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Abstract— KATANA water activation facility, which
serves as a well-defined high-energy gamma and neutron
source, has been successfully constructed at JSI TRIGA
reactor at the end of 2023. During the commissioning phase
Y and neutron dose rate measurements were conducted
around the KATANA to create a comprehensive dose rate
map under steady-state reactor operation with activated
water flowing throughout the circuit. Dose rates, quantified
as dose rate equivalents of H*(10)/time, were measured
using a certified neutron probe and two y detectors. The
peak y dose rate observed was up to 5 mSv/h at the close
vicinity of the main observation part of the circuit (Snail
head), with neutron contributions markedly lower, by more
than three orders of magnitude. Due to these elevated dose
rates, the experimental zone within the concrete walls has
been designated as a red zone, subject to stringent access
restrictions. Outside the labyrinth, however, the dose rates
remained below the limit of 10 pSv/h, indicating no need for
additional shielding. Experimental data were furtherly
compared with the computational results using a simplified
convectional method excluding detailed fluid dynamics. C/E
comparison showed that the gamma dose rates were
underestimated by a factor of 2-5, while neutron dose rates
near the source (Snail No. 1) were overestimated by a factor
of 1.8. These findings highlight the complexity of water
activation analysis at KATANA and the need for accurate
modelling. Future work should incorporate advanced, state-
of-the-art fluid activation codes and refined experimental
methods to increase precision and support benchmark-
quality experiments.
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I. INTRODUCTION

ATER as a primary coolant will play an important role

in the performance of fusion reactors, as it causes an
ionising radiation field throughout the facility after its
irradiation and activation and requires improved shielding for
instrumentation and personnel. The activation of water consists
primarily of the activation of oxygen, resulting in the generation
of activated °N, ’N and °O, which furtherly decay releasing
high energy gammas and neutrons. The threshold energy for the
primary water activation reaction, in particular, 60(n,p)**N, is

about 10.5 MeV. Consequently, neutrons in fusion reactors lead
to a water activity approximately five orders of magnitude
higher than in fission reactors of comparable power [1].

To support ITER [2][3], the KATANA irradiation facility
[4]1[5][6], which utilises a closed-water activation loop, was
successfully licenced, built and commissioned at the end of
2023 at the JSI TRIGA research reactor in Slovenia [7]. The
KATANA serves as a well-defined and stable high-energy
(6 MeV - 7 MeV) gamma and ~1 MeV neutron source [8]. Such
a high-energy irradiation facility will enable various
experiments based on water activation, e.g. shielding
experiments using ITER-relevant materials, investigation of the
response of detectors to high-energy y radiation, investigation
of short-lived moving radiation sources, integral cross-section
measurements, dose rates and spectrum measurements, etc. The
ultimate goal of KATANA is to perform benchmark-quality
experiments, e.g. experimental validation of fluid activation
codes (i.e. RSTM [9] [10], FLUNED [11], GammaFlow &
ActiFlow [12]), and to establish itself as a reference facility for
the calibration of high-energy y detectors [13], which will
significantly support the operation of ITER, DEMO [14] and
other future water-cooled fusion reactors.

To ensure safe operational conditions, it is critical that dose
rates within the reactor hall remain sufficiently low, i.e. below
the prescribed limit value of 10 puSv/h, during KATANA and
full-power operation of the TRIGA reactor. The aim of this
work is to create a comprehensive gamma and neutron dose rate
map around KATANA facility under steady-state reactor
operation with activated water flowing throughout the circuit
by performing gamma and neutron dose rate measurements at
multiple locations. In addition, an experimental data were
furtherly compared with the computational results using a
simplified convectional method excluding detailed fluid
dynamics.

