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The precise and accurate determination of the radionuclide inventory in radioactive
waste streams, including those generated during nuclear decommissioning, is a key
aspect in establishing the best-suited nuclear waste management and disposal options.
Radiocarbon (*C) is playing a crucial role in this scenario because it is one of the
so-called difficult to measure isotopes; currently, 1*C analysis requires complex sys-
tems, such as accelerator mass spectrometry (AMS) or liquid scintillation counting
(LSC). AMS has an outstanding limit of detection, but only a few facilities are
available worldwide; LSC, which can have similar performance, is more widespread,
but sample preparation can be nontrivial. In this paper, we demonstrate that the
laser-based saturated-absorption cavity ring-down (SCAR) spectroscopic technique has
several distinct advantages and represents a mature and accurate alternative for 14C
content determination in nuclear waste. As a proof-of-principle experiment, we show
consistent results of AMS and SCAR for samples of concrete and graphite originating
from nuclear installations. In particular, we determined mole fractions of 1.312(9)
FC and 30.951(7) F**C corresponding to ~1.5 and 36.2 parts per trillion (ppt),
respectively, for two different graphite samples originating from different regions of the
Adiabatic Resonance Crossing activator prototype installed on one irradiation line of
an MC40 Scanditronix cyclotron. Moreover, we measure a mole fraction of 0.593(8)
F!C (~0.7 ppt) from a concrete sample originating from an external wall of the Ispra-
1 nuclear research reactor currently in the decommissioning phase.

nuclear waste | decommissioning | radiocarbon | nuclear safety | saturated-absorption cavity
ring-down spectroscopy

The management and disposal of radioactive waste from nuclear technologies operations
and decommissioning require accurate radionuclides inventories; most of the relevant
species are in sufficient concentration or are suited to be detected and measured by
rather conventional techniques, in particular gamma spectroscopy. However, there is a
group of key nuclides that are important for radiological assessment of waste but have
a significantly low abundance and/or a decay fingerprint not well suited for radiometric
analysis. This group of difficult to measure (DTM) species includes 14C, 36Cl, 9°Sr, 197Pd,
and other pure alpha and beta emitters, often with half-lives of several thousand years and
a low penetrating power of the emitted radiation. For some of them (e.g., the fission
product 9°Sr), the production route (by neutron irradiation of the fuel in the nuclear
reactor) is well defined, and consequently, its quantification by means of the isotopic vector
technique is sufficiently reliable. For others, such as *C, this approach is not applicable
because of the complex production route(s), which makes its estimation by calculations
very difficult, essentially leaving its direct determination by analytical techniques the
only suitable alternative. Some of these DTM isotopes (}*C and 26Cl) belong to the
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Radiocarbon ('#C) is a naturally
occurring long-lived radioactive
isotope whose secular
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artificially generated in nuclear
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not properly confined. The
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saturated-absorption cavity
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in the analysis of low "4C
concentrations present in
materials such as graphite and
concrete, which are
representative of large volumes of
nuclear decommissioning waste.
We show that SCAR provides
excellent analytical performance
when the sample is correctly
prepared, reducing any spectral
interference down to a negligible
level.

family of the so-called dose-relevant nuclides. Indeed, as a consequence of their chemistry,
mobility, and interaction with biogeochemical cycles, in case of uncontrolled release they
would have a high radiological impact in terms of dose delivered to humans and to the
biosphere (1).

This research paper aims to demonstrate that a class of laser-based spectrometers is
now a mature technology able to address the issue of accurate determination of *C
content in materials originating from nuclear power plants (NPPs). Accelerator mass
spectrometry (AMS) is the gold standard for low-abundance rare isotopes quantification
with an outstanding limit of detection, but its availability is limited to a few instruments
in developed countries. On the other hand, liquid scintillation counting (LSC) can
provide adequate analytical performance for many applications at a more reasonable cost
and with a much wider availability; nevertheless, the sample preparation often requires
laborious elemental separations. While a comparison among the performances of the three
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techniques (AMS, LSC, and saturated-absorption cavity ring-
down [SCAR]) is outlined, in this paper SCAR results were
validated only against AMS.

