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Spallation neutron sources produce gaseous radionuclides that constitute an important yet poorly constrained
discharge-side source term, particularly for tantalum-clad tungsten targets. In this work, gaseous radionuclides in
the high-activity off-gas of the China Spallation Neutron Source (CSNS, 1.6 GeV) were investigated by combining
FLUKA Monte Carlo simulations with HPGe y-spectrometric measurements at a monitoring point in the facility
ventilation system. The measurements indicate that the discharged gaseous inventory is dominated by radio-
xenon, radiokrypton, and radioiodine. The simulations show that radioxenon, radiokrypton, and radioiodine
isotopes are formed mainly during the evaporation stage of proton-induced spallation; therefore, the predicted
activities of radioisotopes with half-lives longer than 1 h are only weakly dependent on the evaluated neutron-
data library. Statistical comparison between the measured and simulated Xe/Kr radioisotopes indicates that the
observed gaseous radionuclide pattern is primarily governed by the W-target source term. These results provide
measurement-based constraints on gaseous source terms from a tantalum-clad tungsten spallation targets, with
relevance to CTBT-related monitoring and off-gas management.

1. Introduction

Major spallation neutron sources worldwide include the Spallation
Neutron Source (SNS, USA) [1,2], Japan Proton Accelerator Research
Complex (J-PARC) [3,4], the China Spallation Neutron Source (CSNS)
[5,6], the ISIS Neutron and Muon Source (ISIS, UK) [7,8], and the Eu-
ropean Spallation Source (ESS, under construction) [9,10]. SNS employs
a liquid-mercury target (Hg), and high-power mercury target technology
has also been developed for J-PARC, whereas ISIS, CSNS and ESS adopt
tungsten-based spallation targets. Under GeV-scale proton irradiation of
heavy target materials, spallation and subsequent neutron activation
generate a wide variety of radionuclides within both the target and
surrounding media. Among them, inert noble gases (Xe, Kr) and volatile
halogens (I, Br) are of particular concern due to their high mobility and
potential for atmospheric release [11,12]. Compared with solid activa-
tion products, gaseous and volatile nuclides are more likely to migrate
through ventilation/off-gas systems and contribute to routine releases,
thereby directly influencing shielding design, delay-decay system per-
formance, and discharge control from a radiological-protection

perspective during operation.

In the context of nuclear-test monitoring and background discrimi-
nation, the CTBTO International Monitoring System (IMS) continuously
tracks atmospheric radioxenon isotopes—typically 131™Xe, 133xe,
1331“Xe, and 3°Xe [1 3,14]. Recent studies have shown that large nuclear
installations and high-power spallation facilities can produce measur-
able contributions to regional xenon backgrounds, complicating source
attribution and emphasizing the need for accurate radiological
source-term characterization [15,16]. To date, experimental bench-
marks for tungsten spallation cross sections remain scarce; accordingly,
most studies rely on Monte Carlo-based radionuclide inventory pre-
dictions [17,18]. While the production of non-gaseous radionuclides has
been assessed for spallation targets, discharge-side characterization of
gaseous radionuclides from spallation neutron sources remains limited.

CSNS operates with a 1.6 GeV proton beam and has reached a target
beam power of 160 kW, while the ongoing CSNS-II upgrade aims to
further increase the beam power to 500 kW, making discharge-side
characterization of gaseous radionuclides from tantalum-clad tungsten
targets of direct engineering relevance [19]. In this work, the gaseous
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radionuclides produced in the CSNS (160 kW, 1.6 GeV) tungsten spall-
ation target are studied through FLUKA simulations and y-spectrometric
measurements at the exhaust station. The objectives are to: (1) charac-
terize the FLUKA-simulated production and activation of major radio-
xenon, radiokrypton, and radioiodine isotopes under a representative
venting cycle; (2) identify and quantify the discharge-side radionuclide
composition of activated gases based on y-spectrometric measurements
at the exhaust station; and (3) compare the simulated and measured
Xe/Kr radionuclide patterns using a CMB/NNLS-based fitting frame-
work, AICc-based model selection, and rank-based consistency analysis,
in order to provide experimental constraints on discharge-side gaseous
radionuclide compositions for solid tungsten spallation targets.

2. Principles and methods
2.1. HOG generation and release process at CSNS

The generation and release of high-activity off-gas (HOG) at CSNS
can be conceptually divided into three stages (Fig. 1). (1) Nuclide pro-
duction and transfer to the coolant: When the 1.6 GeV proton beam
bombards the tungsten target, spallation reactions and secondary-
neutron activation produce a variety of gaseous and volatile radionu-
clides, mainly radioxenon, radiokrypton, and radioiodine isotopes.
These radionuclides diffuse from the target surface and transfer into the
cooling circuit, either in dissolved form or as gas bubbles entrained in
the circulating water. (2) Degassing and gas-phase accumulation in the
surge tank: After condensation, the cooling water is collected in the
surge tank, where the dissolved gaseous nuclides gradually degas from
the liquid phase and accumulate in the gas phase. (3) Radiolytic gas
buildup, venting, and delay decay: Under irradiation, water radiolysis
generates Hy, Oo, Hy0», and various reactive radicals and hydrated
species (H-, -OH) [20,21]. When the H; volume fraction in the surge tank
approaches its lower explosion limit (approximately 4%), the system
automatically opens the vent valve, releasing the HOG into a decay tank
for delayed decay treatment. Under current operating conditions, the
surge tank and decay tank are alternately vented with a period of about
3.5 h, giving a total delay time of approximately 7 h. After decay, the
off-gas passes through purification units—HEPA filters primarily
removing aerosols and particulates, and optionally adsorbent beds for
partial retention of reactive radioiodine species—before being dis-
charged in a controlled manner to the exhaust stack.