The paper is structured as follows: Section 2 presents a brief
description of the KATANA irradiation facility, Section 3
presents the performed gamma and neutron dose rate
measurements, and Section 4 presents the computational
analysis and comparison with the experimental data.
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Il. KATANA WATER ACTIVATION LOOP

A. Water activation

The short-term activation of water consists primarily of the
activation of oxygen isotopes by the reactions *O(n, p)!*N,
O(n, p)N and BO(n, y)°O [15], with a very small
contribution from the activation of dissolved gases, corrosion
products and additives. Activated nitrogen and oxygen nuclides
subsequently decay, releasing y rays and neutrons with different
energies. The (n,p) reactions on %0 and 'O are threshold
reactions, while the (n,y) reaction on 20 already occurs at
thermal energies. The most important water activation reactions
and the corresponding decay properties are listed in Table I. The
main contribution to the activity of water during operation is the
activated isotope 6N due to the high natural abundance of the
isotope 0 and high cross-section for the (n,p) reaction.

TABLE |
ACTIVATION PRODUCTS OF WATER [15].
Reaction t2 Major decay Threshold Natural
[s] products energy abundance
v: 6.13 MeV (67 %)
%0 (np) N 7.3 ~105MeV  99.76 %
v: 7.12 MeV (5 %)
n: 0.38 MeV (35 %)
v: 0.87 MeV (3 %)
YOnp) N 417 ~9 MeV 0.04 %
n: 1.17 MeV (53 %)
n: 1.70 MeV (7 %)
v:0.11 MeV (3 %)
v: 0.20 MeV (96 %)
%0 (n,y)®O  26.88 <leVv 0.2%

v: 1.36 MeV (50 %)
v: 1.44 MeV (3 %)

B. KATANA irradiation facility

KATANA water circuit, schematically shown in Fig. 1,
consists of a pipe loop that is partially inserted into the radial
piercing port (RPP). The main components are the inner
irradiation Snail, two outer observation Snails and transport
pipes. All important components, sensors and instruments for
controlling and operating the circuit, e.g. pump, valves, Coriolis
flow metres, temperature and pressure sensors, etc., are located
outside the RPP (shown in black). A three-way valve can be
used to fully or partially adjust the water distribution between
the primary (shown in red) and secondary loops (shown in
blue), referred to as Configuration 1 and Configuration 2,
respectively, further in the text. The primary loop is designed to
achieve the fastest possible transport of activated water in order
to achieve a high total activity of N and '’N within the outer
observation part (i.e. outer Snail No. 1), resulting in a lower
experimental uncertainty, e.g. for performing shielding
experiments with ITER-relevant materials. The secondary loop
(or so-called delay loop) extends the travel time of the activated
water and favours a N/*°0 isotope ratio in favour of °0. The
use of these two different circuit components, each optimised
for its specific function, improves the overall performance and
accuracy of the system. In addition, the loop branching also
enables the investigation of more complex scenarios such as the
simulation of the mixing of the activated water flow from
different pipes and/or the investigation of leakage scenarios.

Reactor
core

irradiation Snail

=

instruments/equipment —»

observation

SnailNo.2 —»> @<«——  Snail
Fig. 1. Schematic of the KATANA water circuit only (adapted from [5]).

To minimise occupational radiation exposure inside the
reactor hall, two special y & neutron shielding plugs are used
inside the RPP together with a 40 cm thick and 180 cm high
concrete wall around the experimental area. The entire
KATANA is controlled and monitored via the control panel,
located outside of the labyrinth-shaped concrete wall. A fully
constructed and commissioned KATANA facility is shown in
Fig. 2.

¥
Fig. 2. Constructed and commissioned KATANA facility at JSI TRIGA
research reactor (figure taken from [5]).

I1l. DOSE RATE MEASUREMENT

During the commissioning phase, and with a focus on safety,
y and neutron dose rate measurements were conducted around
the KATANA circuit (within the experimental area enclosed by
concrete walls) and across the reactor hall to create a
comprehensive dose rate map under steady-state reactor
operation (250 kW) with activated water flowing throughout
the circuit (flow rate 0.4 L/s). Dose rates, quantified as dose rate
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equivalents of H*(10)/time, were measured using a certified
neutron probe (Berthold LB 6411) and two y detectors: a
pressurized ionization chamber (Fluke Victoreen 451P-DE-SI-
RYR) and a scintillator probe (Automess 6150AD-b/H). All
three detectors, with the reported uncertainty of 25 %, are
shown at the bottom left side of Fig. 3.

