K9,

$ UK Atomic
- Energy

Authority

UKAEA-CCFE-PR(25)370

Priti Kanth Ivan Kodeli Mark Gilbert

Uncertainty in C-14 production from
oxygen isotopes



Enquiries about copyright and reproduction should in the first instance be addressed to the UKAEA
Publications Officer, Culham Science Centre, Building K1/0/83 Abingdon, Oxfordshire,
OX14 3DB, UK. The United Kingdom Atomic Energy Authority is the copyright holder.

The contents of this document and all other UKAEA Preprints, Reports and Conference Papers are
available to view online free at scientific-publications.ukaea.uk/



https://scientific-publications.ukaea.uk/

Uncertainty in C-14 production from
oxygen isotopes

Priti Kanth Ivan Kodeli Mark Gilbert

This is a preprint of a paper submitted for publication in
Applied Radiation and Isotopes






Uncertainty in '*C production from oxygen isotopes
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Abstract

14C is produced from the activation of N and O with high-energy neutrons. Due to its long half-life, high residence time in
the environment and ease of assimilation into living matter, it is a major concern for the transportation of activated material and
disposal of radioactive waste materials. This paper reports the discrepancy in the '#C production from O isotopes, using different
data libraries and how that discrepancy would affect radioactive waste assessment and disposal and recycling recommendations.
The paper also reports the inconsistencies in the uncertainty data and co-variance matrices given in the nuclear data library.
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1. Introduction

4C is a naturally occurring radioactive isotope produced
continuously in the atmosphere by cosmic ray neutrons inter-
acting with atmospheric nitrogen. In fusion reactors, '*C is pro-
duced by the interaction of high-energy fusion neutrons with N
and O isotopes. The various production paths for '“C in fusion
materials according to ENDF/B-VIIL.O data library, when irra-
diated with the DEMO breeder blanket neutron spectrum, are
given in Fig. 1. The DEMO spectra were obtained for a 2017
European DEMO baseline design (1; 2). The blue arrows in the
graph show direct reactions from a parent to a daughter. The
red double-headed arrow corresponds to a loop; '*N undergoes
(n,p) reaction to produce '*C and '*C decays to '*N. The reac-
tion’s name and the probability of the creation of the daughter
from the parent are written on the edges of the graph. More
details on how to create these plots can be found in the paper
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Figure 1: Pathways for production of '#C using ENDF/B-VIILO data library
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The production of '*C from '*N is well-validated experimen-
tally, and there is good agreement between different nuclear
data libraries, see Fig. 2. The same is not true for the case of
14C production from the isotopes of O. In naturally occurring O,
160 is most abundant with 99.8% natural abundance, followed
by 80 with 0.205% natural abundance and '”O with 0.0380%.
70(n,@)'*C and '80(n,n’ @)'*C reaction cross-section data vary
widely between the different nuclear data libraries, and only
very few experimental data points are available at high ener-
gies. This could lead to high variation in the assessment of '*C
production in the case of water or oxygen-rich materials like
mixed oxide fuel (MOX) and KALOS. KALOS is a candidate
for the breeder material for EU-DEMO reactors. It is a mixture
of LiSiOy4 and LiTiO; (4; 5). '*C is a weak beta emitter and,
at normal concentrations, is not a concern for external radiation
hazards. However, controlling its release from nuclear facilities
becomes important because of its high isotopic exchange rates
in living organisms. Details about the regulatory requirements
of 1*C are given in (6). Thus, the amount of l4c generated from
KALOS could determine its End-of-life (EOL) processes (7).
If the disposal route is opted for, the amount of '*C would be
crucial since various national waste repositories have limits on
the amount of '“C that can be accepted (7; 8). On the other
hand, since Lithium is a valuable material in fusion reactors,
it would be desirable to recycle KALOS (9). In a recycling
process, as '“C can form various carbon compounds and gases
like CO, and CO, an accurate assessment of '*C would be war-
ranted. Thus, to clearly define the EOL recommendation for
materials like KALOS, an accurate assessment of '“C is cru-
cial. This paper highlights the difference in '*C assessment
when using different nuclear data libraries and discusses how
these differences could affect waste classification and recycling
perspective. The paper also reports the inconsistencies in the
uncertainty data and co-variance matrices given in the different
nuclear data libraries using SUSD3D code (10).
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Figure 2: (n,p) Reaction cross-section for '*C production from N, comparing
the evaluations from several different nuclear data libraries with the available
experimental data points in EXFOR. The number next to each EXFOR point
indicates the year in which the data was published.

2. Nuclear data

To demonstrate the impact of the choice of the nuclear data li-
brary on the production of '#C, the reaction cross-sections from
the most commonly used nuclear data libraries are investigated.
We consider TENDL 2021 (TALYS-Evaluated Nuclear Data
Library developed at TAEA and PSI, Switzerland) (11; 12),
JEFF 3.3 (Joint Evaluated Fission and Fusion File produced via
an international collaboration of NEA Data Bank participating
countries) (13; 14), the 2010 version of the European Activa-
tion File (EAF) developed at UKAEA (15), JENDL-5.0 (fifth
version of Japanese Evaluated Nuclear Data Library) (16) and
ENDEF/B-VIILO (library from Brookhaven National Lab in the
usS) (17; 18).

