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Abstract Rare event searches demand extremely low back-
ground levels, necessitating ever-advancing screening tech-
niques to enhance sensitivity. Liquid scintillators are highly
attractive as detector media due to their inherent radiop-
urity and scalability in mass. In this work, we present a
screening procedure to measure ultra-trace concentrations
of natural contaminants — 233U and 23>Th — with sensi-
tivities at the 10™13 g/g level. Our method combines neu-
tron activation analysis with radiochemical techniques, fol-
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lowed by B/y coincidence spectroscopy to minimize inter-
ference backgrounds. This approach achieves sensitivities of
0.65-10715 g/g for 28U and 1.9- 10~ 15 g/g for 23> Th, among
the best reported worldwide. Potential pathways for further
sensitivity improvements are outlined in the conclusions.

1 Introduction
Rare event searches, particularly in the field of neutrino

physics, require massive detectors with exceptionally low
background event rates (see, e.g.,[1-7] for a non-exhaustive
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list of references). Background control has become the cen-
tral challenge for experiments in this domain, making the
careful selection of construction materials a key strategy in
minimizing spurious events. This, in turn, places stringent
demands on laboratory screening techniques, which must
operate at the forefront of technological capabilities to vali-
date materials with the highest sensitivity.

This paper presents a methodology for screening liquid
scintillator matrices with sensitivities reaching the 10~V g/g
concentration level for natural radioactive contaminants
such as 233U and 23?Th. The approach combines neutron
activation analysis with radiochemical processing and uti-
lizes a custom pB/y coincidence detector [8] to analyze
the irradiated samples in a low-background configuration,
maximizing detection sensitivity after neutron activation.
This method is specifically applied to a liquid alkyl ben-
zene (LAB)-based scintillator, the primary solvent selected
as the detector medium for the Jiangmen Underground Neu-
trino Observatory — JUNO experiment [9], which requires
extremely demanding radiopurity level [1] and optical prop-
erties [10, 11], but it could also be adapted for use with other
liquid scintillators in future experiments.

The paper is structured as follows: Sect. 2 provides an
overview of neutron activation analysis and explores methods
to enhance its sensitivity. Section 3 details our measurement
strategy, outlining each step of the procedure. In Sect. 4, we
present our findings on the recovery efficiency of the entire
process, while Sect. 5 focuses on blank sample measurements
and the achieved sensitivities for detecting trace concentra-
tions of 28U and 2*’Th. Finally, the Conclusions discuss
potential paths for further improvements.

2 Neutron activation analysis sensitivity

Neutron activation analysis (NAA) is a highly effective tech-
nique for achieving remarkable sensitivity in detecting sta-
ble or long-lived nuclides, such as 233U and 232Th [12]. This
method leverages the conversion of the target nuclides into
short-lived isotopes with high specific activities, which can
be readily measured using y spectroscopy.

The activation reactions are radiative (n, y) captures on
238U and 2*2Th, generating radionuclides according to the
following sequences:
238y V) 2301y B 230, P 239p,
23.45m 2.356d

227 (n,y) 2337 B~ 233p, B~ 233y

21.8m 26.97d

The activities of 23*Np and >33Pa, quantified through y spec-
troscopy, provide the basis for determining the concentra-
tions of the corresponding target elements. For a sample S
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with mass m g (e.g., the liquid scintillator mass), the concen-
tration of the target nuclide i (e.g., 28U or 23Th) can be
calculated as:

1 M;N; M; R;
C=— =
ms  Nay

ey

mg Ny Oeft @

Here N; is the number of target nuclides of species i, M; is its
isotopic mass, and Nay is Avogadro’s number. The param-
eters oeff and ® denote the effective activation cross sec-
tion and the total neutron flux intensity, respectively, with
their product typically determined using activation standards
irradiated alongside the sample S. The activation rate R; is
directly proportional to the number of decays from the acti-
vated nuclide recorded in the y spectrum. This proportion-
ality takes into account the detection efficiency, the duration
of the irradiation and y measurement, and the time elapsed
between the end of irradiation and the spectroscopy mea-
surement. For high-sensitivity measurements, achieving a
high and uniform neutron flux is essential. For this reason,
nuclear reactors are commonly employed as neutron sources.
More details about neutron activation analysis for radiopurity
screening are discussed in [12].

By taking advantage of low-background high purity ger-
manium (HPGe) detectors for measuring the activated sam-
ple, sensitivities of the order of 10~!2 g/g are achievable [12].
Enhancing sensitivity requires increasing the sample mass
and minimizing residual background. As shown in Eq. 1,
in the absence of background, the measured concentration
C; — and consequently the NAA sensitivity — scales linearly
with the number of target nuclides in the sample S. However,
the presence of background can interfere with the evaluation
of the number of events at the photopeak of the activated
nuclide. In such cases, only an upper limit on C; can be
determined:

CM"™ o VBAET 2)

where A E is the energy range in which the peak is expected,
B is the background counting rate per unit energy, and 7 is
the measurement time. Improvements in sensitivity are then
constrained, scaling only as the square root of the background
reduction factor, as dictated by the Poissonian statistical fluc-
tuations in the number of background events within the region
of interest. A more detailed discussion on the evaluation of
detection limits is provided in Appendix A.

Our strategy to increase the effective sample mass involves
the use of radiochemical treatments. The actual sample mass
is constrained by the maximum volume that can be accom-
modated in the reactor’s irradiation channel. By employing
a procedure to concentrate the target nuclides, we effectively
increase the useful mass without exceeding the volume limit
for neutron irradiation. In addition, appropriate radiochem-
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Fig. 1 Block diagram of the __ ]

measurement procedure Liquid ’_, U-Th concentration and J_, Neutron ’_»‘ Interference _,L Bry 1
scintillator interference reduction irradiation reduction measurement

ical treatments are specifically designed to remove interfer-
ing isotopes — nuclides within the sample matrix that are
activated by neutrons, producing nuclear decays that gener-
ate correlated background in y spectroscopy measurements.
Finally, the measurement sensitivity can be further enhanced
by employing a custom S/y coincidence detector, like the
GeSparK system [8, 13]. This detector leverages the coinci-
dence between B~ particles detected by a liquid scintillation
detector and y rays detected by an HPGe detector, effec-
tively reducing correlated and uncorrelated background by
selecting B/y events corresponding to the beta decays of the
activated nuclides of interest.

Our final procedure, designed to achieve sensitivity at the
10715 g/g level for 2381J and 232Th, combines NAA, radio-
chemical techniques, and B/y coincidence measurements. It
is applicable to any sample composed of an apolar organic
liquid matrix, which is a common solvent in the production
of liquid scintillators (LS). The details are provided in the
following section.

3 Measurement strategy

As outlined in the previous section, enhancing the sensitivity
of NAA involves measures such as increasing the effective
mass of the irradiated sample and eliminating interfering iso-
topes. In the case of LS, these two objectives can be achieved
through chemical and radiochemical treatments that allow the
sample to be concentrated while at the same time separating
the isotopes of interest from interfering ones. Our finalized
procedure follows the sequence outlined below, as illustrated
in the block diagram of Fig. 1:

1. Liquid-liquid extraction, which allows the transfer of the
elements of interest (U and Th) from the organic matrix
to an acidic aqueous solution;

2. Pre-irradiation extraction chromatography with UTEVA®

resins, which enables the separation of different chemi-

cal species based on their chemical affinity and the acid
concentration of the filtered solution;

Neutron irradiation at a nuclear reactor;

4. Post-irradiation extraction chromatography with TEVA®
resins, which are better-suited for separating neutron-
activated nuclides such as 239Np and 233Pa;

5. Bly spectroscopy, which exploits the coincident emission
of beta and gamma radiations during the f~ decays of
239Np and 233Pa, to reduce the correlated and uncorrelated
background.

et

All processes, except for neutron irradiation, are con-
ducted at the laboratories of the University of Milano-
Bicocca.

A critical aspect of any analytical procedure for detecting
trace concentrations of natural radioisotopes in samples is
the implementation of stringent cleaning protocols to prevent
the unintentional introduction of these contaminants prior
to neutron irradiation. Additionally, the radiopurity of the
reagents used in pre-irradiation treatments plays a pivotal
role. Section 3.1 will provide a detailed discussion of these
challenges. Section 3.2 will describe the radiochemical steps
in our procedure. Section 3.3 will provide an overview of the
irradiation facility, while Sect. 3.4 will briefly introduce the
Bly spectroscopy system.