Radiocarbon in NPPs

Before the 1960s, the atmospheric concentration of “C was
almost stable and governed by its natural production by cosmic
ray interactions in the upper troposphere and stratosphere. After
that date, additional 1“C was introduced in the atmosphere,
with nuclear weapons and NPPs as the two main anthropogenic
sources (2). In nuclear reactors, **C is mainly produced by
neutron-induced nuclear reactions involving some specific iso-
topes of nitrogen, oxygen, and carbon. Table 1 lists the three
main reaction pathways along with the natural abundance of
the target isotope and the reaction cross-section for thermal
neutrons (25 meV). Other neutron-induced reactions having 4C
as final product exist [such as °N(n, d)1*C, **O(n, 2pn)14C,
and ¥O(n, na)*CJ, but they are negligible because of the
extremely low cross-section in the thermal neutron energy range.

Nitrogen, oxygen, and carbon are present in every region of
a nuclear reactor exposed to the neutron flux, but their concen-
tration levels can vary significantly, resulting in a very complex
determination of the main 4C production route. For example,
the main production routes taking place in graphite modera-
tors present in advanced gas-cooled reactors are based on both
13C and N isotopes. Despite the abundance of carbon, the
higher cross-section of the (n,p) reaction on N makes the
nitrogen-mediated reaction significant. In fact, air bubbles are
trapped in graphite porosity and bombarded by a neutron flux
of 1014 cm™2 57! in the reactor core. Another example is the
cooling water used in the great majority of operating NPPs, where
the water-dissolved nitrogen represents the main production route
for ™C. The radioactive element is partially trapped on the
cooling water purification resins, which represent an important
source of 14C in nuclear waste (5), and it is partially released in
the form of CO2 or CHy from the plant stack, possibly along
with other volatile fission products, like Xe isotopes (6). While
it is relatively easy to monitor and quantify Xe emission, online
measurements of 1*C are still a challenging task currently under
development (7).

Structural materials, like steel and concrete, can also contain
traces of the target isotopes either incorporated during production
or present in the superficial layer, and thus, when exposed to
a neutron flux, they contribute to the **C inventory. Since the
amount of target isotopes in the structural material is provided by
the producers as upper limits or with too high uncertainties, an a
priori estimation of the final **C inventory is unreliable.

Notwithstanding the fact that the activity of *C in nuclear
waste is very small when compared with other radionuclides, if we
consider the hypothetical total dose as resulting from the release
of all radionuclides from low-/intermediate-level waste (LILW)
disposal facilities and NPP operations, a dominant contribution is
generally associated with 14C (8, 9). This is primarily connected to

Table 1. The three neutron-induced nuclear reactions
that mainly contribute to the "C production in NPPs

Reaction Natural abundance, %  Cross-section, mbarn
"N(n, p)'4C 99.64 1,868 (3)
70(n, a)'*C 0.038 249 (3)
13C(n,y)'4C 1.07 1.5(4)

For each reaction, the target isotope natural abundance and reaction cross-section for
thermal neutrons (25 meV) are reported.
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the chemistry of the radiocarbon-bearing molecular species; CO4
and CHy are volatile and nonreactive, so they can migrate from
the storing and production sites and be taken up in the biological
life cycle.

This work focuses on the development of a rapid and simple
technique for measuring the *C concentration in nuclear waste,
which is necessary for the characterization and classification of the
waste and the selection of an appropriate waste disposal option
and its assessment. In fact, the engineered barrier system of the
waste repository must be designed in a way to contain both inor-
ganic and organic *C -bearing molecules that would otherwise
be taken up by plants and reach human beings. A precise and
accurate knowledge of 1#C concentration can dictate the choice of
the best-fitting waste form and disposal method, such as shallow
or deep repository. The major interest of *C analysis is focused
on the LILW streams. As stressed by International Atomic Energy
Agency (IAEA) (10), it is necessary to control the 14C production
at nuclear facilities but also, to have proper management of the
related waste. 14C can be the inventory-limiting nuclide at LILW
disposal facilities. This may be the case for one of the two major
US LILW disposal sites, where the relatively high 14C inventory
may cause an early closing of the repository before reaching its full
volumetric filling capacity (11).

Reliable determination of 14C in nuclear waste can effectively
address the problems expressed above, but so far, the technical
difficulties associated with experimental measurement have re-
sulted in methods that are not precise or sensitive enough. The
most common approach to establish the total **C content of
a waste package is the usage of scaling factors (12) defined as
the ratio between a DTM isotope and one or more specific easy
to measure radionuclides. In the case of 14C, it is assumed that
its concentration is directly related to that of %9Co via a scaling
factor derived through both experimental and theoretical analyses.
Unfortunately, the scaling factor of °Co cannot be used for all
waste types [for example, it is not applicable for the ion-exchange
resins (13)]. A different approach relies on the calculation of *C
content derived from the nitrogen impurities concentration. This
process assumes an exact knowledge of the production mecha-
nism, impurities concentrations, and neutron irradiation history.
Both of these methods are affected by large uncertainties and
often provide incompatible results, like in the case of the Swedish
final repository for short-lived radioactive waste, where different
models resulted in 14C estimations with a factor of 2.6 discrepancy
(14). The current estimation models based on scaling factors and
activation rates of the precursors would, therefore, strongly benefit
from or in some cases, even be overtaken by an easily accessible
and affordable quantification based on experimental campaigns as
also shown within the framework of the CArbon-14 Source Term
(CAST) project (15).