A total of 21 measurement positions (MPs), as shown in
Fig.3, were strategically selected to characterize dose rate
distributions at key locations around the KATANA facility.
These included positions along the line of sight from the reactor
pool plug (RPP), around the outer Snails No. 1 and 2, and at
various points inside, outside, and at the entrance of the
concrete shielding wall.

Origin (x,y): MP 0

X«

z
v
2 4

a @2 Balcony

//

S

| 3 ¥
Fig. 3. 21 measurement positions for gamma and neutron dose rates around
KATANA facility, covering both the shielded experimental area and selected

locations in the reactor hall.

To capture peak dose rate values, most MPs were positioned
at a height of 86 cm above the ground—corresponding to the
vertical centreline of the RPP and the height of the primary
circuit loop (Snail No. 1). Exceptions to this height included
MP 17, located at the centre of the lower winding of the
secondary loop inside the labyrinth wall, and several positions
situated externally within the reactor hall: MP 7 (top of the
concrete wall), MP 11 (stairway) and MP 12 (balcony).

Detailed spatial coordinates (X, y, z) of all MPs, with an
associated positional uncertainty of £5 cm and the coordinate
origin defined at ground level beneath MP 0, are provided in
Table 1, along with the corresponding dose rate measurements.
Due to differing detector sensitivities across radiation field
intensities, gamma dose rate measurements within the concrete
shielding (MPs 0-7, 13-17, and 19) were performed using a
Fluke ionization chamber. Conversely, dose rates at all other
reactor hall locations (MPs 8-12, 18, and 20) were measured
using an Automess scintillator probe, as indicated with an
asterisk (*) in the tables.

As expected, the highest gamma dose rate—reaching up to
5 mSv/h—was measured near the outer Snail No. 1. The dose
rate at the inlet side (MP 13) was almost 50 % higher than at the
back side (MP 14), where the activity of the water is
significantly reduced due to radioactive decay along its flow
path through the Snail. A comparatively elevated gamma dose
rate of 0.6 mSv/h was also recorded near the pump (MP 15),
which can be attributed to the substantial volume of activated
water in that region (approximately 4 litres).

Despite these localized peaks, all measurement positions
located outside the experimental zone (i.e., beyond the concrete
shielding wall) exhibited dose rates below the regulatory
threshold of 10 uSv/h. The contribution of neutrons to the
overall dose rate is more than three orders of magnitude lower
than that of gamma radiation and is therefore considered
negligible for the purposes of radiological assessment.
Nevertheless, neutrons (originating from 'N) are easily
measured by using time dependent (*He and BF3) detectors and
can be used to characterise KATANA characteristics [8].
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TABLE Il

EXPERIMENTAL AND CALCULATED DATA OF GAMMA AND NEUTRON DOSE RATE FOR 21 LOCATIONS AROUND KATANA (CONFIGURATION 1, 250 KW, FLOW RATE