3.1 Labware cleaning protocol

The maximum allowable concentration of 223U and 2>Th in
LS, as required by the most recent rare event experiments
(1013 g/g), is several orders of magnitude lower than their
typical concentration in the environment. To achieve such
ultra-low sensitivities, the cleanliness of the working envi-
ronment, materials, consumables, and reagents is critical.

All treatments performed before sample irradiation must
take place in arigorously controlled, clean environment, with
a very low concentration of airborne particulate. Specifi-
cally, these processes are conducted in a cleanroom clas-
sified as Class 10,000 (ISO7), meaning no more than
10,000 particles/ft> greater than 0.5 wm are present. Radio-
chemical treatments are carried out under a laminar-flow
hood, which improves cleanliness to Class 1000 (ISO 6)
within the immediate working area.

One of the most critical sources of contamination is the
reagents used during the radiochemical processes in the pre-
irradiation phases. In particular, two reagents are of primary
concern: water and nitric acid. Given the goal of achieving a
measured sensitivity of 1071y /y, the concentration of ura-
nium and thorium in these reagents must be kept well below
this threshold.

Water is purified using the Milli-Q or Milli-Q Element
ultra-pure water systems from Merck Millipore, ensuring
a conductivity of 18.2MQcm and no particulates greater
than 0.22 pm. The Milli-Q Element system is specifically
designed for trace-element analysis. Ultra-pure nitric acid
from Carlo Erba Reagenti, with less than 10~ g/g uranium
and thorium, is used and stored in PFA (Perfluoroalkoxy)
bottles.

To verify the radiopurity of the reagents, samples of Milli-
Q water, Milli-Q Element water, and ultra-pure nitric acid

@ Springer
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Table 1 Results of the measurement performed at LNGS for the vali-
dation of the purity of the reagents used in the pre-irradiation treatments

28U(g/g) 22Th(g/g)
H,0 Milli-Q <0.7.1071 <0.8.10715
H,0 Milli-Q Element <0.7.10715 <0.8.10715
Ultra-pure NHO3 <3.10° 1 <3.10°1

IR T

I

Fig. 2 PFA vials with screw caps. Volume 30mL, diameter 25 mm,
and total height 90 mm

were sent to the Gran Sasso National Laboratory (LNGS) for
ICP-MS analysis. For this purpose, PFA containers — cleaned
for several weeks with ultra-pure nitric acid — were shipped
from LNGS to Milano-Bicocca Laboratory, filled with the
samples, and returned for screening. ICP-MS measurements
were performed using a sector field (SF)-ICP-MS (Finnigan
Element 2, Thermo Scientific). To achieve the best sensitiv-
ity, the mass spectrometer was equipped with a “Jet interface
pump option”, X-cone type, and an Apex Q high-sensitivity
introduction system (Element Scientific Inc.) which oper-
ates the vaporization chamber at the temperature of 100° C
and the Peltier cell condenser at the temperature of 2° C,
which are the optimal conditions for aqueous samples. In
this setup, signal intensities above 10,000 and 15,000 cps
(counts per second) were obtained for 107!2 g/g of 23>Th
and 238U respectively.

The ICP-MS measurement results, shown in Table 1, con-
firm the quality of the Milli-Q water, with uranium and tho-
rium concentrations below 10713 g/g. No differences were
observed between the Milli-Q and Milli-Q Element waters
in terms of uranium and thorium content. The purity of the
nitric acid was also confirmed, though the measured limit is
slightly higher. This is due to the ICP-MS measurement lim-
itations for nitric acid solutions with concentrations below
10%, necessitating dilution with water, which reduced the
sensitivity.

Another critical issue concerns containers. Reagents used
in the radiochemical treatments, as well as sample solutions,
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must be prepared in contamination-free containers, prevent-
ing exposure to external contaminants. Throughout our tests,
we identified the best-performing containers for this purpose.
Initially, we used 50 mL polypropylene centrifuge tubes (pro-
duced by Falcon or Corning) with screw caps, which were
suitable for sealing long-term acid solutions. However, these
tubes did not fit in the irradiation containers from the nuclear
reactor because of their size. We then tested polyethylene
(PE) vials with pressure caps but encountered issues: han-
dling the pressure caps introduced an additional risk of con-
taminating the liquid sample, and ICP-MS measurements at
LNGS confirmed that the intrinsic contamination levels in
these vials were higher than in other containers. ICP-MS
analyses were carried out to quantify 233U and 2> Th concen-
trations in the cleaning solutions stored for at least one week
in six containers of each type. The results, shown in Table 2,
demonstrated significant contamination and high variability
in the cleaning solutions of PE vials, making them unsuitable
for sample preparation. In contrast, we found that Falcon cen-
trifuge tubes exhibited much lower and more reproducible
contamination levels, making them suitable for temporary
storage of radiochemical solutions. For the final sample irra-
diation, we opted for PFA centrifuge vials with screw cap
from Nalgene (see Fig. 2), which fit the irradiation contain-
ers perfectly. PFA offers chemical inertness and resistance
to strong acids and solvents and can be easily cleaned, mak-
ing it ideal for ultra-trace element analysis. Table 2 presents
the very good results we obtained for these containers using
ICP-MS.

Finally, for liquid extraction and chromatography, we use
ultra-pure nitric acid stored in 500 mL PFA bottles. These bot-
tles, which contain highly concentrated nitric acid, are partic-
ularly suitable for long-term storage and large-volume radio-
chemical processing, ensuring the highest level of cleanli-
ness.

In our procedures, all items are thoroughly cleaned to
reduce uranium and thorium release to minimize contamina-
tion from instruments and consumables. The cleaning proto-
col, conducted inside the clean room, uses a solution of ultra-
pure water (Milli-Q) and 2% ultra-pure nitric acid, which
dissolves nuclides from material surfaces. Consumables like
vials, bottles, and centrifuge tubes are immersed in this solu-
tion for several days, then filled with fresh acid and left for
at least one week before use. If not used immediately, the
solution is replaced every two weeks. Other items, such as
micropipette tips, are cleaned for a week and then dried and
stored under vacuum.
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3.2 Radiochemical procedures
3.2.1 Liquid-liquid extraction

The goal of liquid-liquid extraction is to transfer a solute from
one solvent to another. This is achieved by exploiting the dif-
ferent affinities of the solute for the two solvents, which must
necessarily be immiscible with each other. In our case, the
solvents are an apolar organic phase and an extracting aque-
ous polar phase consisting of a nitric acid solution, which
extracts the metals to form water-soluble salts. This proce-
dure also allows for a pre-concentration of the sample, as the
volume of the extracting solution is smaller than that of the
sample. Additionally, it allows the sample to be treated with
subsequent extraction chromatography steps, which cannot
be performed with an organic matrix.

When the two immiscible solvents are in contact, solutes
migrate from the organic phase to the aqueous phase until
equilibrium is reached. This equilibrium is described by the
distribution coefficient K, which is the ratio of the solute con-
centration in the organic phase to that in the aqueous phase.
Since K is constant for a specific combination of analytes,
solvents, and experimental conditions — such as tempera-
ture and pH — and is independent of the solvent volumes,
higher extraction efficiency can be achieved by performing
the extraction process multiple times with small volumes
of fresh extracting solution rather than using a single large
volume. Another important aspect is that the volume of the
extracting solution cannot be too small to guarantee good
contact between the two phases. Typically, a volume ratio of
total aqueous to organic solvents of 1:3 is used to concen-
trate the sample, and the extraction process is repeated three
times for optimal efficiency. This means that for 100 mL of
organic solvent, we use a total extracting volume of 30 mL
divided into three extractions with 10 mL for each one. Each
extraction step lasts 20 min, during which the mixture is vig-
orously stirred using a magnetic stirrer to ensure thorough
contact between the two solvents. The complete liquid-liquid
extraction procedure is the following:

1. The extracting solution is prepared by diluting the nitric
acid with water up to a concentration of 1 M.

2. The organic solvent and 1/3 of the extracting solution
are mixed and vigorously stirred by a magnetic stirrer for
20 min.