2.2. FLUKA simulation of inert gas production

The CSNS spallation target adopts a single-wall container configu-
ration (Fig. 1), consisting of a target vessel, a vessel cover plate, and
multiple tungsten (W) plates mounted in parallel inside the vessel. The
main target-station parameters are summarized in Table 1, and repre-
sentative operating conditions of CSNS during the measurement period

Nuclear Inst. and Methods in Physics Research, A 1089 (2026) 171602

Table 1
Target-station parameters of CSNS.
Technical parameter CSNS value
Beam power, kW 160
Proton energy, GeV 1.6
Pulse repetition rate, Hz 25

Target and cladding material

Tungsten target plate size (W x H)

Reflector

Target container material
Cooling medium

Target replacement interval

Tungsten target with tantalum cladding
170 mm x 70 mm

Be/Fe

$31603 stainless steel (316 L)

Heavy water

3-5 years

are described in the Appendix. Adjacent W plates are separated by
cooling channels with gaps of 0.8-1.2 mm, and the coolant water flow
rate is approximately 240 L min L. To reproduce the operational venting
cycle, the buildup of gaseous radionuclides during 3.5 h of continuous
proton irradiation was simulated.

Monte Carlo simulations were performed using FLUKA (version 4.5).
Proton-induced spallation at 1.6 GeV was modeled using FLUKA's
PEANUT framework, which describes the intranuclear cascade, pre-
equilibrium emission, and subsequent statistical de-excitation (evapo-
ration-dominated) on an event-by-event basis [22,23]. To assess un-
certainties associated with low-energy nuclear data, neutron transport
and activation calculations were performed using several evaluated
nuclear data libraries, including JEFF-3.3, CENDL-3.1, BROND-3.1,
ENDF/B-VIIIL.O, and JENDL-4.0u, while keeping the high-energy spall-
ation models unchanged. Each simulation employed 128 parallel runs,
with a total of 1E8 primary protons simulated per irradiation cycle.

2.3. Gamma-ray spectrometric measurement

During stable accelerator operation, HOG was sampled at each
venting event (approximately 3.5 h interval) using a 5.12 L polyethylene
sampling bag. y-ray spectrometric measurements were conducted
immediately after sampling using a p-type HPGe detector (GR5021,
ORTEC) over 30 keV-2 MeV. Spectra were acquired in List Mode, in
which spectroscopy data are streamed to the computer event-by-event
without the acquire-store—clear-restart dead periods of standard histo-
gram acquisition. The detector data were acquired continuously in list
mode, and the recorded events were subsequently sorted into successive
5-min time bins for spectral analysis.

The detector full-energy peak efficiency was calibrated using ORTEC
ANGLE (Advanced Gamma Spectroscopy Efficiency Calibration), which
is based on the efficiency-transfer concept. In this method, a reference
efficiency measured for a known configuration is transferred to the
target geometry through solid-angle modeling and Monte Carlo calcu-
lation. The sampled gas was modeled as a uniformly distributed cylin-
drical volume source with dimensions matching the detector chamber
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Fig. 1. The schematic of the HOG generation and release process.
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geometry (13 cm in diameter and 10.0 cm in height). The efficiency
calibration curve is shown in Fig. 2.

2.4. Activity determination of gaseous radionuclides

The gaseous radionuclides released in the HOG system are domi-
nated by short-lived isotopes. Therefore, decay between sampling and
y-spectrometric counting must be corrected. Since the gas sampling
duration was shorter than 1 min, decay during sampling was neglected.
Two decay corrections were applied: (i) the cooling time between
sampling and the start of counting (K;) and (ii) decay during the
counting interval (K3) [24]:

1

Tem

K (€))
_ /‘ltg
Tl1—e

K> ()
where 1 is the decay constant of the radionuclide, t; is the delay time
between sampling and measurement, and ¢, is the live counting time.

The activity concentration C; of radionuclide j in the gas sample was
calculated using:

N,

] T]thz

3)
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where Nj; is the net peak count after background subtraction, ¢; is the
full-energy peak detection efficiency, 7 is the y-ray emission probability,
V is the sample volume, and t; is the sample counting time.

In y-spectrometric measurements, counting statistics often dominate
the total uncertainty. The statistical (counting) uncertainty of the net
peak count can be evaluated from the sample and background spectra.
The statistical uncertainty for each line-derived activity was calculated
as:
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where N; and Nj, denote the counting rates of the sample and background
spectra, respectively, and t, is the background measurement time.
Accordingly, the combined standard uncertainty of C; is obtained by
uncertainty propagation:
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When multiple y-lines were available for the same nuclide, the final
activity was obtained as an inverse-variance weighted mean:

_ ZieawikGik
Dk Wk

where Cj is the activity concentration derived from the k-th y-line of
nuclide j, and the weights wy are defined by:

1
w (G

The combined standard uncertainty of the weighted mean is then
given by

~1/2
@)= (S m)

If a y-line was affected by known interferences (e.g., strong annihi-
lation peak at/near 511 keV) or yielded activity estimates close to the
detection limit, it was excluded from the weighted average to avoid bias;
detection-limit considerations were evaluated following the Currie
formalism [25].

