figure 3 presents the FISPACT-calculated specific activities for the considered neutron activation
monitors at selected cooling intervals following an 8 h irradiation. The indium activation sample exhib-
its the highest specific activity after irradiation. In addition to predicted activity, other selection cri-
teria were applied. Activation monitors had to be small enough to fit inside the KATANA snail (where
the neutron flux is approximately 30% higher than outside the snail [41]), or sufficiently massive
so that irradiation outside the snail would yield measurable activity. The nuclides produced in the
candidate samples should emit gamma rays with well-defined energies and sufficient intensities for
gamma-spectrometry detection, and should have half-lives long enough to permit reliable measurement.
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Table 2. Properties of the samples selected for irradiation at the KATANA water-activation loop during the experimental campaign.

Sample name Mass (g) Thickness (mm) Diameter (mm)
Au-1 9.9883 2.02 18.25
Au-2 9.9989 1.99 18.11
Au-11 0.4942 0.11 17.81
Au-12 0.4698 0.10 17.87
Au-13 0.4919 0.10 17.92
Au-14 0.5025 0.10 18.07
Au-15 0.4992 0.10 18.02
Au-16 0.4561 0.09 18.07
In-1 99.8603 4.73 63.59
In-2 100.2736 441 63.31
In-3 99.3851 4.38 63.23
In-5 99.6281 4.44 62.84
In-6 98.3570 4.46 63.29
Ni-6 92.2603 3.64 60.36
Ni-8 103.6357 4.09 60.11

Considering these criteria, three neutron activation monitors were selected for the experimental cam-
paign: indium, gold and nickel.

For the indium samples, neutron irradiation is expected to produce two metastable nuclides: !'>"In
and ''®"In. Both emit well-defined gamma rays with high intensities and have half-lives sufficient for
reliable detection. However, the contribution from 1°"In is not useful for neutron-fluence estimation
because the °In(n,7)!'*"In cross-section exhibits numerous resonances, which complicate fluence
determination. By contrast, 15m1y s suitable for fluence estimation and will be examined in the meas-
ured gamma spectra.

In the case of gold, the likely activation products are *’”Au and *®Au. The isomer ¥"Au is pro-
duced in a reaction with a relatively smooth cross-section but has a very short half-life (7.73 s) and may
therefore be unobservable in a gamma energy spectrum. The nuclide '*®Au has a longer half-life and
emits an intense gamma line; however, the 7 Au(n,v)!?® Au reaction cross-section exhibits a resonance
structure. Consequently, gold is more suitable as an indicator of neutron presence than as a precise flu-
ence monitor.

For nickel, production of *¥Co is expected. This radionuclide emits a gamma ray with a high branch-
ing ratio (99.45%) and is produced via reactions with relatively smooth (non-resonant) cross-sections,
making *¥Co a suitable choice for neutron-fluence determination from measured gamma spectrum.

Table 2 summarises the properties of the samples selected for irradiation at the KATANA water-
activation loop during the experimental campaign.

2.2. Experimental setup

The experimental campaign at the KATANA water-activation loop lasted six days. The irradiation time
was increased progressively from 2h to 4h, 6h and 7h, reaching 20h on the final day. During all irra-
diation days the reactor operated at a constant power of 250 kW. The water flow rate was 0.6811-s!

on days 1, 2, 4 and 5, and 0.6901-s~! on days 3 and 6. Samples small enough to fit inside the KATANA
snail were placed within it; larger samples were positioned outside. Figure 4 shows the two irradiation
geometries used for samples of different sizes. Detailed information on sample placement, irradiation,
cooling and gamma-spectrometry measurement times is given in table 3.

Samples In-5 and In-6 were irradiated under a cadmium cover to suppress the contribution of
thermal neutrons [42, 43]. This shielding reduced the production of Hem1n which is not useful for flu-
ence determination, and decreased the Compton background, thereby improving the visibility of the
15mn peak.

After irradiation, samples were measured on JSI's ORTEC HPGe coaxial detector (relative efficiency
40%, energy resolution 1.85keV at 1332 keV). Efficiency calibration was performed with ANGLE5 soft-
ware [44, 45] using the known efficiency curve of the calibration source. A dedicated efficiency curve
was determined for each analysed sample. Figure 5 presents an example of the resulting energy—efficiency
calibration curve for an In-6 sample.
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Figure 4. Irradiation geometries. Left: larger samples positioned outside the KATANA snail. Right: smaller samples placed inside
the snail.