3. The mixture is transferred into a separatory PTFE (polyte-
trafluoroethylene) funnel, where the organic and the water
phases are separated thanks to their immiscibility and dif-
ferent densities.

4. The mixing and separation processes are repeated two
additional times.

Table 2 Results of the measurements conducted at LNGS for the val-
idation of the sample containers. The table presents the concentrations
of 233U and 2*2Th in the cleaning water after a two-week cleaning
period. The errors are given as the standard deviation of the measure-
ment results. () A high standard deviation indicates significant vari-
ability in the observed contamination, due to the high contamination
risk associated with these vials

238U (10715 g/g)

22Th (1071 g/g)

PE vials 100100 180+70(M
Falcon tubes 2.04+0.9 7.9+1.9
PFA vials 1.7+0.8 2.6+1.4
ICP-MS blank 0.6+0.4 0.6+0.3

Fig. 3 Vacuum system used for the extraction chromatography pro-
cess. This system is necessary to guarantee a precise and stable flow
rate of the solutions through the columns

Starting with 1 L of LS, the liquid-liquid extraction process
results in approximately 200-300 mL of sample solution.

3.2.2 Extraction chromatography

Extraction chromatography (EC) using resins is a separation
technique in which the extractant is immobilized on an inert
support through adsorption. The aqueous sample containing
the analytes of interest flows through this resin. The extrac-
tant is highly selective for specific ions, and its affinity can be
adjusted by modifying the pH or the composition of the solu-
tion being processed. The resin is commercially available in
pre-packed 2mL columns equipped with a small funnel at
the top to facilitate solution loading. A vacuum system is
employed to ensure the proper flow rate of solutions through
the column, as EC columns require a flow rate in the range
of 0.6-0.8 mL/min. Figure 3 provides an image of the setup.

@ Springer
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EC with column resins typically involves the following
steps. The first step is preliminary washing, in which the
resin in the column is thoroughly washed with a dilute acid
solution to remove the preservative liquid and any potential
traces of target elements that may be present in the resin. This
step is particularly important when analyzing very low con-
centrations, as even trace contaminants can affect the results,
as discussed in Sect. 5. The dilute acid solution helps release
any ions bound to the resin. Next, the resin is conditioned
by flushing it with a solution having the same acid concen-
tration as the sample. This prepares the resin to retain the
target nuclides dissolved in the sample during the extrac-
tion process. Then, the resin is charged, meaning that the
sample is passed through the resin. During this process, the
nuclides of interest are retained by the resin’s stationary
phase, while other components remain in the mobile phase,
which is referred to as the “leachate” when it exits the col-
umn. After that, there may be an additional washing phase,
where the resin is rinsed again with an acid solution of the
same concentration as the sample. This step removes any
residual sample solution remaining in the column without
extracting the nuclides of interest from the stationary phase.
Finally, the elution solution is passed through the column
to release the nuclides of interest from the resin’s stationary
phase. The resulting solution is referred to as the “eluate”.

Our measurement strategy involves two EC steps: one
prior to neutron irradiation and one following it. The pre-
irradiation step serves a dual purpose: reducing the sample
mass and eliminating potential interfering nuclides that could
be activated during the neutron irradiation, thereby minimiz-
ing correlated background. The post-irradiation step focuses
on removing activated interfering nuclides to minimize the
correlated background for the subsequent y spectroscopy.

Pre-irradiation EC The UTEVA® resin (Uranium and
TEtraValents Actinides) is widely used for the separation
of U and tetravalent actinides such as Th, Np, and Pu.
We selected this resin for pre-irradiation treatment due to
its exceptional efficiency in extracting 23¥U and 2¥Th, the
nuclides of interest in this stage. The protocol for UTEVA
treatment was developed based on manufacturer guidelines
and literature references [14—16]. This protocol was opti-
mized to maximize recovery efficiency and applied to the
sample following liquid-liquid extraction, prior to irradia-
tion. Our final UTEVA procedure is the following:

1. Washing: to ensure thorough cleaning of the resin, two
washing steps are performed, each using S0 mL of 0.02M
ultra-pure HNOj3, with the steps separated by the charging
of 10mL of 5M ultra-pure HNO3 (conditioning).

2. Conditioning: it is performed using 15mL of 5M ultra-
pure HNOs. It ensures that the resin is properly condi-
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tioned to the correct pH for optimal retention of the 238U

and 2*2Th nuclides from the sample.

3. Charging: the sample is passed through the resin with a
5M concentration of HNO3.

4. Elution: it is performed using 15 mL of 0.02 M ultra-pure
HNO3 to guarantee the complete release of the analytes
of interest.

In this case, the additional washing step is omitted, as it is
not critical prior to irradiation. Furthermore, it could increase
the risk of analyte loss and sample contamination. At the end
of the pre-irradiation EC, the initial volume of 200-300 mL
is further reduced to approximately 15 mL of a mildly acidic
solution, ready for neutron irradiation.

Post-irradiation EC The TEVA® resin (TEtraValents Actini
des) is primarily utilized for the separation of tetravalent
actinides. We chose this resin for post-irradiation treat-
ments because, in this case, the goal is to extract 239Np and
233pa, both of which are tetravalent actinides. TEVA resin
offers higher retention factors for these nuclides compared
to UTEVA, making it more suitable for this purpose. Also for
the TEVA resin, the optimal protocol was developed based
on manufacturer guidelines and literature references [17-19]
and optimized to maximize the recovery efficiency. This pro-
tocol was applied to the sample after the neutron irradiation.
Since 23°Np and 233Pa can exist in multiple stable oxidation
states, and the TEVA resin selectively works with tetravalent
elements (Np(IV) and Pa(IV)), it is crucial to ensure that the
elements are in the correct oxidation state. This is achieved
by adding a set of reagents to the sample to adjust the redox
potential of the solution, thus ensuring the oxidation state
remains IV. After neutron irradiation, the radiopurity of the
reagents is no longer a concern, as the target elements have
been converted into artificial nuclides. For the same reason,
the preliminary washing step is omitted, since 23’Np and
233pa cannot be present in the resin. Our final TEVA proce-
dure is the following:

1. Correct oxidation state: after adjusting the concentration
of HNOj3 to 8 M, the following reagents are added to the
sample solution:

e 25 pL sulfamic acid (H,NSOsH) 1.5M;
e 2L Fe(NO3)3 Smg/mL in HNO3 1 M;
e 75 L ascorbic acid (C¢HgOg) 1 M.

These quantities are calculated for 1 mL sample at the cor-
rect nitric acid concentration. The volumes of reagents
must be adjusted based on the sample volume at the
required nitric acid concentration. Allow the sample to
rest for at least 5 minutes before charging it into the col-
umn.
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2. Conditioning: it is performed using 15 mL of HNO3 § M.
This step ensures that the resin has the correct pH for
retaining the 23°Np and 2*3Pa during extraction from the
sample.

3. Charging: while passing through the resin, the sample
must have a concentration of 8 M HNOj3 and the correct
redox potential.

4. Washing: this step is performed with 15 mL of HNO3 8 M
to remove residual traces of interfering nuclides.

5. Elution: it is performed with 15 mL of a solution contain-
ing:

e HNO3 2 M;
e Ammonium oxalate (NH4)2C204) 0.5 M;
e Hydroxylamine hydrochloride (NH>, OH-HCI) 0.01 M.

After the post-irradiation EC, the final product is a mildly
acidic solution with a volume of less than 15 mL, ready to be
placed in the GeSparK detector for y spectroscopy.

3.3 Neutron irradiation facility

For neutron irradiation, we utilize the TRIGA Mark Il nuclear
research reactor at the University of Pavia, located at about
40 km from the University of Milano-Bicocca. This pool-
type reactor, cooled and partially moderated by light water,
operates at a maximum nominal power of 250kW. Its cylin-
drical core (approximately 46cm in diameter and 36cm in
height) is surrounded by a 30-cm-thick radial graphite reflec-
tor and 10-cm-thick axial graphite reflectors positioned above
and below the fuel. The reactor is equipped with several irra-
diation facilities, including the Central Thimble, located at
the core center, and the Lazy Susan facility, a specimen rack
within the radial reflector. Both are well-suited for our NAA
measurements. Detailed descriptions of the reactor’s geom-
etry and its irradiation facilities are available in references
[20-22].