0.4 L/S). CALCULATIONS (WITH C/E VALUES) CONSIDERED SINGLE AND DOUBLE SOURCE LOCATION OF ACTIVATED WATER.

SINGLE SOURCE (Snail no.1) DOUBLE SOURCE (Snail no.1 + pump)
LOCATION Experiment Calculation CIE Calculation CIE
MP X Y z v neutron v neutron b neutron b neutron v neutron
(1 [eml  [em]  [em] [ [uSwh]  [uSv/h] | [uSv/h] [nSv/h] 1l 1l [nSv/h] [nSv/h] [ [
0 0 0 0 132 11 7.2 3.47E-02 0.05 0.003 10.6 4.31E-02 0.08 0.004
1 0 20 1 30 9 10.1 4.83E-02 0.34 0.005 135 5.68E-02 0.45 0.006
2 0 100 2 120 0.8 22.6 9.07E-02 0.19 0.11 26.2 1.00E-01 0.22 0.13
3 0 200 3 50 0.5 8.3 2.54E-02 0.17 0.05 9.8 2.89E-02 0.20 0.06
4 -121 246 4 122 0.4 19.9 4.95E-02 0.16 0.12 229 5.71E-02 0.19 0.14
5 -286 197 5 54 0.1 6.2 2.82E-02 0.1 0.28 9.6 3.71E-02 0.18 0.37
6 0 398 6 3 0.2 0.7 4.36E-03 0.22 0.02 0.8 5.34E-03 0.26 0.03
7 0 418 7 2 0 0.2 1.27E-03 0.09 N/A 0.2 1.61E-03 0.12 N/A
8 0 444 8 0.4* 0 0.1 3.18E-04 0.29 N/A 0.1 4.29E-04 0.33 N/A
9 156 293 9 1.3* 0 0.2 1.28E-03 0.16 N/A 0.3 1.63E-03 0.22 N/A
10 96 -2 10 2.8* 0 0.9 1.00E-03 0.33 N/A 11 1.24E-03 0.41 N/A
11 0 714 11 1.7* 0 0.1 7.30E-04 0.04 N/A 0.3 1.37E-03 0.17 N/A
12 256 661 12 1.4* 0 0.0 5.49E-04 0.02 N/A 0.0 7.20E-04 0.03 N/A
13 -107 148 13 5000 3 1388.3 3.66 0.28 1.22 1397.7 3.68 0.28 1.23
14 -94 164 14 3400 2 12314 3.53 0.36 1.77 1236.8 3.54 0.36 1.77
15 -167 87 15 600 11 26.8 9.70E-02 0.04 0.09 109.1 2.34E-01 0.18 0.21
16 -273 111 16 90 0.3 75 3.41E-02 0.08 0.11 14.8 5.04E-02 0.16 0.17
17 -79 100 17 320 11 49.0 1.59E-01 0.15 0.14 56.0 1.74E-01 0.17 0.16
18 -116 430 18 0.6* 0 0.1 4.00E-04 0.06 N/A 0.2 6.01E-04 0.37 N/A
19 -62 237 19 9 0 5.8 9.23E-03 0.65 N/A 6.3 1.05E-02 0.70 N/A
20 -344 372 20 1.7* 0 0.5 7.71E-04 0.30 N/A 0.7 1.03E-03 0.42 N/A

Remarks: a) N/A: experimental value is 0. b) C/E values between 0.2 — 5 are highlighted.

¢) Relative statistical uncertainty for all MP is below 2 %. d) All dose rate detectors have stated measurement uncertainties of 25 %.
e) y dose rate measurements noted with the (*) were performed with Automess scintillator detector (others with Fluke detector).

IV. COMPARISON OF COMPUTATIONAL AND EXPERIMENTAL
DATA

A. Computational model

Experimental data described above were also compared with
the computational results. To perform that, an MCNP model
containing the TRIGA reactor core and the inner part of the
KATANA structure, which was used for the calculation of the
RR density profiles of N, N and '°0O inside the inner
irradiation Snail (see article [5]), was updated to include the
outer part of the KATANA facility and the reactor hall. Once
again, the detailed CAD model (schematically shown in Fig. 3)
was simplified in order to be converted to the MCNP file using
the GEOUNED [16]program.

In the second step, the source of activated water was defined,
which is evenly distributed within the outer Snail No. 1, i.e. the
main source of activated water for the primary loop -
Configuration 1, without taking into account contribution of
activated water from the rest of the circuit. The intensity of the
source was determined based on the calculated saturated

activity values of 1N (7.01 x 107 Bg; 77.675 %), 'N (1.15 x
10* Bg; 0.017 %) and °0 (9.54 x 108 Bq|; 22.307 %) inside the
Snail No. 1 and taking into the account the dominant released y
rays and neutrons (see Table I).

The y and neutron dose rate values were calculated as an
ambient dose equivalent H*(10) by using flux-to-dose rate
conversion factors (ICRP-21 [17]and NCRP-38 [18]).

B. Computational results: single source location

v and neutron dose rates were calculated at selected twenty-
one measurement positions (MP: 0 - 20) and on a global mesh
area, i.e. meshtally, around the KATANA facility, providing a
global dose field distribution and insight into the important
streaming paths. Results of the global y (top) and neutron
(bottom) dose field distributions are presented in Fig. 4
respectively, in a horizontal cross-section view (XY plane) at
the height of the centre of the outer Snail No. 1 (Z = 86.4cm).
In addition, the contour lines have been added in red for better
clarity. The maximum achieved y and neutron dose rate inside
the Snail No.1 are 6.7 mSv/h and 23.8 uSv/h, respectively,
which are gradually decreased for more than four orders of
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magnitude throughout the area. The main factor is the radial
(R?) dependence on the distance from the source, whereby the
surrounding shielding concrete wall further decreases the
radiation.