Table 3. Sample irradiation strategy at the KATANA water-activation loop, listing campaign day, irradiation time, sample name,
irradiation location, cooling time, and gamma-spectrometry measurement duration. Sample Ni-8 was positioned outside the KATANA
snail and irradiated at that location from days 3—6; gamma-spectrometry measurement was performed after day 6.

Campaign day Irradiation time (s) ~Sample name Irradiation location ~ Cooling time (s) ~Counting time (s)

1™ 7177 Au-11 and Au-12  Inside the snail 4 376
In-1 Outside the snail 1425 60887
Ni-6 Outside the snail 62609 18 705

ond 14365 Au-13—Au-16 Inside the snail 137 14524
In-2 Outside the snail 14979 52689

3t 21631 Au-1 and Au-2 Inside the snail 24 62573
In-3 Outside the snail 297 83580
Ni-8 Outside the snail — —

4th 21600 Ni-8 Outside the snail — —

5t 25201 In-5 Outside the snail 250 235821
Ni-8 Outside the snail — —

6 71380 In-6 Outside the snail 266 130079
Ni-8 Outside the snail 330049 777 378

3. Methodology and modelling

Gamma-spectrometry measurements on an HPGe detector enable the determination of the gamma-
energy spectrum emitted by an irradiated sample. After an energy-efficiency calibration, the activities of
nuclides produced in the sample can be determined. The activity of a nuclide is derived using the rela-
tion presented in equation (1) [46], where N is the net peak area of the selected v peak, e.¢(E) is the
full-energy peak efficiency at energy E, y is the emission probability (branching ratio) of the selected
~ line, # is the live time of the acquisition (s), K is the decay-correction factor for the cooling period
(from the end of irradiation to the start of acquisition) and Ky, is the decay-correction factor for the
nuclide decay during the measurement,
Ay = L 1)
Eeff (E) y 4] Kc Km
The cooling-time correction factor is shown in equation (2), where f. is the elapsed time between the

end of irradiation and the start of the gamma energy spectrum acquisition (s), and T}, is the nuclide
half-life (s),

In2
Ko = exp(—At) with A = = )
1/2
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Figure 5. Energy-efficiency calibration curve obtained with ANGLES software for an In-6 sample.

The correction factor that accounts for decay during counting is expressed by equation (3), where f,
is the clock time of the measurement (s),

= L —exp(-am)). (3)

T Ny

Some samples used in this work were relatively thick (4.38—4.73 mm). To account for ~y self-
absorption, a self-absorption correction factor F,,s was applied [47, 48]. Using mass attenuation coef-
ficients from [49], the calculation of F,p is given in equation (4), where p/p is the mass attenuation
coefficient (cm? - g~ '), m is the sample mass (g), and S is the sample surface area (cm?),

(p/p) m @)

o|ee(57)]

The activity corrected for ~ self-absorption is expressed by equation (5),

Faps =

A = Ay Faps. (5)

From the measured activity of the activation product, the experimental reaction rate RRey, can be
derived using equation (6) [50], where A is the activity of the produced nuclide (Bq), M is the atomic
mass of the target nucleus (g-mol™!), m is the mass of the irradiated sample (g), f; is the isotopic
abundance (fraction) of the target nuclide, N, is Avogadro’s constant (mol~!), X is the decay constant
(s71), and t;, is the irradiation time (s),

AM
mfiNa (1 —exp(=Atyr))

RReyy = (6)

3.1. MCNP modelling

In the neutronics model of the KATANA snail, the water inside is represented as a uniformly distrib-
uted neutron source with three discrete energies: 0.383 MeV (35%), 1.171 MeV (53%) and 1.700 MeV
(7%). Activation samples were added to the geometry at the locations corresponding to their experi-
mental placement. Figure 6 shows the CAD and neutronics representations of the snail with an indium
sample attached.

Calculations were performed with MCNP6 [51] using the ENDF/B-VIL.1 cross-section library [7].
Reaction rates per source neutron, RRycnp, were extracted with DE/DF cards using the "°In(n,n’)'>"In
cross-section from TENDL-2019 (MF = 10, MT = 4).