The Lazy Susan facility is particularly advantageous due
to its 40 irradiation channels, offering high flexibility in the
number of samples that can be irradiated simultaneously.
Each channel has a cylindrical shape with a diameter of
approximately 32mm. We use custom-designed polyethy-
lene irradiation vessels with an inner diameter of 25 mm and
a usable height of approximately 100 mm, making them suit-
able for accommodating the PFA sample containers.

Neutron fluxes at the Pavia TRIGA reactor are approx-
imately 1.7-10'3 n/cm?/s in the Central Thimble and
2.2-10'2 n/cm?/s in the Lazy Susan facility [21]. Typical
operations involve six hours of full-power irradiation per day,
with our NAA campaigns scheduled accordingly.

3.4 The B/y system GeSparK

As a result of the irradiation, neutron-rich nuclides are cre-
ated, which return to stability with a 8~ decay. These decays
typically leave the daughter nucleus in an excited state,
emitting characteristic y-rays within a few picoseconds.
Since these timescales are much shorter than the integra-
tion times of conventional measurement systems, the simul-
taneous emission of beta and gamma radiation is expected
from neutron-activated nuclides. The B/y cascade signal
serves as a discriminant for background events by utilizing
two different detectors. The GeSparK system, developed at
the Radioactivity Laboratory of the University of Milano-
Bicocca, is a low-background detector consisting of a liquid
scintillation detector and an HPGe detector operating in tem-
poral coincidence. Besides §/y coincidence measurements,
GeSparK employs passive and active shielding to signifi-
cantly reduce the background caused by environmental and
cosmic radiation. Details of the system are provided in [8, 13].
In particular, the scintillation detector includes a cylindrical
PTFE container filled with Ultima Gold AB (Perkin Elmer)
liquid scintillator as detection medium. After post-irradiation
treatments, the irradiated samples are mixed with this liquid
scintillator for the f/y spectroscopy. As described by the
decay sequence in Sect. 2, the B/y analysis focuses on iden-
tifying 233Pa(>**Np) decays to quantify 23>Th(>*#U) concen-
trations in the irradiated samples.

233Pa has a half-life of about 27 days, much longer than
most interfering nuclides. Consequently, measurements to
assess 232Th concentrations typically begin about one week
after irradiation. The most intense y-line in 23Pa decay
occurs at 312keV, following a f~ decay with an endpoint
energy of 260keV. By selecting 8~ events in the GeSparK
scintillation detector with energies up to 260keV in temporal
coincidence with y events at 312keV in the HPGe detector,
spurious background is nearly eliminated. Under these con-
ditions, the primary background source is the intrinsic back-
ground of the GeSparK system, dominated by cosmic muon
showers [13].

In contrast, 2°Np has a half-life of about 2.4 days, requir-
ing measurements to assess 25U concentrations while back-
ground from interfering nuclides is still present. Measure-
ments typically span one week, allowing approximately 90%
of the 23°Np to decay. The most critical interfering nuclides
are 2*Na and 32Br, which are common in the environment
(Na) and organic compounds (Br), with half-lives compara-
ble to that of 23 Np. Sensitivity can be significantly improved
by exploiting the unique nuclear decay characteristics of
239Np, which decays with a high branching ratio (40.5%)
to the 391 keV metastable level of 23Pu. This level has a
half-life of about 190 ns [23], which is much longer than the
time resolution of the LS. We thus select signals featuring
a couple of prompt-delayed events in the LS in coincidence
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with a gamma detected by the HPGe. This approach dras-
tically reduces interference from other nuclides and intrin-
sic detector background. The technique used to analyze the
prompt-delayed coincidences for the evaluation of 23U con-
taminations is described in detail in 1.

4 Recovery efficiency determination

The evaluation of the process efficiency for both 233U and
232Th, defined as the ratio of the mass of the target nuclides
in the initial LS sample to their mass after processes 1 to 4 in
Sect. 3, is crucial for this analysis. To assess the efficiency,
LAB samples were spiked with known amounts of 233U and
232Th, and the final contaminant quantities were measured
after the complete procedure. The contamination was intro-
duced using certified standard solutions of U and Th in 1%
HNO3, with a concentration of 1000 pg/g, from Inorganic
Ventures. Since these solutions are too concentrated for direct
use and are not miscible with organic matrices, a stepwise
dilution protocol was developed:

e Dilution 1:5: mix 0.1 mL of U standard (1000 pg/g) and
0.1mL of Th standard (1000 .g/g) with 0.3 mL of 1-
2% acidified water to obtain 0.5 mL of a 200 pg/g U/Th
solution.

e Dilution 1:100: dilute 0.1 mL of the above solution in
9.9 mL of water, to prepare 10mL of a2 pg/g U/Th solu-
tion.

e Dilution 1:100: dilute 0.1 mL of the above solution in
9.9mL of isopropyl alcohol to obtain a 20 ng/g solution.

The final dilution step uses isopropyl alcohol because, unlike
aqueous solutions, it is miscible with LAB (a non-polar com-
pound). From this solution, 0.1 mL of the 20ng/g standard
is added to 100g of LAB to achieve a contamination level
of 2 - 107! g/g of 238U and ?*Th. This corresponds to a
contamination of 2ng of 233U and 2ng of 2>?Th in the LAB
sample. The mixing of the standard solution with the LAB
sample is performed on a magnetic stirrer, ensuring vigorous
agitation for several minutes to achieve uniform dispersion
of the nuclides within the LAB matrix.

Nine LAB samples, prepared using the described contam-
ination procedure, were analyzed in four efficiency evalua-
tion campaigns. To verify the initial contamination levels,
0.1 mL of the same contaminated LAB solution was irradi-
ated together with the samples, consistently showing uranium
and thorium masses matching the expected value of 2 ng in all
analyzed cases. In parallel, the LAB samples were processed
through steps 1-4 outlined in Sect. 3 and the final eluates
were measured by y spectroscopy to quantify the amounts
of 238U and 2*Th.
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Table 3 Results of the total efficiency of the complete measurement
procedure for uranium and thorium are summarized. The final row
shows the average efficiency, with the error calculated as the standard
deviation of the individual measurements

U efficiency (%)

Test number Th efficiency (%)

1 10019 52+5
2 995 43+6
3 7245 3343
4 10019 59 + 4
5 7847 41+4
6 71+ 6 3243
7 8445 48 +4
8 82+5 29+3
9 87+ 6 46 + 3
Mean 86 + 12 43 £ 10

100 ? I I I
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5 f % M Uranium
&% 40 % % § M Thorium
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0
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Test number

Fig. 4 Results of the total efficiency of the complete measurement
procedure for uranium and thorium. The coloured regions are the lo
bands around the means

The results are presented in Table 3 and illustrated in
Fig. 4.

Uranium recovery demonstrates high efficiency, while
thorium recovery is lower; however, both exhibit good repro-
ducibility. The errors associated with the efficiencies are
calculated as the standard deviation of individual measure-
ments. The final efficiencies are 86 + (12) The lower total
recovery efficiency of thorium is mainly attributable to the
post-irradiation treatment using TEVA resin. While the resin
can extract protactinium, it is not optimized for this separa-
tion, which results in reduced retention efficiency for pro-
toactinium relative to neptunium.

5 Measurement of blank samples

A blank sample is a dummy sample with the same mass (or
volume) as the actual sample to be measured. It undergoes the
same procedures but is neither contaminated with the stan-
dards nor exposed to the substance being measured (in this
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case, the liquid scintillator matrix). The 5SM HNOj3 solution
is processed using the extraction chromatography procedure
with UTEVA resin. The eluate is then irradiated and further
processed through extraction chromatography with TEVA
resin, as previously described. Finally, the resulting eluate is
measured with the GeSparK detector to determine the con-
centrations of 233U and 232Th. Blank test measurements pri-
marily aim to assess the final sensitivity of the complete pro-
cedure while simultaneously evaluating potential 33U and
232Th contaminations introduced during pre-irradiation treat-
ments.