G (6)

)

Wi =

®

2.5. CMB/NNLS-based model comparison between FLUKA simulations
and experimental measurements

FLUKA provides radionuclide inventories in the target components,
whereas the experimental observable is the gaseous activity concen-
tration collected at the ventilation facility. A direct one-to-one conver-
sion from FLUKA-calculated inventories (Bq) to measured exhaust gas
concentrations (Bq-m~>) was not attempted because transport/dilution
parameters along the discharge pathway are not sufficiently character-
ized. Therefore, the comparison between simulations and measurements
was performed within a model-based framework that focuses on
radionuclide-pattern consistency rather than absolute magnitude.

A CMB/NNLS-based (Chemical Mass Balance/Non-Negative Least
Squares) model was adopted to identify the dominant release-related
controlling factor. Three candidate descriptors were considered for
each material, namely total activity, surface-normalized activity, and
volume-normalized activity density, under three source hypotheses: W-
only, Ta-only, and joint W + Ta. For nuclide i, the measured gaseous
activity concentration is denoted by M;, and the corresponding FLUKA-
calculated descriptors for W and Ta are denoted W; by and Ta;, respec-
tively. The mixed-source model is written as

=
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0. 000
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Fig. 2. Geometry used for absolute-efficiency calibration and the corresponding efficiency curve.
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RSS= H;lzgz [l0g,(M;) — logy(aW; + bTa;)]* ©)

where a and b are non-negative scaling coefficients for W and Ta con-
tributions, respectively, and RSS is the residual sum of squares on the
logarithmic scale.

A CMB/NNLS-based model comparison was performed, and the
candidate models were ranked using the corrected Akaike information
criterion (AICc):

RSS k(k +1)

AICc=nln (—) + 2k + 2 (10)
n n—-k-1

where n is the number of nuclides and k is the number of fitted pa-
rameters. In the present study, k = 1 for the single-source models (W-
only or Ta-only) and k= 2 for the mixed-source model (W + Ta), Lower
values of AICc indicate better agreement between the model-predicted
radionuclide pattern and the experimental measurements. AICc also
penalizes unnecessary model complexity.

3. Results and analysis
3.1. FLUKA-simulated activities of Xe, I, and Kr radionuclides

3.1.1. Energy deposition and particle field characteristics in the CSNS target

Under 1.6 GeV proton irradiation of the tungsten target, Fig. 3(a)-(d)
show the proton and neutron lethargy fluence spectra and the corre-
sponding normalized spectral shapes at 11 plates along the beam di-
rection (W-1 to W-11), while Fig. 3(e) presents the primary-particle
energy-deposition distribution. The proton spectra (Fig. 3(a)) indicate
a progressive decrease in fluence along the axis as inelastic interactions
develop and beam energy is dissipated. From W-1 to W-11, the
maximum proton energy decreases monotonically, reflecting the energy
degradation of incident protons after strong hadronic interactions in the
target. The normalized proton spectra (Fig. 3(c)) further show that, for
W-1 to W-10, the proton fluence is dominated by the high-energy
component (E > 100 MeV, accounting for >90%), whereas the high-

=W-1+ W2+ W3- W4 - W5
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energy fraction drops to ~83% at the last plate (W-11), indicating
more pronounced spectral softening and depletion near the downstream
end.

Taken together, the proton/neutron spectral features (progressive
degradation and depletion of high-energy protons, neutron fluence
dominated by MeV-scale components with only a minor high-energy
tail) and the axial evolution of energy deposition suggest that, at
1.6 GeV, the dominant reaction mechanism in the tungsten target is
governed by high-energy hadronic inelastic interactions, manifested as a
spallation-driven cascade followed by statistical de-excitation (evapo-
ration-dominated).

3.1.2. FLUKA-simulated activities of Xe, I, and Kr radioisotopes

Evaporation in tungsten spallation targets generates a broad suite of
medium-mass fragments, while secondary MeV neutrons drive (n,xn)
activation; therefore, radionuclide inventories are sensitive to neutron
cross sections, branching ratios, and isomeric yields. Since FLUKA de-
scribes high-energy hadron-nucleus interactions through event-by-
event physical models, while neutron transport and activation at
lower energies rely on evaluated data libraries, this study compared the
predictions obtained using five major databases: JEFF-3.3, CENDL-3.1,
BROND-3.1, ENDF/B-VIII.O, and JENDL-4.0u. While short-lived radio-
nuclides exhibit stronger sensitivity to database differences, longer-lived
nuclides converge across libraries; the corresponding deviation maps of
nuclide activities are shown in the Appendix.

Considering that a decay time of approximately 7 h is specified under
the typical operating conditions of CSNS, this study focuses on radio-
nuclides that remain significant contributors to the discharge-side
gaseous source term within this time scale, namely Xe, I, and Kr radio-
isotopes with half-lives longer than 1 h. The calculated activities of these
radionuclides obtained using different evaluated neutron cross-section
libraries are shown in Fig. 4, aiming to assess the impact of nuclear-
data uncertainties on the major gaseous radionuclide source term
under realistic operating conditions. Fig. 4 presents the calculated ac-
tivities of these radionuclides for a 3.5 h irradiation scenario, arranged
in ascending order of half-life. The simulation results indicate that Xe
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Fig. 4. Calculated activities of Xe (a), I (b), and Kr (c) radioisotopes produced in the tungsten target under different evaluated neutron cross-section libraries.

and I radioisotopes span approximately 1E5 to 1E13 Bq, while Kr ra-
dioisotopes span approximately1E2 to 1E12 Bq. For 81Kr (Ty 5 = 2.29E5
years), negligible accumulation occurs during the 3.5 h irradiation,
yielding a very low activity (<1E3 Bq) and therefore a negligible
contribution to the short-term discharge-side source term.