From the safety point of view, the dose rate outside the wall,
i.e. outside the experimental area, is well below the limit value
of 10 uSv/h, whereby the contribution of the neutrons to the
total dose rate is negligible and more than 2 orders of magnitude
smaller than that from gammas. However, some unique
streaming characteristics can be observed between them, due to
the nature of the interaction between gammas and neutrons with
matter. Specifically, for gammas, streaming paths (“'rays") with
higher dose rate values are observed from the concrete shielding
wall onwards. The reason for this phenomenon is the extra
empty space (can be seen in Fig. 2. and Fig. 3) at the top of each
shielding block that is used for handling. The effect is even
more pronounced because the source (Snail No. 1), located at a
height of 86.4 cm, is nearly aligned with the top of the first row
of the shielding wall (90 cm). This effect was not known before
the analysis. However, it was unintentionally taken into account
when selecting the locations of MP 18 and MP 20, which were
chosen based on the highest measured y dose rate in the vicinity
of the corresponding location, i.e. the tallies (spheres) for MP
18 and MP 20 match the beam paths in Fig. 4 on the top.
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Fig. 4. Calculated global gamma (top) and neutron (bottom) H*(10) dose rate
field around KATANA using a single source location of activated water (Snail
No. 1) in a horizontal cross-section view (Configuration 1, flow rate 0.4 L/s,
full reactor power 250 kW). Contour lines are shown in red.

Results of the calculated gamma and neutron dose rate at
locations of the 21 MPs throughout the reactor hall are
presented in Table 1. The relative uncertainty, which only takes
into account the statistical uncertainty of the Monte Carlo
simulation, is well below 1% for the majority of MP and up to

2% for those outside the concrete wall. In addition, the C/E
values (calculation vs experiment) are included, whereby
experimental data have the stated 25% measurement
uncertainty. C/E values between 0.2 - 5 (difference by a factor
of 5) are highlighted for better clarity.

The C/E values for gammas are for all MPs below 1
(underestimation), whereby eight of them show a value within
a factor of 5 (highlighted). These MPs, in which the
contribution from the activated water inside the outer
observation Snail No. 1 is the largest, are located in the
immediate vicinity of the source (MP 13 and MP 14) or are
located behind the shielding wall. Results for other MPs
differed even more due to the higher contribution of the
activated water from the remaining part of the circuit.

The C/E results for neutrons show an even larger deviation,
although C/E values for MPs outside the wall are not available
due to extremely low (not measurable) dose rate values. A
really good agreement and a slight overestimation (less than a
factor of 1.8) are observed near the source (MP 13 and MP 14).
Extremely large deviations, underestimation up to a factor of
300, are observed for MPs: [0, 1, 2, 3 and 6]. However, this
deviation can easily be neglected since all these MPs are in
direct line of sight to the RPP and the primary contribution to
the total neutron dose rate originates from the neutrons emitted
by the reactor core (which scatter along the empty
instrumentation pipe of the inner part of KATANA) rather than
from those produced by activated water (*'N).

C. Computational results: double source location

The C/E values indicate that in some areas, the contribution
of the activated water from the remaining part of the circuit is
not negligible and must be taken into account as well. The
second most relevant component in the circuit (besides Snail
No. 1) is the pump with the high water volume (estimated at 4
litres). To further improve the C/E values, an additional global
dose field rate calculation was performed using a double source
location of activated water, i.e. inside Snail No. 1 and the pump.
The source intensity for the pump was determined on a similar
basis as for the Snail, i.e. calculated saturated activity,
considering a longer decay/transfer time (the pump is located
further along the circuit) and a larger water volume as: 3.99 x
107 Bq (*°N: 64.291 %), 3.54 x 10% Bq (*’N: 0.008 %) and 1.05
x 107 Bq (*°0: 35.701 %).