Our initial blank tests involved only one preliminary wash-
ing step of the UTEVA resin with 50 mL of washing solution.
The results of these tests are summarized in Table 4. The
first two measurements (tests one and two in the table) show
consistent results for the residual contamination of 23U and
upper limits for 23>Th. Considering that the extracting solu-
tion contains HNO3 at 0.1 M, it is possible to estimate the
concentration of 233U in the concentrated nitric acid (15M
HNO3), assuming that the entire contamination of the blank
originates from it. However, the calculated concentrations
are inconsistent with both the ICP-MS measurements of the
nitric acid performed initially (see Sect. 3.1) and the certified
value provided by the manufacturer. Based on these inconsis-
tencies, we conducted two additional blank measurements:
one using the same solution mass and another with a signif-
icantly lower mass, to determine whether the contamination
originates from the acid or the resin. If the acid is the source
of contamination, the resulting concentrations should scale
as the sample mass. Conversely, if the contamination arises
from the resin, we would expect a nearly constant amount of
uranium (U mass) released, independent of the solution mass.
The results of tests three and four in Table 4 confirmed the
latter hypothesis: the mass of U in the final sample is inde-
pendent of the solution mass, indicating a constant release
from the resin.

Under these conditions, the expected sensitivity for the
measurement of 1L of liquid scintillator (860 g, considering
the density of 0.86 g/cm?) is 9.7 - 10~13 g/g for 238U, calcu-
lated as described in 1 (Eq. A.1) from the standard deviations
of the 238U mass released in the different blank measure-
ments of Table 4. For 232Th, the sensitivity is limited by
the intrinsic background of the GeSparK detector. Using the
GeSparK configuration adopted in our initial tests (Table 4)
with the preliminary implementation of the improved veto
system described in [13], a sensitivity of 26 - 10~15 g/g was
achieved for the measurement of 1L of liquid scintillator.
After the full upgrade of the muon veto, a subsequent one-
month measurement reached a sensitivity of 21 - 10~15 g/g
for the same LS volume (Table 7), calculated with Eq. A.4.

To enhance uranium sensitivity, we tested a modified
cleaning protocol involving two consecutive cleaning steps
with an intermediate conditioning phase, as described in

Table 4 The results of the blank measurements applying the single
washing protocol of the resin are presented. The second column shows
the mass of the processed extracting solution, while the third and fourth
columns list the resulting masses of 238U and 232 Th, estimated using the
complete processing technique. The last two columns display the con-
centration of 223U and 232 Th, calculated as the ratio between the nuclide
mass and the sample mass. *The sensitivity for 232Th is approximately
two times lower than in tests one and three, as this measurement was
performed with a different HPGe detector with higher efficiency. This
result is currently excluded from the evaluation of 23> Th sensitivity

Test Mass(g) Mass (pg) Concentration (10713 g/g)
28y 22 238y 232

1 228 1.8£03 <22 79£14) <097

2 228 22402 < 12*% 95£1.0) < 53%

3 232 49+09 <23 21+4 < 100

4 46.6 72412 <25 155425 <540

Table S Sensitivity limitation due to UTEVA resin background release.
The second column shows the mean release of 233U and 23>Th from the
resins, along with their standard deviation, calculated from all NAA and
ICP-MS measurements below the 0.6 pg threshold. The third column
indicates the computed sensitivity for measuring 1L (860 g) of liquid
scintillator, assuming it is solely limited by resin contamination

Mass (pg) Sensitivity (10713 g/g)
B8y 0.29 +0.17 0.65
2T 0.21 £0.13 0.50

Table 6 The results of the blank measurements using the new resin
cleaning protocol based on double washing are presented. The second
column shows the mass of the processed extracting solution and the final
column reports the mass of 28 U. The third measurement was performed
without processing the extracting solution, simply eluting the column
after cleaning

Test Mass (g) 2381 mass (pg)
46.5 0.65 +0.23
48.3 0.18 £ 0.12

- 0.34 +£0.15

Sect. 3, to reduce uranium release from the resin. The results
of the new blank measurements are presented in the first two
rows of Table 6. The amount of >38U released during the
elution phase was reduced by approximately one order of
magnitude. A third test, performed without processing any
extracting solution — eluting the column resin immediately
after the cleaning — yielded results consistent with the first
two tests. This consistency confirms the hypothesis that the
resin itself is the source of the contamination.

Figure 5 presents the time distributions of events recorded
in the GeSparK scintillation detector for test 4 in Table 4 and
test 5 in Table 6. The effectiveness of the two-step washing
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Fig. 6 Masses of U and Th released by UTEVA resins, measured by
ICP-MS. The elution was performed with 15mL of 0.02M HNOj3 fol-
lowing the double and triple cleaning protocols. In the upper right

process is evident from the significantly lower count rate
observed in the second test.

Using ICP-MS measurements at LNGS, we then tested
several UTEVA resins to gain a thorough understanding of
the background, applying the double-washing cleaning pro-
tocol and also evaluating a triple-washing protocol to explore
potential improvements. The results are summarized in the
two plots in Fig. 6, which show the uranium and thorium
release after the double and triple washing procedures. As
shown in the plots, the results are generally consistent, with
only a few outliers. Removing these outliers, as indicated in
the zoomed-in boxes, is justified by the fact that, based on
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boxes, the distributions of values below 0.6pg are displayed, which
were used to compute the mean release values: my = 0.29(0.17) pg
and mty, = 0.21(0.13) pg

the ICP-MS pre-screening, we know the actual contamina-
tion released by these resins and we will not use the most
contaminated ones for our samples. Another key outcome of
the ICP-MS measurements is that adding a third washing step
does not improve the results; in fact, there are more outliers
than in the two-washing step case.

By combining all measurements from the double and
triple cleaning protocols obtained through NAA and ICP-
MS below a chosen threshold of 0.6 pg — a cut that retains
approximately 75% of the measured resins — we calculated
the mean value and standard deviation for both 2¥U and
232Th release from the UTEVA resins. Using these results
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Fig. 7 HPGe detector spectra in coincidence with a signal above
60keV in the LS detector for the detector background (light blue),
Lazy Susan measurement (blue), and Central Thimble measurement
(orange). The upper-right inset highlights the region of interest around
the 312keV 23*Pa gamma line. The measurement durations are: 91 days

for the background, 28 days for the Lazy Susan measurement, and 21
days for the Central Thimble measurement. The main peaks in the spec-
trum are due to annihilation photons (511keV) and 60Co (1173keV and
1332keV)

Table 7 Our current sensitivity for measuring trace concentrations of
238U and 2*2Th in 1L (860g) of liquid scintillator. The measurement
times are one week for 233U and 30 days for 232Th

of LS, calculated with Eq. A.4. The final sensitivities of our
analysis procedure for 233U and 23?>Th are summarized in
Table 7. Figure 7 presents the HPGe spectrum acquired with

TRIGA channel Sensitivity (109 ¢/g) ~ GeSparK for the Central Thimble measurement, compared to
28 those from the Lazy Susan irradiation and the intrinsic GeS-
U Lazy Susan 0.65 .
2 Lagv S . parK background. The impact of the GeSparK background
At limitation is clearly visible. To calculate the 23> Th sensitivity
22Th Central Thimble 1.9

reported in Table7, the background counts were integrated
over two 20keV-wide energy intervals on either side of the
expected 312keV peak from 2*3Pa, ensuring that the well-
established background evaluation described in Appendix A
remains valid.

and Eq. A.1, we assessed the final sensitivity of the method
for 28U and the maximum achievable sensitivity for 23 Th
(in case of no limiting background from the GeSparK detec-
tor). The results are summarized in Table 5.

The long half-life of >3*Pa and the impossibility of apply-
ing delayed coincidence techniques to suppress background
strongly limit the sensitivity to 22Th which remains signif-
icantly worse than the achievable performance, reported in
Table 5. To improve it, we evaluated the possibility of irra-
diating the sample with a much higher neutron fluence by
exploiting the Central Thimble of the TRIGA reactor. As
described in Sect. 3.3, this channel provides a higher thermal
neutron flux than the Lazy Susan channel, but also a higher
fast neutron flux. Preliminary tests were performed to ver-
ify the resistance of the PFA vials to the high neutron flux,
particularly for the fast component of the spectrum, yielding
satisfactory results.