Overall, the FLUKA simulations indicate that under typical CSNS
operating conditions, Xe and I radioisotopes dominate the discharge-
side gaseous source term, whereas only a subset of Kr radioisotopes
with intermediate half-lives is of engineering relevance during short-
term operation. To ensure consistency and comparability in subse-
quent analyses, all quantitative results presented hereafter are based on
calculations performed with the default JEFF-3.3 neutron cross-section
library in FLUKA. The results obtained using other evaluated libraries
are retained solely for assessing the uncertainty range associated with
nuclear data and are not adopted as reference values.

3.1.3. Comparison of Xe, I, and Kr radioisotopes activities produced in the
tungsten target and tantalum cladding

As the CSNS tungsten spallation target employs tantalum as a clad-
ding material, the Ta layer is also subject to activation under irradiation
by high-energy protons and secondary neutrons, potentially producing
gaseous radionuclides such as Xe, I, and Kr. To evaluate the relative
contributions of different structural materials to the discharge-side
gaseous radiological source term, a comparative analysis of radionu-
clide activities generated in the tungsten target body and the tantalum
cladding was performed. Fig. 5 presents the calculated activities of
major noble-gas radioisotopes produced in the tungsten target and the
tantalum cladding under identical irradiation conditions.

The results show that the activities of Xe, I, and Kr radioisotopes
generated in the tungsten target are typically two to three orders of
magnitude higher than those produced in the tantalum cladding. This

Isotopes from tungsten targetsill Isotopes from Tantalum cladding

1E+13

pronounced difference primarily arises from the substantial disparity in
geometric volume and effective production yield between the two
components: the total volume of the tungsten target is approximately
7735 cm®, whereas that of the tantalum cladding is only 78.5 cm®. In a
high-flux spallation neutron field, a larger target volume corresponds to
a higher probability of nuclear reactions and a greater capacity for
radionuclide accumulation.

3.2. Analysis of radionuclides in gaseous effluents by HPGe y-ray
spectrometry

To characterize gaseous radionuclides in the HOG under routine
operation, gas samples were collected at the exhaust station and
analyzed by HPGe y-ray spectrometry for nuclide identification and
activity concentration (Fig. 6). The measured activity concentrations are
summarized in Table 2. The measured gaseous inventory is dominated
by radioxenon, radiokrypton, and *'Ar, with activity concentrations on
the order of 1E3~1E5 Bg-m™>. Several radioxenon and radiokrypton
isotopes were not identified in the measured spectra because no
distinguishable y-ray peaks were observed or because their emission
intensities were too low, resulting in activity concentrations below the
detection limit. Further details of the y-spectrometric analysis are pro-
vided in the Appendix.

In addition to noble gases, several radioiodine isotopes
126I, and '3'1) and one radiobromine isotope ("Br) were identified. The
activity of 2?1 is comparable to that of its parent 122Xe (ratio ~ 1), which
is consistent with in situ ingrowth during transport, sampling, and
counting. Only a single radiobromine isotope was detected, and the
measured 7®Br/7®Kr ratio is about 0.21. This observation suggests that
76Br is more plausibly attributable to ingrowth from “®Kr rather than to
direct release from the target assembly.
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For halogen radionuclides, only a limited number of iodine isotopes
were identified in the measured spectra, whereas no bromine signal that
could be unambiguously attributed to direct release from the target
system was observed. The average target-surface temperature recorded
by the thermocouples is ~70 °C [26], a first-order estimate based on
tabulated pure-substance vapor-pressure data suggests that, if halogens
were present mainly as Bry/Iy, volatility alone would not naturally
explain a much weaker Br signature than I [27]. Under the present
water-cooled target conditions, a more plausible explanation is aqueous
speciation: bromine readily undergoes hydrolysis/disproportionation
and is predominantly retained as hydrophilic Br /HOBr (and related

oxybromine species), which enhances scrubbing and water-phase
retention [28,29], while iodine may form a small fraction of more mo-
bile gaseous species (e.g., [,/HOI and organoiodine compounds) that can
partition into the gas phase. Taken together, the observed I/Br contrast
at the exhaust is more likely governed by wet-end chemical partitioning
and retention, rather than by target-surface temperature alone. Because
iodine can undergo complex transformations in the aqueous phase, the
subsequent comparison between the measured results and the FLUKA
predictions was restricted to Xe and Kr isotopes.
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Table 2
Measured gaseous radionuclides in the ventilation facility system.
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Radioisotopes ~ Half- y-ray energy Emission Countingrate  Detection efficiency Activity concentration Relative uncertainty
life (keV) probability (%) (Bqm™3) (%)
Radioxenon
1225 20.1h 4.16E+02 1.90E-02 4.83E-02 9.50E-03 6.20E+04 1.77
123%e 2.05h 1.78E402 1.49E-01 9.17E-02 2.00E-02 8.98E+04 1.87
125%e 16.9h 2.43E+02 2.88E-01 1.71E+00 1.56E-02 9.10E+04 0.21
127%e 36.3d 3.75E+02 1.72E-01 6.61E-02 1.08E-02 7.01E+03 1.62
133mye 2.20 d 2.33E+02 1.01E-01 8.14E-03 1.63E-02 1.03E+03 6.62
135%e 9.14h 2.50E+02 9.60E-01 3.87E-02 1.54E-02 7.32E+02 5.42
Radioiodine
1201 1.36 h 5.60E+02 6.96E-01 3.12E-01 7.84E-03 1.13E+04 1.87
1221 3.6min  5.64E4+02 1.80E-01 4.41E-01 7.84E-03 6.12E+04 0.43
1231 13.2h 1.59E+02 8.33E-01 1.99E-01 2.17E-02 2.77E+03 1.01
1261 12.9d 3.88E+02 2.90E-01 2.56E-01 1.05E-02 3.52E+04 0.23
131 8.03d 3.64E+02 8.10E-01 1.17E-02 1.08E-02 2.68E+02 6.16
Radiokrypton
76Kr 14.8h 2.70E+02 2.53E-01 9.06E-01 1.45E-02 6.06E+04 0.16
77Kr 1.19h 1.30E+02 8.10E-01 1.18E-01 2.38E-02 7.01E+03 1.71
7%Kr 35.0h 2.61E+02 1.27E-01 3.30E+00 1.51E-02 3.72E+05 0.12
8Smyy 4.48h 3.04E+02 1.40E-01 5.80E-01 1.28E-02 1.25E405 0.34
87Kr 127 h 8.45E+02 7.34E-02 2.25E-03 5.00E-03 6.58E+03 3.14
88Ky 2.83h 8.35E+02 1.30E-01 1.94E-02 5.01E-03 1.57E+04 4.05
Other radionuclides
7°Br 16.2h 5.59E+02 7.40E-01 3.01E-01 7.84E-03 1.25E+04 0.31
“Ar 1.83h 1.29E+03 9.92E-01 7.31E-02 3.22E-03 1.14E+04 1.31