The direct measurement approach mainly relies on AMS and
LSC. AMS can reach a limit of detection as low as 0.002 F*4C*
for a typical 0.1— to 1-mg C sample (18). Concerning precision,
AMS and LSC perform similarly, but LSC requires a few grams of
C to be dissolved in the scintillation mixture (19).

Laser-based spectroscopic methods have also been demon-
strated for this task. While linear-absorption cavity ring-down
spectroscopy (CRD) achieved, in the best case, a precision of 0.11
FC (20, 21), SCAR demonstrated a precision of 0.004 F}4C

*One F'4C, or modern, corresponds to the '#C mole fraction in a natural C sample collected
in 1950 before the nuclear bomb testing suddenly changed the concentration equilibrium
in the atmosphere (doubling it in only a few years), having a specific activity of 0.226
Bq/g. Combining this value with the half-life of 5,700(30) y (16), the obtained modern mole
fraction is 1.169(6) ppt. Other practical units of measurement for '4C content are described
inref. 17.
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(22), proving to be nowadays the single most reliable competitor
of AMS in terms of precision, making use of a few milligrams
of C material with a much more compact and smaller footprint
instrument.

A system similar to the one presented in ref. 22 has been
built up in an inactive laboratory of the Joint Research Centre
(JRC) Karlsruhe. As soon as the optical setup commissioning is
accomplished and its performance is assessed against reference
standards, it will be moved to the controlled area and coupled to a
carbon extraction system operating in a radiation-controlled envi-
ronment. In this way, it will be possible to assess the 14C content
of highly radioactive and contaminated samples, such as reactor
vessel structural material, the fuel cladding, and also, the nuclear
fuel itself. In fact, the JRC is equipped with unique infrastructures,
including heavily shielded hot cells with telemanipulators and
airtight gloveboxes, to safely handle radioactive materials. The
SCAR setup will allow us to determine the 4C content from
nuclear applications with unprecedented precision. In this paper,
we show a proof-of-principle application of SCAR technology to
nuclear waste of different radioactivity levels by measuring the
1C concentration in two graphite samples and one concrete
sample and comparing the obtained results with AMS indepen-
dent measurements. The concrete sample is a relevant example
of a relatively large volume of decommissioning material with
mainly modern or submodern expected 14C content. Should the
measured '*C and other artificial radionuclides be below the
clearance exemption limit (1 Bq g~ for 1*C; i.e., about 4 F**C)
(23), the concrete could be cleared and disposed of as conventional
waste, not going through nuclear waste repositories. Considering
the big volume of concrete, this would result in a remarkable
economic impact on the overall investment for decommission-
ing. The irradiated graphite is another interesting sample since
its activity can span up to hundreds of kBq g=! (24). As such,
it demonstrates the capability of SCAR to measure samples in an
enrichment range inaccessible to AMS without dilution.

Materials and Methods

sample Origin and Preparation. Both graphite and concrete samples were
collected at the European Commission JRC site located in Ispra (Italy) from two
different nuclear installations currently under decommissioning. The concrete
sample (identified as KB in the following sections) came from the external wall of
the Ispra-1 nuclear reactor(25). This was a 5-MW Chicago-Pile-type reactor builtin
northern Italyin 1957 to become the first nuclear reactorin Italy to reach criticality.
Inits early stage of operation, its title was transferred to the European Community
of Atomic Energy, and then, it was operated under the European Atomic Energy
Community (EURATOM) treaty by the JRC. It provided an intense neutrons beam
for condensed matter investigations, valuable experimental results in the field
of core physics, radiation-tolerant material science, and neutron interaction with
living matter.