Based on these tests, we conducted a dedicated blank mea-
surement using the TRIGA Central Thimble irradiation chan-
nel to evaluate the achievable >3?Th sensitivity, obtaining a
minimum detectable concentration of 1.9 - 1013 g/g for 1L

6 Conclusions

In this paper, we presented our measurement strategy to
determine trace concentrations of 238U and 232Th at sen-
sitivities reaching the 10~ 3 g/g level. The method combines
neutron activation analysis with radiochemical techniques,
involving pre-concentration and purification of the sam-
pleusing acidified water and two stages of solid-phase extrac-
tion — one prior to and one following neutron irradiation.
Each sample is subsequently measured using a custom S/y
detector, GeSparK, which enables background discrimina-
tion through coincidence spectroscopy. Benefiting from the
favorable nuclear decay scheme of 23*Np, our current 238U
sensitivity is 0.65-10~1° g/g limited only by uranium released
from the UTEVA resin during the pre-irradiation step. For
232Th, the sensitivity is presently limited by the intrinsic
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background of the GeSpark detector, achieving 1.9-10713 g/g
after neutron irradiation in the Central Thimble of the TRIGA
nuclear reactor in Pavia. These sensitivities rank among the
best currently achieved worldwide.

Potential improvements to our approach include replac-
ing the pre-irradiation extraction chromatography step with
the use of a vacuum oven to concentrate the sample. This
substitution would facilitate handling larger masses of liquid
scintillator, which would only impact the liquid extraction
step, and streamline the whole process. Increasing the initial
LS mass would proportionally enhance the measurement sen-
sitivity for both 233U and 23?Th. For 232Th, which is not yet
limited by resin contamination, this improvement would be
particularly significant. Moreover, the use of a different type
of resin — e.g., TRU®, which is suitable for actinide separa-
tion — could improve the efficiency of >3>Th measurements,
currently about half that of 238U. The typically higher back-
ground levels of TRU compared to UTEVA would not pose an
issue since it would be used exclusively after neutron irradia-
tion, when there is no risk of sample contamination. Another
step forward in 232Th sensitivity could involve deploying a
new fB/y detection system utilizing an HPGe detector with
improved detection efficiency, as demonstrated with a tem-
porary prototype (test 2 in Table 4).

The method outlined in this paper has been applied dur-
ing the commissioning phase of the JUNO detector to mea-
sure LS samples following the various LS purification steps
[9,24], ensuring compliance with the radiopurity require-
ments of JUNO.
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Appendix A: Experimental sensitivity calculation

In this appendix, we summarize the statistical methods
applied to analyze the y-spectroscopy measurements of sam-
ples with ultra-low contamination, where signals are diffi-
cult to be distinguished from background (or blank) fluctu-
ations. According to the seminal paper published by Currie
in 1968 [25], the critical limit L¢ is defined as the threshold
above which a measurement result indicates a detected non-
zero signal with a certain confidence level (typically 95%).

This limit is distinct from the detection limit L p, which is
defined as the true value of the signal for which the probability
of obtaining a result lower than L¢ is equal to a specified
value (typically 5%), considered acceptable. The detection
limit reflects the capability of an analytical method to detect
the presence of a signal and is, therefore, sometimes referred
to as sensitivity.

In this analysis, we faced two different situations in the
search for 233U and 2*2Th contaminations in the blank sam-
ples. Indeed, when analyzing blank samples, we found non-
zero signals for 238U (i.e. results above L¢), whereas no
peaks from 232Th contaminations were observed in the spec-
tra.

To determine the experimental sensitivity of our measure-
ment technique, we calculated the detection limits L p using
Currie’s formula, assuming a well-known background (or
blank signal) with a probability density function (PDF) that
can be approximated by a Gaussian distribution.

Lp=2Lc=3290p (A1)

where op is the standard deviation of background (or blank)
PDF. In particular, to assess the detection limit for 23U con-
taminations, we calculated op as the standard deviation of
the non-zero 233U masses measured in the blank samples.

The 232Th detection limit was instead evaluated by setting
o equal to the 232Th mass that would produce a number of
signal counts in the spectrum equal to /i g, where 1 g repre-
sents the average background counts expected within a 1.25
FWHM-wide range centered on the peak energy. In this con-
text, we emphasize that up can be determined with good
precision (thus supporting the ’well-known’ background
hypothesis), as we characterize the background counting rate
per unit energy by analyzing a relatively wide energy range
on both sides of the peak region [26].

In conclusion, when a sample is analyzed to detect 33U
and 232Th contaminations, the results are determined as fol-
lows.

e If a non-zero signal is observed in the blank measure-
ments, it can be subtracted from the sample measurement
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to compute the net contamination of the sample:

__ Mmeas — Mblank

C = s Al (A.2)
Msample

where mmeqs is the 238U/232Th mass determined from the
sample measurement, mpank is the mean 238U/232Th in
the blank measurements, and Mgample is the sample mass.
If mmeas — Mplank > Lc (Lc = 1.6450p), we conclude
that the sample contains additional contamination com-
pared to the blank. Otherwise, we report an upper limit
(95% C.L.) on the concentration:

32903
< ———
Msample

C (A.3)

We emphasize that applying this procedure requires con-
ducting a sufficient number of blank measurements to
verify repeatability and accurately determine op of their
PDF.

e When the blank signal is not visible because hidden by the
detector background (as was the case of 232Th measure-
ments in this work), the concentration sensitivities are
determined based on the number of background events
(), without subtracting any blank contribution. In par-
ticular, when pp in the signal range is too low for the
Gaussian approximation to be valid, we use the more
general Currie’s formula to calculate the detection limit
of signal counts:
Lp=271+329/up (A.4)

which we use to determine the upper limit on the con-

taminant concentration.

Appendix B: Delayed coincidence techniques for U deter-
mination

The standard NAA technique for determining 238U relies
on measuring the 106keV gamma ray emitted in the decay
of 2°Np, as this provides the highest branching ratio and
sensitivity. By comparing the measured counts for the sample
and the standard, the concentration of 233U in the sample is
determined using the NAA equation.

A key limitation to the sensitivity of 2>?Np measure-
ments arises from background events around 106 keV caused
by other activated nuclides, such as 24Na and 82Br, and
by the detector’s intrinsic background. To address this, we
implemented an advanced “delayed coincidence technique”,
inspired by [27], that significantly reduces background inter-
ference. This method leverages a metastable level in the >3°Pu
decay scheme, acting as a unique marker for 2>Np decay.
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Fig. 8 Simplified nuclear level scheme of 239py[28]. The main tran-
sitions associated with the de-excitation of the metastable level are
shown. All the most intense gamma rays emitted in the decay of this
metastable state lie below 300 keV, which is relevant for the identifica-
tion of delayed-coincidence signatures

The 23°Np beta decay (40.5% branching ratio) populates
a metastable level at 391.6keV, followed by internal con-
version (IC) or gamma transitions with a characteristic time
delay (Fig. 8). The GeSparK detector, thanks to the excellent
time resolution of the liquid scintillator, can simultaneously
detect the beta decay and the subsequent delayed IC sig-
nal, allowing for a precise measurement of the time interval
between the two events (Fig. 9). The LS signals are acquired
in coincidence with the associated gamma/X-ray detected by
the HPGe detector. This coincidence pattern provides robust
markers for identifying 23*Np decays while rejecting most
accidental coincidences caused by interfering nuclides or
cosmic muons.

To identify valid events, a custom algorithm processes
the GeSparK detector data to extract time differences, pulse
amplitudes, and gamma energies. Several selection cuts are
applied: the time delay must exceed the LS pulse width to
avoid misreconstruction of the deposited energy; the LS pulse
energies must match the expected values; and the HPGe
gamma energy must fall below 300keV (see Fig. 8).