MCNP reports reaction rates normalised per source neutron: each neutron sampled from the water-
in-snail source is transported and its contribution to the reaction is recorded. Hence, the MCNP reaction
rate represents the average contribution of a single source neutron, including neutrons that do not reach

7



10P Publishing

Plasma Phys. Control. Fusion 68 (2026) 035003 J Wlodarczyk et al

In sample
] ] Water

- %

AlSi10Mg

In sample

= 40y

Figure 6. CAD and neutronics models of the KATANA snail with an indium activation sample placed at the location correspond-
ing to the experiment.

the sample. Comparing the experimentally derived reaction rate RR.y, with the MCNP-calculated reac-
tion rate per source neutron RRycnp yields the source strength (neutron emission rate—Q) as presented
in equation (7),

RRex
Q= (7)
RRmcne
Using the derived source strength Q and the MCNP-calculated neutron flux in the sample loc-
ation per source neutron (tally F4 - ), the neutron fluence at the sample location is expressed by
equation (8). It is worth noting that in this methodology Q and ¢ are time-independent,
D = Q- tir- o (8)

4, Results

Gamma-spectrometry measurements for the gold samples (Au-11 and Au-12) were recorded with a short
live time (376's) to evaluate whether the short-lived isomer °”"Au (T, /2~ 7.73 s) could be observed.
Production of " Au would be indicated by gamma lines at 130.2keV, 201.6 keV and 279.0 keV. Despite
the rapid acquisition, the nuclide was not detected, and no further analysis of the gamma energy spec-
trum for these samples was performed.

Gold activation products were also sought in spectra from Au-1, Au-2, Au-13, Au-14, Au-15, and
Au-16. To increase the detection sensitivity, Au-1 and Au-2 were measured together. Likewise, Au-13
through Au-16 were also measured in a group. In both cases, 1*® Au was detected, confirming neutron-
induced activation of the gold samples.

The Ni-6 sample was irradiated for 2 h. The *Co peak expected at 810.76 keV, was not observed.
Consequently, irradiation time for the nickel was increased: sample Ni-8 was irradiated over four cam-
paign days (days 3—6) and its gamma energy spectrum was accumulated for an extended period (nearly
nine days), but *Co remained unobserved.

The most promising results were obtained for the indium samples, and the following analysis focuses
on these. Table 4 lists the detected gamma lines associated with ''>”In and !'®"In, together with the
net peak-area uncertainties. In all gamma energy spectra measured for indium samples, the 336.24 keV
line of !'>"In was observed. Representative gamma energy spectra for In-1, In-3 and In-6 are shown in
figure 7. To improve readability, each observed peak is annotated with coloured markers that indicate
the originating sample.

Sample In-1 (2 h irradiation) was counted about 0.4 h after irradiation for ~17h. The short cool-
ing produced significant '®”In contributions (strong lines at 416.90, 1097.28, 1293.56, 1507.59 and
2112.29keV); net peak-area uncertainties for the most intense 16mIn lines were ~23%—4%.

Sample In-2 (4 h irradiation) was measured after a ~4 h cooling interval to suppress ''"In (half-
life ~54 min). Although only two ''®In lines remained, the extended cooling interval contributed to an

8
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Table 4. Detected nuclides, gamma energy lines, emission probabilities and net peak-area uncertainties for the indium samples.

Sample name Detected nuclide Gamma energy line (keV) Intensity (%) Net peak area uncertainty (%)
In-1 15mpy 336.24 45.90 11.1
1émp, 416.90 27.20 3.9
1097.28 58.50 3.1
1293.56 84.80 24
1507.59 9.92 6.4
2112.29 15.09 12.3
In-2 1Smyy 336.24 45.90 26.1
1émypy 1293.56 84.80 19.9
1507.59 9.92 12.4
In-3 15mpy 336.24 45.90 10.7
16myy 416.90 27.20 3.7
818.63 12.13 12.3
1097.28 58.50 2.8
1293.56 84.80 7.2
1507.59 9.92 7.0
2112.29 15.09 7.4
In-5 HSmpy 336.24 45.90 23.1
1émypy 1293.56 84.80 8.7
In-6 1Smyp 336.24 45.90 6.6
1émypy 416.90 27.20 19.5
1097.28 58.50 10.2
1293.56 84.80 6.7
1507.59 9.92 6.8
2112.29 15.09 20.6

increased net peak-area uncertainty for '""In (x26%) and to a probable underestimation of the derived
activity. Consequently, In-2 was excluded from further analysis to focus on higher-quality results.

For In-3 (6h irradiation) counting began after a short cooling time (/5 min) and continued for
~24 h; both >"In and several '*"In lines were observed.