The graphite material originated from the Adiabatic Resonance Crossing
activator prototype (26) installed on one irradiation line of an MC40 Scanditronix
cyclotron. Along this beamline, protons were accelerated to a kinetic energy of at
least 36 MeV before colliding against a thick beryllium target. By interaction with
the target material, a large flux of fast neutrons was produced and thermalized
by a cubic meter reflector made of nuclear-grade graphite. The whole-neutron
energy spectrum (from several megaelectronvolts down to the thermal range)
was confined in the graphite volume and forced to cross the region of the
activation channels where samples were loaded. The graphite reflector was made
by several graphite bricks whose activation levels vary significantly from one
another due to their position. Two samples were taken from different bricks, and
they are identified as KG1 and KG2 in the following sections.

Both sample types were ball milled with agate spheres in order to obtain afine
powder. Since the concrete sample was obviously heterogeneous, an additional
sieving step was performed; the milling and sieving cycle was repeated until all
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the original material was below 100 m. Graphite, being homogeneous, was not
sieved. All samples were prepared in two replicas of 1 g each: one to be used
for AMS measurements and one for SCAR. The total carbon determination of the
concrete sample was performed by means of an International Organization for
Standardization (1SO)-certified calibrated elemental analyzer and resulted in a
carbon mass fraction of (3.53 = 0.06) %.

Carbon Extraction and Oxidation. In order to perform "*C mole fraction
analyses with AMS, the carbon content of the initial sample must be converted
to either graphite or CO,. Since SCAR is operating on a gaseous CO; sample,
we decided to perform both analyses on gases. Carbon extraction and oxidation
were done using dedicated elemental analyzers (EuroVector EA 3000 for AMS and
Elementar Vario Isotope Cube for SCAR), where the input material is combusted
at high temperature in a pure oxygen atmosphere.” The gaseous products are
flowed by a carrier gas (He) through a reduction tube and a gas-selective adsorp-
tion column that traps CO, until itis heated up. The CO; fraction is separated from
the carrier gas and purified from other gases using either a zeolite trap (AMS) or
a cryogenic bath (SCAR) before being transferred to the analytical apparatus.

AMS Measurements. The '*C mole fraction determination of the three sam-
ples was outsourced to the University of Cologne, where a 6-MV tandetron
accelerator system built by High Voltage Engineering Europa B.V.is routinely used
for carbon dating and measurements of cosmogenic nuclides. The accelerator
system contains two identical ion sources; one is dedicated to the measurement
of solid samples, while the other is connected to a gas handling system and
dedicated to CO, measurements. The ™C/"C declared precisions are 0.35 and
1% for a sample with a 1 F**C mole fraction, respectively, for the two ion sources
(27). For this work, only the second ion source has been used. For each sample,
10 replicas (10 and 0.1 mg each for concrete and graphite, respectively) were
combusted and independently measured after an instrument blank run and a
suitable calibration were performed.

Preliminary results obtained with the SCAR method allowed us to determine
the ™C mole fraction range; for KB and KG1, this was found to be around
one modern, while KG2 was found in the tens modern range. This preliminary
estimation is particularly important for AMS analysis in order to define a dilution
strategy, thus avoiding a too heavy contamination of the accelerator in the case
of a higher than modern "C mole fraction. Following this preliminary analysis,
the KG2 sample was diluted in solid forms, adding a precise amount of "fossil"
graphite. The analytical balance used for the dilution has a readability of 0.01 mg
and a relative 0.1% uncertainty referred to the measured mass of 100 mg. The
diluted sample was carefully homogenized and divided in 10 samples, which
were burntindividually in the elemental analyzer and transferred to the AMS ion
source.

SCAR Measurements. The SCAR spectrometer used for these measurements
is located at the Consiglio Nazionale delle Ricerche, Istituto Nazionale di Ottica
laboratory in Florence. It requires at least 7 mg of carbon in order to achieve its
best precision. We obtained such a quantity by burning a single unit of 9 mg
of graphite (for both KG1 and KG2 samples) and nine different units of 38 mg
each of concrete (KB sample), resulting in a combusted total mass of 342 mg.
The highly pure CO, gas was then injected into the SCAR spectrometer. The SCAR
experimental setup is already described in refs. 22 and 28. Here, we provide only
the most relevant information on the technique. In SCAR spectroscopy, laser light
is coupled to a high-finesse two-mirror optical cavity up to a threshold level in the
transmitted power, and then, it is quickly switched off. Transmitted light during
the ring-down process is detected, and the decay rate is measured. If a molecular
species inside the cavity absorbs the coupled light, it increases the cavity loss
rate, and such variation is measured. The difference with respect to conventional
CRD spectroscopy is that saturation effects on the molecular absorption induce
a deviation of the ring-down signal from a perfectly exponential behavior, as
expected for linear intracavity losses. Starting from an ab initio theoretical model,
a fitting routine was developed taking into account the transient effects due to