4. Comparison between FLUKA simulations and experimental
measurements

To compare the FLUKA simulations with the HPGe measurements of
Xe and Kr radioisotopes, both an AICc-based model comparison and a
rank-based consistency analysis were performed. Fig. 7(a) presents the
AlCc-based comparison between the measured Xe/Kr activity concen-
trations and the FLUKA-simulated results for the target assembly. Nine
candidate models were constructed by combining three release descr-
iptors—total activity, surface-normalized activity, and activity densi-
ty—with three source hypotheses: W-only, Ta-only, and combined W +
Ta contributions. Among them, the lowest AICc is obtained for the total-
activity + W-only model (AICc = 2.86), while the activity-density + W-
only model also remains competitive (AICc = 3.49). By comparison, the
surface-normalized models are much less favored, and the Ta-only

models can be effectively excluded (AICc >10). These results do not
merely indicate that W is the dominant production region; more
importantly, they show that the FLUKA-predicted radionuclide in-
ventory in W contains sufficient structure to account for the main fea-
tures of the measured gaseous Xe/Kr pattern.

Fig. 7(b) further shows that the FLUKA-predicted radionuclide dis-
tribution in the W target is consistent with the measured relative
ordering of Xe/Kr isotopes, with a Spearman rank correlation coefficient
of p = 0.83 (p < 1E-3). This strong monotonic correlation indicates that
the simulation reproduces the overall isotopic structure of the measured
gaseous release pattern. Although the absolute release of individual
nuclides may still be modified by transport and retention processes after
production, the relative isotopic patterns of Xe and Kr remain well
preserved. This is a stronger and more practically relevant conclusion
than a simple source attribution, because it implies that FLUKA can be
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Fig. 7. Comparison between measured Xe/Kr activity concentrations and FLUKA-derived source descriptors for the target assembly: (a) AICc-based comparison of

candidate models. (b) Rank-rank comparison based on Spearman correlation.
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used to evaluate, at least semi-quantitatively, which noble-gas radio-
nuclides are likely to dominate the discharge-side composition and
whether the measured isotopic pattern is physically consistent with
target-side production.

The observed agreement for Xe and Kr is physically reasonable.
Under 1.6 GeV proton irradiation, tungsten undergoes high-energy
hadronic reactions followed by statistical de-excitation, producing a
broad range of noble-gas radionuclides. Because Xe and Kr are generated
throughout the target bulk and exhibit extremely low solubility in
metals, the discharge-side signal should be interpreted as the combined
result of in-target production and subsequent migration/release pro-
cesses, rather than as a direct one-to-one projection of the in-target in-
ventory [30,31]. The better performance of the total-activity model
therefore suggests that the measured Xe/Kr pattern is controlled mainly
by the overall source strength in the W target.

The comparison also defines the scope of applicability of FLUKA.
While FLUKA can predict radionuclide production and inventory in the
target, it does not explicitly describe downstream processes such as
release fraction, chemical retention, gas-liquid partitioning, and venti-
lation dilution. This limitation is especially important for reactive nu-
clides. The discrepancies observed for radioiodine and radiobromine at
the facility ventilation system indicate that wet-system chemistry and
retention play a major role in the water-cooled loop. Therefore, FLUKA
can be regarded as a useful first-order evaluation tool for discharge-side
Xe/Kr radionuclide patterns, but not as a complete predictive model for
all gaseous species. A more direct simulation-measurement comparison
for iodine and bromine would require additional treatment of chemical
transformation and transport processes.

5. Conclusions

This study investigated gaseous radionuclides associated with a solid
tungsten spallation target at CSNS (160 kW, 1.6 GeV) by combining
FLUKA Monte Carlo simulations with HPGe y-ray spectrometric mea-
surements at the facility ventilation system. FLUKA predicts the pro-
duction of a broad suite of Xe, Kr, and I radionuclides, with noble gases
formed predominantly during statistical de-excitation. Under the CSNS
delay—decay operation (approximately 7 h), radionuclides with half-
lives longer than 1 h therefore dominate the discharged inventory.