In-5 was irradiated under a cadmium cover to suppress thermal-neutron activation of '*"In.
However, the very long counting period (=65 h) allowed short-lived ''"In to decay and bury its peaks
in the background. Moreover, during such an extended measurement, the activity of ''>"In (T} ), ~
4.4h) decreases and the relative background contribution grows, degrading peak purity and increasing
peak-area uncertainty to >20%. Consequently, the In-5 results are expected to underestimate the real
15mn activity and were excluded from subsequent analysis.

In-6 (20 h irradiation, cadmium shield) was measured for ~36h. Some ''*”In lines were still present,
but the long irradiation and shielding produced a relatively low net peak-area uncertainty for '*>”In
(~6.6%), yielding the most precise result for reaction-rate and fluence estimation.

4.1. Determination of the KATANA neutron emission rate

The activity of '>™In was derived from equation (1). Gamma self-absorption was accounted for using
equation (4), yielding the corrected activity in equation (5). Uncertainties were propagated using the law
of propagation of uncertainty, adopting the uncertainty components recommended in [52]. The results
are summarised in table 5.

The derived '>™In activities increase with irradiation time. Using the corrected activities and
equation (6), the experimental reaction rates RR.y, were assessed. MCNP reaction rates per source
neutron RRycnp were obtained with DE/DF tallies. The neutron emission rate Q was derived from
equation (7). Results are given in table 6.

4.2. Estimation of the neutron fluence at sample location

Using the MCNP model of the KATANA snail, the 709-group neutron flux density energy spectrum per
unit lethargy per source neutron at each sample position was calculated. Results for the indium samples
without and with a cadmium cover are shown in figure 8. The three prominent peaks visible in the
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Figure 7. Representative gamma energy spectra for In-1, In-3 and In-6 samples. Peaks of interest are marked in red, background
peaks in black and the annihilation peak in blue. Labels SE and DE next to nuclide names denote single- and double-escape

peaks, respectively.

spectrum correspond to the three discrete neutron energies emitted in the decay of '”N. Differences at
low energies demonstrate that the cadmium cover effectively absorbs the thermal-neutron component
and removes the lowest-energy portion of the spectrum.
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Table 5. Gamma self-absorption factors and measured activities of '>"In for the selected indium samples.

Sample name Irradiation time (s) Cooling time (s) Counting time (s) Faps Activity (Bq)
In-1 7177 1425 60887 1.24 +0.04 1.33£0.15
In-3 21631 297 83580 1.25+0.04 2.27+0.24
In-6 71380 266 130079 1.24 +0.04 3.344+0.22

Table 6. Experimental and MCNP reaction rates for the indium samples, and derived neutron emission rates.

Sample name RRexp (s7hH RRumcnp (reactions per n) Q™

In-1 (10.00 £ 1.12) x 107 (3.01554-0.0015) x 10~% (3.33+£0.37) x 10°
In-3 (7.5240.81) x 107 (3.0313 £0.0012) x 10™% (2.4840.27) x 10°
In-6 (7.0440.47) x 10~ (2.9000 £ 0.0015) x 10~% (2.4340.16) x 10°

(cm? s
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%

|
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Figure 8. MCNP-calculated 709-group neutron flux density energy spectrum per unit lethargy per source neutron at the indium
sample position, shown without (In) and with a cadmium cover (In+Cd). The labelled N17 peaks correspond to the three dis-
crete neutron energies from '”N decay.

Table 7. Neutron fluence and flux at the sample locations, derived for indium samples subjected to progressively longer irradiation
times.

Sample name Irradiation time (s)

Neutron fluence at the
sample location (cm™2)

Neutron flux at the sample
location (cm ™27 1)

In-1 7177
In-3 21631
In-6 71380

(2.2140.25) x 10°
(5.00 4 0.54) x 10°
(1.63£0.11) x 107

(3.08 4 0.34) x 10?
(2.3140.25) x 10?
(2.28 4:0.15) x 10?

The neutron fluence at the sample location was then estimated from the assessed source strength Q
and the MCNP-calculated neutron flux in the sample location per source neutron (see equation (8)).
The resulting neutron fluence and flux at the sample location are listed in table 7.

A linear increase of neutron fluence with irradiation time is observed, as expected. The derived neut-
ron flux at the sample location is relatively stable across the analysed samples. A comparison of the flu-
ence and flux behaviour is presented in figure 9.