fEuroVector model EA 3000 runs at a temperature of 1,020 °C with 13-s oxygen flux, while
the Elementar mod. Vario Isotope Cube runs at 900 °C with 120 and 210 s of oxygen flux
for graphite and concrete, respectively. The different combustion/oxidation durations have
no effect on the measurement results. Both instruments are used in mass spectroscopy
experiments because they are known not to introduce any isotopic fractionation bias.
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a changing saturation level; the routine retrieves from each single CRD decay
event hoth the empty-cavity and the gas-induced losses (22). The "*C0, mole
fraction is determined by measuring the spectral area of its (00°1 — 00°0)
P(20) ro-vibrational transition at 2,209.1077 cm~", whose profile is recorded
with high spectral fidelity by scanning the cavity frequency. One back-and-forth
stepwise scan of the frequency across the target transition is performed for each
acquisition. Each scan spans 650 MHz, with 66 points spaced by 10 MHz, and
takes about 6 min. For each frequency step, 5,000 SCAR signals are acquired
and averaged. Assuming the same effective saturation parameter for the whole
frequency scan, the gas-induced cavity decay rate function v4(v) is determined
by averaging together the values belonging to the single sweeps. For each
sample, 28 spectra of ~4 across the P(20) line are recorded (for a total measuring
time around 3 h) and fitted using a two-line manifold Voigt profile. The fitting
function is obtained considering the target line of C0O; and an interfering line
of N,0at2,209.0854 cm " that is, however, strongly suppressed during sample
preparation. To obtain an estimate of the ™C content in each sample, a relative
measurement was performed by comparing it with a standard reference material
(SRM). Fig. 14 shows the average of 142 measurements of the SRM containing
a carbon mass fraction of ~19% and a *C mole fraction of 1.3407 F'*C. Fig. 18
shows the average of 28 measurements of the KG1 sample. Both measurements
were fit to a two-Voigt function, also taking into account the small interfering N, O
peak. Residuals from the fit are shown in Fig. 1 A, Lower and B, Lower. The green
shaded area represents the fit result for the SRM and is used to calculate the ™C
contentin all samples.

Results and Discussion

The AMS results from all the subsamples analyses were provided
by the University of Cologne team. For KG2, the addition of
fossil graphite resulted in a dilution factor of 10.977. No dilution
was required for the SCAR analyses. In Fig. 2 A-C, we report
the complete measurement results for the two graphite (KG1 and
KG2) and concrete (KB) samples obtained via AMS and SCAR
(SI Appendix, Tables S1 and S2 have data).

With the optical method, we performed 28 repeated mea-
surements for each sample, while a single measurement on 10
different subsamples, for each sample, was performed by AMS.
One AMS measurement for KG1 and two measurements for
KG2 were excluded from the plot and from the statistical analysis
because they were affected by a systematic “memory” effect due
to previously measured enriched samples (not part of this work).

The AMS reported uncertainty is, as expected, about 1% for
all measurements; this is a consequence of the Poissonian statistics
of the ion counting process. The SCAR uncertainty is about 0.03
F!C for all measurements; this depends on the signal-to-noise
ratio of the raw data and on the acquisition parameters (22). In
order to account for systematic effects, the final **C content values
for KG1, KG2, and KB have been obtained by calculating the
weighted average and its uncertainty for both AMS and SCAR
measurements. Applying a two-sample ¢ test for the three sample
materials, it is confirmed that for KG1 and KB, the null hypothesis
(Hp: AMS and SCAR provide the same results) is retained with a
P value > 0.05 =«

For KG2, the ¢ test rejected the null hypothesis. Thus, from a
statistical point of view, the two techniques are not providing the
same results. This conclusion is clear when comparing the AMS
and SCAR datasets (Fig. 2B). A trend is evident in the AMS data.
Possible inhomogeneity in the original KG2 sample can impact
only the AMS results since the measurement is performed on
different subsamples. However, the clear decreasing trend of the
individual subsamples (Fig. 2B) suggests some kind of systematic
error that was not possible to identify. Since the linearity, as a
function of the 1“C mole fraction, of the optical method was
already demonstrated in the past (29) and since the two techniques
provide consistent results for KG1 and KB, we believe that the
SCAR result for the KG2 sample is correct, while the AMS one is
affected by a systematic error.
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Fig. 1. (A) Average spectrum of the P(20) line of 4CO, measured for the SRM oxalic acid dihydrate (C;H,04 - 2H,0) provided by the National Institute of