The measurements show that the gaseous discharge is dominated by
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radioxenon and radiokrypton, whereas iodine exhibits larger simu-
lation-measurement discrepancies, consistent with additional chemical
retention and phase-transfer effects in the water-cooled target system.
For chemically inert Xe and Kr, the measured isotopic pattern is in good
agreement with the FLUKA-predicted W-target inventory. The statistical
comparison further indicates that the exhaust-side Xe/Kr pattern is
governed primarily by the overall source strength in the W target.

These results show that FLUKA cannot directly predict the absolute
discharge concentration of all gaseous radionuclides, but it can provide
a physically meaningful first-order evaluation of the discharge-side
composition and isotopic pattern of noble gases in a water-cooled
tungsten spallation target system. The present work therefore provides
useful support for source-term screening, radionuclide ranking, and
radiation-safety assessment at high-power spallation neutron facilities,
while also offering relevant context for the interpretation of radioxenon
observations in CTBT-related source attribution and background
discrimination.
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1. Representative CSNS operating conditions during the measurement period

CSNS is a pulsed spallation neutron source operating at a repetition rate of 25 Hz. Publicly available information indicates that CSNS achieved
stable 160 kW beam-on-target operation in March 2024. Although the beam power was briefly increased to 170 kW in 2024, routine operation in 2025
was maintained at 160 kW. This operating profile is representative of an extended user-operation period at CSNS.

To provide a more intuitive description of the operating conditions, a representative 24-h beam-on-target power history obtained from the official
CSNS website is also included in the Appendix. The figure shows an effective beam-on-target time of 23.927 h within a 24-h period, indicating that
beam interruptions during the representative operating interval were brief and infrequent. Accordingly, the gaseous releases observed in this work
should be interpreted as characteristic of extended, quasi-continuous user operation with pulsed beam delivery, rather than isolated short-duration
release events.
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24-hour historical profile of beam-on-target power
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Fig. 1. 24-hour history of beam-on-target power.

2. Evaluation of nuclear-data uncertainty

Evaporation in tungsten spallation targets generates a broad suite of medium-mass fragments, while secondary MeV neutrons drive (n,xn) acti-
vation; therefore, radionuclide inventories are sensitive to neutron cross sections, branching ratios, and isomeric yields. Since FLUKA describes high-
energy hadron-nucleus interactions through event-by-event physical models, while neutron transport and activation at lower energies rely on
evaluated data libraries, this study compared the predictions obtained using five major databases: JEFF-3.3, CENDL-3.1, BROND-3.1, ENDF/B-VIII.O,
and JENDL-4.0u. Taking JEFF-3.3 as the reference, Fig. 1 shows the deviation maps of nuclide activities relative to the baseline calculation, and
Table 1 concluded the activities of all radioxenon, radiokrypton and radioiodine. As shown in Fig. 1, short-lived radionuclides exhibit stronger
sensitivity to database differences, while results for longer-lived nuclides converge across libraries. This trend arises because, under fixed irradiation
conditions, short-lived products approach a quasi-steady state dominated by instantaneous production rates, so any cross-section discrepancy is
directly reflected in activity. In contrast, long-lived isotopes accumulate gradually during irradiation and cooling, averaging out part of the nuclear
data variation.

Notably, among nuclides with half-lives exceeding 1 h, radioisotopes such as **Xe/!3™Xe/13%], and 321,/132™] still display appreciable library
dependence. Although these Xe and I radioisotopes primarily originate from medium-mass fragments formed in the proton-induced cascade-
—evaporation process at 1.6 GeV, the intense secondary neutron field within the target further redistributes their yields through (n,y), (n,2n), and
isomeric transition branching. Consequently, variations in neutron-induced reaction data and metastable branching ratios among different evaluated
libraries lead to noticeable differences in the predicted radioiodine isotope activities.
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Fig. 2. Relative deviations of radionuclide activities calculated with different neutron cross-section libraries (compared to JEFF-3.3).

Table 1
FLUKA simulated gaseous radionuclides in the tantalum-clad tungsten target at CSNS

Radioisotopes Half-life (s) Activity in W(after 3.5h irradiation) Activity in Ta(after 3.5h irradiation) Activity in W(after 7h decay) Activity in Ta(after 7h decay)

(Bq) (Bq) (Bq) (Bq)

O4Kr 2.12E-01 3.01E407 0.00E+00 0.00E+-00 0.00E+00
9Ky 1.29E4+00  1.78E+07 0.00E+00 0.00E+00 0.00E+00
92Ky 1.84E4+00  2.47E407 0.00E+00 0.00E+00 0.00E+00
9lKr 8.57E+00  8.17E+07 0.00E+00 0.00E+00 0.00E+00
Simgy 1.31E401  1.08E+11 1.57E+09 0.00E+00 0.00E+00
9OKr 3.23E+01  3.41E+08 0.00E+00 6.59E-227 0.00E+00
7omK 5.00E+01  7.62E+10 1.27E+09 1.45E-141 2.43E-143
89Kr 1.89E+02  9.80E+08 1.37E+407 7.15E-32 9.99E-34