Signal events follow an exponential decay distribution
with a characteristic half-life of 190.2ns [23], while back-
ground events are modeled as uniform distributions within
the time window. Since the detected events include both sig-
nal and background, the overall distribution is the weighted
sum of their respective distributions, with the weight deter-
mined by the expected fraction of signal events relative to the
total (c parameter). The analytical expression is given by:

L
e T

1 —
- 1
D=c- — L 4 (l—c) — (B.1)
fom e rdr At

This equation accounts for the truncation of the expo-
nential distribution at time Ar due to the finite acquisition
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Fig. 9 Example of delayed coincidence signals of 2*Np decay as
acquired by the GeSparK detector. Example of delayed-coincidence
signals from the decay of 2°Np, as recorded by the GeSparK detec-
tor. The first pulse corresponds to the S~ transition populating the
metastable level of 23°Pu, while the second pulse is produced by the
internal conversion (or gamma/X-ray) associated with the de-excitation
of the metastable state. This latter pulse is in time coincidence with a
gamma/X-ray detected by the HPGe detector

window. The truncation is incorporated in two ways: (1) the
denominator integral normalizes the exponential distribution
over [0, At], and (2) the uniform distribution is normalized
over the same interval. Here, the parameter ¢ represents the
exact fraction of signal events among all observed events.
The GeSparK detector records the LS signal for 1600 ns per
trigger, with a 250ns pre-trigger, leaving a 1350 ns window
for the second pulse. A 120ns threshold excludes overlap-
ping pulses, resulting in an effective signal window At of
1230ns, which is the value used in Eq. B.1.

We perform a Bayesian unbinned fit of the time-difference
distribution of delayed-coincident events using the model of
Eq B.1. The free parameter in the fit is the signal fraction
¢, which is assigned a uniform prior over the interval [0,1].
By analyzing the posterior distribution of c, we either extract
its mean and standard deviation or, if the signal fraction is
compatible with zero, determine its 90% credible upper limit.

We employ a Bayesian analysis based on Markov Chain
Monte Carlo (MCMC) using JAGS [29], integrated into the
GeSparK software. This approach accounts for statistical
fluctuations in the total event count and provides posterior
distributions for signal events, enabling precise determina-
tion of 23°Np activity in the sample and standard.

The same delayed coincidence analysis is applied to both
sample and standard to perform the usual comparative NAA
analysis. For the standard, where event counts are much
higher, a binned chi-square minimization of the distribution
a- %e*% +cis used instead of the unbinned MCMC approach.
This ensures accurate, high-sensitivity measurements of 238y
using neutron activation analysis.

@ Springer

References

1. A. Abusleme et al. (JUNO collaboration), Radioactivity control
strategy for the JUNO detector. J. High Energy Phys. 11, 102
(2021). https://doi.org/10.1007/JHEP11(2021)102

2. The Borexino Collaboration, Experimental evidence of neutrinos
produced in the CNO fusion cycle in the Sun. Nature 587, 577
(2020)

3. V. Albanese et al. (The SNO+ collaboration), The SNO+ exper-
iment. J. Instrum. 16(08), 08059 (2021). https://doi.org/10.1088/
1748-0221/16/08/P08059

4. The GERDA collaboration, Background-free search for neutrino-
less double-B decay of 7°Ge with GERDA. Nature 544, 47 (2017)

5. C. Augier et al., The background model of the CUPID-Mo OvBp
experiment. Eur. Phys. J. C 83, 675 (2023)

6. D.Q. Adams et al. (CUORE Collaboration), Data-driven back-
ground model for the CUORE experiment. Phys. Rev. D 110,
052003 (2024). https://doi.org/10.1103/PhysRevD.110.052003

7. N. Abgrall et al. (LEGEND Collaboration), LEGEND-1000 Pre-
conceptual Design Report (2021). arXiv:2107.11462

8. G.Baccolo, A. Barresi, M. Beretta, D. Chiesa, M. Nastasi, E. Previ-
tali, M. Sisti, Development of a low background alpha-beta/gamma
coincidence detector. Nucl. Instrum. Methods Phys. Res., Sect. A
1003, 165290 (2021). https://doi.org/10.1016/j.nima.2021.165290

9. A.Abuslemeetal. JUNO collaboration), JUNO physics and detec-
tor. Prog. Part. Nucl. Phys. 123, 103927 (2022). https://doi.org/10.
1016/j.ppnp.2021.103927

10. H.S. Zhang, M. Beretta, S. Cialdi, C.X. Yang, J.H. Huang, F.
Ferraro, G.F. Cao, G. Reina, Z.Y. Deng, E. Suerra, S. Altilia,
V. Antonelli, D. Basilico, A. Brigatti, B. Caccianiga, M.G.
Giammarchi, C. Landini, P. Lombardi, L. Miramonti, E. Percalli,
G. Ranucci, A.C. Re, P. Saggese, M.D.C. Torri, S. Aiello, G.
Andronico, A. Barresi, A. Bergnoli, M. Borghesi, R. Brugnera, R.
Bruno, A. Budano, A. Cammi, V. Cerrone, R. Caruso, D. Chiesa,
C. Clementi, S. Dusini, A. Fabbri, G. Felici, A. Garfagnini, N.
Giudice, A. Gavrikov, M. Grassi, R.M. Guizzetti, N. Guardone, B.
Jelmini, L. Lastrucci, I. Lippi, L. Loi, C. Lombardo, F. Mantovani,
S.M. Mari, A. Martini, M. Montuschi, M. Nastasi, D. Orestano,
F. Ortica, A. Paoloni, F. Petrucci, E. Previtali, M. Redchuck, B.
Ricci, A. Romani, G. Sava, A. Serafini, C. Sirignano, M. Sisti, L.
Stanco, E.S. Farilla, V. Strati, A. Triossi, C. Tuve’, C. Venettacci,
G. Verde, L. Votano, Refractive index in the juno liquid scintillator.
Nucl. Instrum. Methods Phys. Res., Sect. A 1068, 169730 (2024).
https://doi.org/10.1016/j.nima.2024.169730

11. M. Beretta, F. Houria, F. Ferraro, D. Basilico, A. Brigatti, B. Cac-
cianiga, A. Caslini, C. Landini, P. Lombardi, L. Pelicci, E. Per-
calli, G. Ranucci, A.C. Re, C. Clementi, F. Ortica, A. Romani, V.
Antonelli, M.G. Giammarchi, L. Miramonti, P. Saggese, M.D.C.
Torri, S. Aiello, G. Andronico, A. Barresi, A. Bergnoli, M. Borgh-
esi, R. Brugnera, R. Bruno, A. Budano, A. Cammi, V. Cerrone,
R. Caruso, D. Chiesa, C. Coletta, L.V. D’Auria, S. Dusini, A.
Fabbri, G. Felici, A. Garfagnini, N. Giudice, A. Gavrikov, M.
Grassi, N. Guardone, L. Lastrucci, I. Lippi, L. Loi, C. Lombardo,
F. Mantovani, S.M. Mari, A. Martini, M. Montuschi, M. Nastasi,
D. Orestano, A. Paoloni, F. Petrucci, E. Previtali, B. Ricci, G. Sava,
A. Serafini, C. Sirignano, M. Sisti, L. Stanco, E. Stanescu Farilla,
V. Strati, C. Tuve, C. Venettacci, G. Verde, L. Votano, Fluorescence
emission of the juno liquid scintillator. J. Instrum. 20(05), 05009
(2025). https://doi.org/10.1088/1748-0221/20/05/P05009

12. G.Baccolo, A. Barresi, D. Chiesa, M. Nastasi, E. Previtali, M. Sisti,
Radiopurity screening of materials for rare event searches by neu-
tron activation at the triga reactor of pavia. Eur. Phys. J. Plus 140(4),
311 (2025). https://doi.org/10.1140/epjp/s13360-025-06232-0

13. A. Barresi, D. Chiesa, M. Nastasi, E. Previtali, M. Sisti, Imple-
mentation of a high-efficiency muon veto system for the GeSparK


https://doi.org/10.1007/JHEP11(2021)102
https://doi.org/10.1088/1748-0221/16/08/P08059
https://doi.org/10.1088/1748-0221/16/08/P08059
https://doi.org/10.1103/PhysRevD.110.052003
http://arxiv.org/abs/2107.11462
https://doi.org/10.1016/j.nima.2021.165290
https://doi.org/10.1016/j.ppnp.2021.103927
https://doi.org/10.1016/j.ppnp.2021.103927
https://doi.org/10.1016/j.nima.2024.169730
https://doi.org/10.1088/1748-0221/20/05/P05009
https://doi.org/10.1140/epjp/s13360-025-06232-0

Eur. Phys. J. C

(2026) 86:501

Page 150f 15 501

14.

16.

18.

19.

20.

21.