A linear fit to the neutron-fluence versus irradiation-time data was obtained by the least-
squares method [53]. The slope of the best-fit line, which represents the neutron flux at the sample
location, is

(228.76 +5.44) cm ™% -5 1.

The flux estimates for In-3 and In-6 agree, within uncertainties, with the value determined from the lin-
ear fit to the neutron-fluence results. The flux derived from In-1 is slightly higher; this discrepancy may
be attributed to the short irradiation time of In-1, making that measurement less reliable. The observed
greater stability of results for longer irradiations suggests that extended irradiation times may improve
the precision and reliability of activation measurements at the KATANA water-activation loop based on
indium samples.
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Figure 9. Comparison of fluence and flux behaviour for the analysed activation samples. Upper panel: neutron fluence at
the sample location as a function of irradiation time; the least-squares linear fit is plotted; the fit equation and coefficient
of determination (R?) are reported in the inset. Lower panel: derived neutron fluxes at the sample location for the analysed
samples.

5. Conclusions

The KATANA water-activation loop fills an important gap in experimental studies of water activation. It
provides a stable source of both 7 rays and neutrons (the latter produced by "N decay with well-defined
energies), making it well suited for irradiation experiments. KATANA can directly support ITER-relevant
research by enabling experimental validation of fluid-activation codes for the cooling systems of ITER,
DEMO and other future fusion devices, and by helping to reduce experimental uncertainties in water-
activation simulations.

A detailed pre-analysis with the FISPACT-II inventory code (see figure 3) identified indium, gold
and nickel as the most suitable activation monitors for the assumed KATANA neutron spectrum.
Subsequently, a series of irradiations was performed with these monitors.

Gamma energy spectra for gold samples revealed *®Au, confirming the presence of neutrons origin-
ating from "N decay; the short-lived isomer " Au was not observed despite rapid acquisition. Nickel
activation (*®Co) was also not detected, likely because the **Ni(n,p)*Co cross-section is relatively low
(~20mb at 1.7 MeV).

Indium proved to be the most effective monitor for ’N neutrons at KATANA. The '>"In 336.24 keV
line was present in all indium spectra, and several '%"In lines were identified (see figure 7). Irradiation,
cooling and counting times were optimised to minimise uncertainty in the >”In activity; for two
samples (In-5, In-6) a cadmium cover was used to suppress thermal neutrons. Gamma self-absorption
corrections were applied when deriving activities.

The most precise result on ''>"In activity was obtained for sample In-6, owing to its long irradiation
(20h), an appropriate cooling schedule, extended counting and the use of a cadmium shield. Samples
In-2 and In-5 yielded underestimated activities because of excessive cooling time (In-2) and excessively
long counting (In-5); these samples were therefore excluded from the neutron-emission-rate determina-
tion. Final results are based on In-1, In-3 and In-6 samples.

From the measured ''>"In activities, experimental reaction rates were derived and compared with
MCNP-calculated reaction rates per source neutron to obtain the KATANA neutron emission rate (see
table 6). The three reliable sample estimates span (2.4340.16) x 10°n-s~! to (3.334£0.37) x 10°n-s~};
the values for In-3 and In-6 are in close agreement, while the estimate from In-1 is slightly higher, which
likely reflects the lower reliability of the In-1 measurement because that sample was irradiated for the
shortest time (2 h).
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A method for estimating neutron fluence at selected sample locations was proposed (see
equation (8)). The derived fluences increase with irradiation time, as expected (see table 7). A linear
fit of fluence versus irradiation time (see figure 9) yields a neutron flux of (228.76 +5.44)cm™2-s71,
consistent, within uncertainties, with the fluxes derived from In-3 and In-6; the flux derived from In-1 is
slightly larger, reflecting the lower reliability of that measurement.

The successful detection and quantification of ''>"In, produced by neutrons emitted in the decay of
7N, demonstrates that the neutron activation method can be used to characterise neutrons from activ-
ated water at the KATANA water-activation loop. The results show how experimental conditions (irra-
diation/cooling times and cadmium shielding) can be tailored to improve sensitivity and precision for
activation measurements at the KATANA water-activation loop.

Future work will characterise the neutron-fluence profile around the KATANA snail, further validate
the proposed methodology, and provide experimental data for validation of fluid-activation codes for
ITER, DEMO and other fusion devices. Results from KATANA are expected to reduce uncertainties in
water-activation simulations and thereby contribute to improved safety assessments for fusion systems.
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