75Kr 2.76E+02  2.39E+08 0.00E+00 7.80E-20 0.00E+00
74Kr 6.90E+02  2.06E+07 3.82E+08 2.08E-04 3.88E-03

77Kr 4.28E+03  2.35E+10 8.75E+07 3.95E+08 1.47E+06
87Kr 4.58E+03  7.24E+09 9.12E+08 1.60E+08 2.01E+07
83myy 6.59E+03  7.23E+10 1.64E+07 5.10E+09 1.16E+06
88Kr 1.02E+04  2.21E4+09 1.60E+08 3.97E+08 2.88E+07
8Smyy 1.61E4+04  1.47E+10 1.62E+07 4.98E+09 5.47E+06
76Kr 5.33E+04  1.02E+09 1.81E+08 7.33E+08 1.31E+08
79Kr 1.26E4+05  1.08E+10 7.70E+03 9.43E+09 6.71E403
85Kr 3.39E4+08  6.96E405 4.32E+00 6.96E+05 4.32E400
81Ky 7.22E+12  2.92E+02 0.00E+00 2.92E+02 0.00E+00
116my 3.27E-06 2.20E+10 5.70E+08 0.00E+00 0.00E+00
114 2.10E+00  3.91E+09 1.06E+08 0.00E+-00 0.00E+00
1y 2.50E+00  3.22E+07 0.00E+00 0.00E+00 0.00E+00
116 2.91E+00  4.89E+10 1.29E409 0.00E+00 0.00E+00
12y 3.34E400  5.07E+07 0.00E+00 0.00E+00 0.00E+-00
13y 6.60E+00  2.56E+09 5.89E+07 0.00E+00 0.00E-+00
133my 9.00E+00  7.54E+06 0.00E+00 0.00E+00 0.00E+00
15y 9.00E4+01  1.68E+10 4.11E408 8.67E-75 2.12E-76

17y 1.33E4+02  1.16E+11 2.96E+09 1.29E-46 3.31E-48

122 2.18E4+02  1.73E+11 3.96E+09 2.56E-24 5.86E-26

118my 5.10E4+02  5.04E+10 1.31E+409 6.74E-05 1.75E-06

130my 5.30E4+02  3.92E+07 0.00E+00 1.96E-07 0.00E+-00
18y 8.22E4+02  1.12E+11 2.92E+09 6.63E+01 1.72E+00
119 1.15E4+03  3.85E+11 9.24E+09 9.25E+04 2.22E+03
128y 1.50E4+03  8.32E408 9.76E+06 7.26E+03 8.51E4-01
120my 3.18E+03  8.53E+10 1.93E+09 3.51E+08 7.96E+06
120 4.90E4+03  3.42E+11 8.36E+09 9.64E+09 2.36E+08
132my 4.99E4+03  9.68E+06 0.00E+00 2.93E405 0.00E+00
121y 7.63E+03  4.34E+11 1.04E+10 4.40E+10 1.05E+09

(continued on next page)
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Table 1 (continued)

Radioisotopes ~ Half-life (s)  Activity in W(after 3.5h irradiation) Activity in Ta(after 3.5h irradiation) Activity in W(after 7h decay) Activity in Ta(after 7h decay)

(Bq) (Bq) (Bq) (Bg)

132 8.26E+03  1.15E+07 0.00E+00 1.39E+06 0.00E+00
130 4.45E4+04  4.03E+07 0.00E+00 2.72E+407 0.00E+00
123y 4.76E+04  7.56E+10 1.75E+09 5.24E+10 1.21E+09
1331 7.50E+04  1.72E+06 0.00E+00 1.36E+06 0.00E+00
124y 3.61E+05  6.34E+08 1.06E+07 6.04E+08 1.01E+07
131y 6.93E4+05  1.37E+06 0.00E+00 1.34E406 0.00E+-00
1261 1.12E406  1.45E+08 7.26E+05 1.43E+08 7.15E405
125 5.13E+06  1.00E+08 2.16E+06 1.00E+08 2.15E4-06
129 4.95E+14  1.71E+04 0.00E+00 1.71E404 0.00E+-00
132mye 8.39E-03 9.26E+07 0.00E+00 0.00E+00 0.00E+00
134mye 2.90E-01 7.87E+06 0.00E+00 0.00E+00 0.00E+00
13xe 2.74E+00  1.10E+07 0.00E+00 0.00E+00 0.00E+00
1l4xe 1.00E4+01  1.08E+408 0.00E+00 0.00E+00 0.00E+00
115xe 1.80E4+01  7.91E+08 2.88E+07 0.00E+00 0.00E+00
125my e 5.70E+01  3.78E+10 7.81E+08 3.09E-123 6.39E-125
16xe 5.90E4+01  5.09E+09 1.52E+08 1.35E-119 4.04E-121
7xe 6.10E+01  1.76E+10 5.01E+08 7.67E-115 2.19E-116
127my e 6.92E+01  8.26E+09 1.42E+08 1.96E-100 3.38E-102
18xe 2.28E+02  6.19E+10 1.61E409 3.31E-23 8.59E-25

119%e 3.48E+02  1.49E+11 3.70E+09 2.37E-11 5.88E-13

120xe 2.40E+03  3.71E+11 9.28E+09 2.56E+08 6.41E+06
121xe 2.41E403  5.65E+11 1.38E+10 3.97E408 9.69E+06
1235e 7.38E4+03  6.59E+11 1.56E+10 6.18E+10 1.46E+09
125xe 6.08E+04  1.08E+11 2.45E+09 8.08E+10 1.84E+09
1225e 7.24E+04  8.98E+10 2.14E+09 7.06E+10 1.68E+09
133mye 1.90E4+05  8.36E+05 0.00E+00 7.63E+05 0.00E+00
133xe 4.53E+05  3.54E+05 0.00E+00 3.40E-+05 0.00E-+00
129mye 7.67E+05  4.65E+07 1.30E+05 4.55E+07 1.27E+05
131my e 1.02E4+06  1.53E+06 0.00E+00 1.51E+06 0.00E+-00
127xe 3.14E+06  6.18E+08 1.27E407 6.14E+08 1.26E407

3. Analysis of radionuclides in gaseous effluents by HPGe y-ray spectrometry

Details of the y-spectrometric analysis of gaseous radionuclides are summarized in Table 2. In the present study, many radionuclides emit multiple
y rays. For activity determination, priority was therefore given to a single full-energy peak that could be clearly identified and was free from obvious
spectral interference or peak overlap. Activities derived from other available full-energy peaks were used for cross-checking, while the final reported
activity concentration was based primarily on the selected interference-free peak.