The results of the global y (top) and neutron (bottom) dose
field distributions around KATANA, based on a double source
location of activated water (Snail No. 1 and the pump), are
presented in Fig. 5 (horizontal cross-section: XY plane at Z =
86.4 cm) and Fig. 6 (vertical cross-section: XZ plane at Y =
—493 cm, corresponding to the centre of Snail No. 1), with
contour lines included for improved clarity. The impact of the
second source, i.e. the pump, is not negligible, as increased dose
rates can be clearly observed by the outward shift of the contour
lines from both sources. This effect is particularly evident in
areas closer to the pump or in regions that were previously well
shielded from Snail No. 1 but are now in direct line of sight
from the pump. In addition, the calculated relative statistical
uncertainties of the global meshtally distribution for neutrons
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and gammas are provided on the right side in Fig. 5 and Fig. 6.  the Monte Carlo simulation whereby uncertainties of the RRs,
The relative statistical uncertainty is both for neutrons and  geometry, etc. are not yet included. This will be an important
gammas practically below 1 % inside the experimental areaand  aspect to evaluate for the future work.

below 5 % in the remaining reactor hall. However, the reader

should be aware that these are only statistical uncertainties of
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Fig. 5. Calculated global gamma (top) and neutron (bottom) H*(10) dose rate field around KATANA using a double source location of activated water Snail
No. 1 + pump) in a horizontal cross-section view (Configuration 1, flow rate 0.4 L/s, full reactor power 250 kW). Contour lines are shown in red.
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Furthermore, results at the dedicated MPs, using both sources
(Snail No. 1 and the pump), are presented in Table I1 as well.
Improvement of C/E values is observed, especially at MPs
near the pump, i.e. MP: 15, 16, 5, 18 and 20. Results indicate
that considering the extra source of the activated water leads
to the right path towards C/E being closer to unity (resulting in
a higher number of highlighted values).

V. CONCLUSION

For radiological safety assessment, gamma and neutron dose
rates were measured around the KATANA facility during
steady-state operation of the JSI TRIGA reactor at full power.
The highest gamma dose rate, reaching up to 5 mSv/h, was
measured near the main observation part of the circuit, i.e. outer
Snail no. 1 — short loop, with an additional local increase near
the pump attributed to the higher water volume in that area.
Outside the concrete shielding labyrinth, however, dose rates
remained below the regulatory limit of 10 uSv/h, indicating that
no further shielding is necessary. The neutron contribution to
the total dose rate was significantly lower—more than three
orders of magnitude lower compared to gamma contribution.

In addition, experimental results were supported with the
calculations using a simplified convectional method excluding
detailed fluid dynamics. A comparison between calculated and
experimental (C/E) results revealed that gamma dose rates were
underestimated by a factor of 2 to 5, while neutron dose rates
near the primary source (Snail No. 1) were overestimated by a
factor of 1.8. Including the pump as a secondary source
improved agreement between simulation and measurement,
emphasizing the need for accurate source modelling.

The C/E comparison of the dose rate values provided
valuable insights into the water activation analysis of the
KATANA facility and highlighted both the complexity and the
challenges of carrying out such an absolute comparison. Further
work, in particular the implementation of the use of state-of-
the-art fluid activation codes (such as RSTM, FLUNED,
GammaFlow & ActiFlow) to more precisely define and
implement the distribution of activated water not only within
the Snail No. 1 and the pump but also throughout the rest of the
circuit and/or different loop configuration (Configuration 1, 2
or 3). In addition, such codes also allow for a more detailed
source modelling, so that a mesh-based source distribution can
be defined more correctly along the Snails (so far, the source
has been distributed uniformly over the entire water volume of
the Snail or the pump, thus implementing an additional
simplification/uncertainty to the model).

Furthermore, additional research and the improvement of
experimental results (either by using dose rate detectors with
lower measurement uncertainty or by measuring the neutron
and gamma flux with absolutely calibrated neutron and gamma
detectors which have much lower uncertainty, i.e. HPGe) are
extremely important and an essential part towards the goal of
performing benchmark quality experiments at KATANA with
a well-defined and low experimental and computational
uncertainty.
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