Standards and Technology (SRM 4990C) with a carbon mass fraction of ~19 % and a 14¢C mole fraction of 1.3407 F'*C. (B) Average spectrum of the P(20) line of
14C0, measured for the KG1 sample with a "C mole fraction of 1.312(9) F'#C. Both measurements were performed with the SCAR spectrometer, and data were
fit to a two-Voigt function, also taking into account the small interfering N,O peak. Residuals from the fit are shown in A, Lower and B, Lower. The green shaded
area represents the fit result for the SRM and is used to calculate the '*C content in all samples.
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Fig. 2. (A) Measurements of the KG1 sample of graphite. (B) Measurements of the KG2 sample of graphite. (C) Measurements of the KB sample of concrete.
SCAR results (red circles) refer to the repeated measurements of the same gas sample produced by a single combustion, while AMS points (blue squares)
refer to gas samples produced by the combustion of different subsamples. The dotted lines and the shaded areas represent the weighted means and their
uncertainties for the two techniques, respectively. (D) Comparison between the weighted means obtained with the two techniques for the three samples. The
yellow shaded areas highlight the error bars of the SCAR measurements, except for the KG2 data since the two measurements are not statistically consistent.

SCAR and AMS data are reported in S/ Appendix, Tables S1 and S2, respectively.

For the AMS and SCAR analyses, the graphite is generally
powdered via a ball-mill grinder. Depending on the size of the
graphite pores, powder granulometry, and gas diffusion in powder
grains, the measured fraction of 'C can be an underestimation
of the overall initial **C content. Part of gaseous *C compounds
trapped in material pores can be released during grinding and not
measured, providing a lower than real activity. This is a crucial
problem that has to be further investigated in further works
because it could potentially influence the definition of a waste
management option, but it is not affecting the goodness of the
analytical technique by itself. A similar situation may also apply
to other porous materials like concrete, where one should also
consider the heterogeneity of different phases.

Conclusions

In this work, we have demonstrated that the laser-based SCAR
technique is now a mature, accurate, and relatively simple al-
ternative to the well-established AMS and LSC techniques in
the determination of 14C content at mole fraction levels ranging
from below modern to enriched. The presented approach is able
to provide results for *C content in around 5 min after a
careful sample combustion has been done avoiding spectroscopic
interference from N3O, paving the way to a class of relatively
small footprint instruments able to process many samples at the
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place of origin. For nuclear decommissioning, this would have a
huge impact since the possibility of on-site measurement avoids
the complex, often totally forbidden organization of radioactive
transport, strongly reducing unnecessary radiological exposure. In
many circumstances, precise determination of the 4C content
in the decommissioning waste will allow for the clearance of
large volumes of LILW as conventional waste, not only reducing
the overall cost but also, mitigating the environmental impact of
nuclear waste management.

Also, LSC can be profitably used for samples with higher
specific activities, like KG2, and those requiring dilution for AMS.
In ref. 30, the COg produced by the combustion of irradiated
graphite in an elemental analyzer was bubbled in a basic solution
and then mixed with the scintillation mixture. A measurement
campaign aiming at comparing LSC and SCAR has been foreseen
and will be reported in a future paper.

The SCAR technique can be also adapted to measure other
nuclear safety—related nuclides, such as 36Cl, which is another
important DTM isotope. Preliminary work on these radionuclide
has been conducted by the VIT Technical Research Centre of
Finland (31).

A clear advantage of the optical method with respect to the
ion-based (AMS) one is the much higher measurement dynamic
range. AMS operators are very reluctant to measure enriched
samples because of the risk of long-term contamination of the ion
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chamber. Furthermore, the necessary dilution can be a potential
source of additional uncertainties. Instead, we demonstrate that
the SCAR system can measure up to 30 times the modern without
any memory effect and without any dilution. The AMS requires
~50 times less mass than the optical system to perform the
measurement, making it very sensitive to possible *C inhomoge-
neous distribution over multiphase materials. On the other hand,
for applications to nuclear waste, the larger quantities needed
by SCAR are not a limitation and can even be beneficial in
simplifying the homogenization procedure.

Data Availability. Zipped comma-separated values (CSV) and text (TXT)
data files have been deposited in the Joint Research Centre Data Catalogue
(https://data.europa.eu/89h/7002ce48-f46a-4d19-be3b-37f93852b586) (32).
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