For radiokrypton isotopes 83gr (E; = 9.4 keV, I, = 5. 5%); and several radioxenon isotopes, including 131my e (E; =163.9 keV, I, = 1.95%), 1335
(E, = 81.0 keV, L, = 36.9%), and '**™Xe (E, = 39.57 keV, I, = 7.5%; E, = 196.56 keV, I, = 4.59%), the observed deviations are likely associated with
low-energy emissions and/or weak y-ray intensities, which reduce detection efficiency and may place some activities close to, or below, the HPGe
detection limit.

The situation for radioiodine is more complex. For some iodine radionuclides, no clearly distinguishable full-energy peaks could be identified in the
measured spectra. For example, 1301 (E, = 536.066 keV, I, = 99%; E, = 668.536 keV, I, = 96%), and 1321 (E, =667.71keV, I, = 98.7%; E, = 772.6 keV,
I, = 75.6%) were observed. This absence is consistent with the more complex aqueous chemistry of iodine in the water-cooled system, which may
enhance retention in the liquid phase and on wetted surfaces, thereby reducing the effective gaseous release and causing the corresponding activities
to remain below the practical detection limit.

Table 2
Measured gaseous radionuclides in the ventilation facility system

Radioisotopes  Half-life Decay y-ray Emission Total Counting Count rate  Detection Activity RE.
correction energy/KeV probability counts time/s efficiency(%) concentration(Bgq/ (%)
factor m3)

1225e 20.1h 1.18E+00 4.16E+02 1.90E-02 1.74E+03 3.60E+04 4.83E-02 9.50E-03 6.20E+04 1.77

1235e 2.05h 1.49E+01 1.78E+02 1.49E-01 3.30E+03 3.60E+04 9.17E-02 2.00E-02 8.98E+04 1.87

125%e 16.9h 1.22E4-00 2.43E+02 2.88E-01 6.15E+04 3.60E+04 1.71E4-00 1.56E-02 9.10E+04 0.21

127xe 36.3d 1.00E+00 3.75E+02 1.72E-01 2.38E+03 3.60E+04 6.61E-02 1.08E-02 7.01E+03 1.62

133mye 2.20d 1.07E+00 2.33E+02 1.01E-01 2.93E+02 3.60E+04 8.14E-03 1.63E-02 1.03E+03 6.62

135xe 9.14h 1.43E4-00 2.50E+02 9.60E-01 1.39E4-03 3.60E+04 3.87E-02 1.54E-02 7.32E4-02 5.42

76Kr 14.8h 1.25E4-00 2.70E+02 2.53E-01 3.26E+04 3.60E+04 9.06E-01 1.45E-02 6.06E+04 0.16

77Kr 1.1%h 5.84E+00 1.30E+02 8.10E-01 4.25E+03 3.60E+04 1.18E-01 2.38E-02 7.01E+03 1.71

79Kr 35.0h 1.10E+00 2.61E+02 1.27E-01 1.19E+05 3.60E+04 3.30E+00  1.51E-02 3.72E+05 0.12

8Smyy 4.48h 1.97E4-00 3.04E+02 1.40E-01 2.09E+04 3.60E+04 5.80E-01 1.28E-02 1.25E4-05 0.34

87Kr 1.27h 5.47E+00 8.45E+02 7.34E-02 8.10E+01 3.60E+04 2.25E-03 5.00E-03 6.58E+03 3.14

88Ky 2.83h 2.68E+00 8.35E+02 1.30E-01 6.99E+02 3.60E+04 1.94E-02 5.01E-03 1.57E+04 4.05

1201 1.36h 1.01E4-00 5.60E+02 6.96E-01 1.12E4-04 3.60E+04 3.12E-01 7.84E-03 1.13E4-04 1.87

122 3.63min  / 5.64E+02 1.80E-01 1.59E+04 3.60E+04 4.41E-01 7.84E-03 6.12E+04 0.43

123y 13.2h 1.29E+00 1.59E+02 8.33E-01 7.16E+03 3.60E+04 1.99E-01 2.17E-02 2.77E+03 1.01

1261 12.9d 1.01E4-00 3.88E+02 2.90E-01 9.20E+03 3.60E+04 2.56E-01 1.05E-02 3.52E+04 0.23

(continued on next page)
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Table 2 (continued)
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Radioisotopes  Half-life Decay y-ray Emission Total Counting Count rate  Detection Activity RE.
correction energy/KeV probability counts time/s efficiency(%) concentration(Bq/ (%)
factor m3)

131y 8.02d 1.02E+4-00 3.64E+02 8.10E-01 4.22E+02 3.60E+04 1.17E-02 1.08E-02 2.68E+02 6.16

76Br 16.2h 1.23E4-00 5.59E+02 7.40E-01 1.08E+-04 3.60E+04 3.01E-01 7.84E-03 1.25E+4-04 0.31

HAr 1.83h 3.88E+00 1.29E+4-03 9.92E-01 2.63E+03 3.60E+04 7.31E-02 3.22E-03 1.74E+4-04 1.31

Data availability

Data will be made available on request.
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