22.

alpha-beta/gamma coincidence detector. Nucl. Instrum. Methods
Phys. Res., Sect. A 1075, 170322 (2025). https://doi.org/10.1016/
j-nima.2025.170322

L. Eichrom Technologies, Uranium in water. Technical report
(2014). https://www.eichrom.com/wp-content/uploads/2018/02/
acw02- 14_u-water-vbs.pdf

. E.P. Horwitz, M.L. Dietz, R. Chiarizia, H. Diamond, A.M.

Essling, D. Graczyk, Separation and preconcentration of ura-
nium from acidic media by extraction chromatography. Anal.
Chim. Acta 266(1), 25-37 (1992). https://doi.org/10.1016/
0003-2670(92)85276-C

C. Maillard, D. Maloubier, O. Boulay, V. Savigny, A. Quemet,
U and pu separation with u/teva resin: influence of some param-
eters on chromatographic cycle performances. J. Radioanal.
Nucl. Chem. 330(3), 579-587 (2021). https://doi.org/10.1007/
$10967-021-07986-4

. L. Eichrom Technologies, Teva resin. https://www.eichrom.com/

products/teva-resin/

A.W.Knight, E.S. Eitrheim, A.W. Nelson, S. Nelson, M.K. Schultz,
A simple-rapid method to separate uranium, thorium, and protac-
tinium for u-series age-dating of materials. J. Environ. Radioact.
134, 66-74 (2014). https://doi.org/10.1016/j.jenvrad.2014.02.010
E.P. Horwitz, M.L. Dietz, R. Chiarizia, H. Diamond, S.L. Maxwell,
M.R. Nelson, Separation and preconcentration of actinides
by extraction chromatography using a supported liquid anion
exchanger: application to the characterization of high-level nuclear
waste solutions. Anal. Chim. Acta 310(1), 63-78 (1995). https://
doi.org/10.1016/0003-2670(95)00144-O

A. Tigliole, A. Cammi, D. Chiesa, M. Clemenza, S. Manera, M.
Nastasi, L. Pattavina, R. Ponciroli, S. Pozzi, M. Prata, E. Previtali,
A. Salvini, M. Sisti, TRIGA reactor absolute neutron flux mea-
surement using activated isotopes. Prog. Nucl. Energy 70, 249-255
(2014). https://doi.org/10.1016/j.pnucene.2013.10.001

D. Chiesa, E. Previtali, M. Sisti, Bayesian statistics applied to neu-
tron activation data for reactor flux spectrum analysis. Ann. Nucl.
Energy 70, 157-168 (2014). https://doi.org/10.1016/j.anucene.
2014.02.012

D. Chiesa, M. Clemenza, M. Nastasi, S. Pozzi, E. Previtali, G.
Scionti, M. Sisti, M. Prata, A. Salvini, A. Cammi, Measurement
and simulation of the neutron flux distribution in the TRIGA Mark
II reactor core. Ann. Nucl. Energy 85, 925-936 (2015). https://doi.
org/10.1016/j.anucene.2015.07.011

23.

24.

25.

26.

27.

28.

29.

A. Barresi, D. Chiesa, M. Nastasi, E. Previtali, M. Sisti, High pre-
cision measurement of the half-life of the 391.6 kev metastable
level in 2°Pu. Phys. Rev. C 105, 034346 (2022). https://doi.org/
10.1103/PhysRevC.105.034346

C. Landini, M. Beretta, P. Lombardi, A. Brigatti, M. Montuschi,
S. Parmeggiano, E. Percalli, G. Ranucci, V. Antonelli, D. Basilico,
B. Caccianiga, C. Coletta, M.G. Giammarchi, L. Miramonti, A.C.
Re, P. Saggese, M.D.C. Torri, S. Aiello, G. Andronico, A. Barresi,
A. Bergnoli, M. Borghesi, R. Brugnera, R. Bruno, A. Budano, A.
Cammi, V. Cerrone, R. Caruso, D. Chiesa, C. Clementi, S. Dusini,
A. Fabbri, G. Felici, A. Garfagnini, N. Giudice, A. Gavrikov, M.
Grassi, R.M. Guizzetti, N. Guardone, B. Jelmini, L. Lastrucci, 1.
Lippi, L. Loi, C. Lombardo, F. Mantovani, S.M. Mari, A. Martini,
M. Nastasi, D. Orestano, F. Ortica, A. Paoloni, F. Petrucci, E. Pre-
vitali, M. Redchuck, B. Ricci, A. Romani, G. Sava, A. Serafini, C.
Sirignano, M. Sisti, L. Stanco, E.S. Farilla, V. Strati, A. Triossi,
C. Tuve’, C. Venettacci, G. Verde, L. Votano, Distillation and gas
stripping purification plants for the juno liquid scintillator. Nucl.
Instrum. Methods Phys. Res., Sect. A 1069, 169887 (2024). https://
doi.org/10.1016/j.nima.2024.169887

L.A. Currie, Limits for qualitative detection and quantitative deter-
mination. Application to radiochemistry. Anal. Chem. 40(3), 586—
593 (1968). https://doi.org/10.1021/ac60259a007

L.-E. De Geer, Currie detection limits in gamma-ray spectroscopy.
Appl. Radiat. Isot. 61(2), 151-160 (2004). https://doi.org/10.1016/
j-apradiso.2004.03.037. (Low Level Radionuclide Measurement
Techniques - ICRM)

T. Goldbrunner, F. Feilitzsch, R. Hentig, J. Jochum, Neutron activa-
tion analysis of detector components for the solar neutrino exper-
iment BOREXINO. J. Radioanal. Nucl. Chem. 216(2), 293-297
(1997). https://doi.org/10.1007/BF02033793

R.B. Firestone, C.M. Baglin, Table of Isotopes (Wiley, New York,
1999)

M. Plummer, JAGS: a program for analysis of Bayesian graphical
models using Gibbs sampling, in 3rd International Workshop on
Distributed Statistical Computing (DSC 2003), Vienna, vol. 124
(2003)

@ Springer


https://doi.org/10.1016/j.nima.2025.170322
https://doi.org/10.1016/j.nima.2025.170322
https://www.eichrom.com/wp-content/uploads/2018/02/acw02-14_u-water-vbs.pdf
https://www.eichrom.com/wp-content/uploads/2018/02/acw02-14_u-water-vbs.pdf
https://doi.org/10.1016/0003-2670(92)85276-C
https://doi.org/10.1016/0003-2670(92)85276-C
https://doi.org/10.1007/s10967-021-07986-4
https://doi.org/10.1007/s10967-021-07986-4
https://www.eichrom.com/products/teva-resin/
https://www.eichrom.com/products/teva-resin/
https://doi.org/10.1016/j.jenvrad.2014.02.010
https://doi.org/10.1016/0003-2670(95)00144-O
https://doi.org/10.1016/0003-2670(95)00144-O
https://doi.org/10.1016/j.pnucene.2013.10.001
https://doi.org/10.1016/j.anucene.2014.02.012
https://doi.org/10.1016/j.anucene.2014.02.012
https://doi.org/10.1016/j.anucene.2015.07.011
https://doi.org/10.1016/j.anucene.2015.07.011
https://doi.org/10.1103/PhysRevC.105.034346
https://doi.org/10.1103/PhysRevC.105.034346
https://doi.org/10.1016/j.nima.2024.169887
https://doi.org/10.1016/j.nima.2024.169887
https://doi.org/10.1021/ac60259a007
https://doi.org/10.1016/j.apradiso.2004.03.037
https://doi.org/10.1016/j.apradiso.2004.03.037
https://doi.org/10.1007/BF02033793

	Ultra-trace analysis of U and Th in organic liquid scintillators with high sensitivity
	Abstract 
	1 Introduction
	2 Neutron activation analysis sensitivity
	3 Measurement strategy
	3.1 Labware cleaning protocol
	3.2 Radiochemical procedures
	3.2.1 Liquid-liquid extraction
	3.2.2 Extraction chromatography

	3.3 Neutron irradiation facility
	3.4 The β/γ system GeSparK

	4 Recovery efficiency determination
	5 Measurement of blank samples
	6 Conclusions
	Appendix A: Experimental sensitivity calculation
	Appendix B: Delayed coincidence techniques for U determination
	References