The reaction cross-section for the production of '“C by 170
and '80 for the different nuclear data libraries are given in Fig-
ures 3 and 4. The figures also contain the experimental data pro-
vided in EXFOR (19), with points labelled in the key accord-
ing to the originating author and year of publication. The fig-
ures highlight the discrepancies in the nuclear data libraries and
the lack of experimental data for neutrons at energies around
14 MeV, i.e. the energy of neutrons born in the DT fusion reac-
tion.

The cross-section data for O isotopes in TENDL-2021 was
taken from JEFF-3.3 (11), but it is clear that the cross-section
for '7O(n,@)'*C reaction in TENDL-2021 files does not match
the cross-section given in the JEFF-3.3 (possibly due to an er-
ror in the processing of nuclear data files). In the past, sim-
ilar discrepancies were noticed in the TENDL data libraries.
In TENDL-2017 and TENDL-2019 (20; 21), the cross-section
data for 7O was said to be taken from the ENDF/B-VIILO
library, but only the TENDL-2019 cross-sections matched
ENDEF/B-VIILO evaluations. These discrepancies further add to
the overall ambiguity in '*C production from O isotopes. In the
case of '30(n,n’@)'*C reaction channel (Fig. 4), only one exper-
imental data point is available (22). In the case of '"O(n,a)'*C
reaction (Fig. 3) channel, more data points are available at the
keV range, but again, only one at the fusion energy relevant

range (23; 22). The data point at 14 MeV, in both reaction
channels, was taken from the FNS experiment, but none of the
nuclear data libraries, except JENDL-5.0, agree with that ex-
perimental data (24).
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Figure 3: (n,a) Reaction cross-section for '“C production from 70, comparing
the evaluations from several different nuclear data libraries with the available
experimental data points in EXFOR.
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Figure 4: (n,n’ @) Reaction cross-section for '*C production from '#0, compar-
ing the evaluations from several different nuclear data libraries with the avail-
able experimental data points in EXFOR.

These discrepancies in the cross-section would lead to uncer-
tainty in the production of '*C and thus its activity. Since the
170(n,@)'C reaction cross-section is much higher at low ener-
gies, this reaction channel is relevant for both fission and fusion
reactor conditions. But the "#O(n,n’@)'*C reaction channel has
a threshold of 6.3 MeV and thus is only relevant for fusion en-
ergy applications.

To study the difference in '*C production due to the differ-
ences in the cross-section evaluations at various energy ranges,
neutron spectra from both fusion and fission systems are used.
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Figure 5: Various neutron spectra used in the study. Left: the spectra on a
logarithmic eV scale showing the full energy range. Right: a linear MeV scale
showing the high-energy parts of the spectra, in particular the fission tails.

The different neutron spectra used in the study are given in
Fig. 5.

These spectra were taken from the FISPACT-II wiki (25), and
a short summary of neutron spectra used in the calculations is
given below:

e DEMO-OB is the Outboard Blanket spectrum obtained for
the 2017 European DEMO baseline design with total inte-
grated flux of 2.19 x (10 ncm™2 s71) (1; 2).

e FBR is the core assembly spectrum for the large-scale pro-
totype fast breeder Superphenix reactor that was located in
the south of France (1.2 x 10" n cm™2 s71) (26).

e HFR is the spectrum for volume-averaged low-flux mate-
rial test location of the high-flux reactor at Petten, Nether-
lands (5.3 x 10" ncm™2 s71) (27).

e and PWR is the fuel assembly-averaged spectrum for the
type P4 pressurized-water reactor at the Paluel site in
France (3.25 X 10" ncm™ s7!) (28).

3. Calculation methodology

Analytical calculations are carried out for the above-
mentioned production channel reactions, '"O(n,a)'*C and
180(n,n’a)!'*C for every nuclear data library with the different
incident neutron spectra.

The change in concentration of any isotope as a function of
time in a neutron environment is given by the differential equa-
tion:

dN;
o = A TN+ )y o, M
JF
where N; = number of nuclide i at time t
A; = total decay constant of nuclide i (s™')
o = total cross-section for reactions on i (cm?)
A;; = decay constant of nuclide j producing i (s™)
o;j = reaction cross-section for reactions on j producing i (cm?)
¢ = neutron flux (cm™2s7!)

As C has a very long half-life, it will not decay signifi-
cantly within the operation times of any nuclear reactor (thus,
we can consider 4; to be zero). And since '“C has low con-
centration in the material and the production pathway from its
parent nuclides dominates the equation, the neutron-induced
burnup (oi¢ ~ 0) of '*C can also be neglected. Also, we are
exploring the impact of the single one-step reaction, and so the
rate of production of C (%) from a single reaction from a
parent (N;) can be approximated (to first order) as:

dN;

— = 0¢N; 2

7 PN, @)
Integrating the above equation, the amount of '*C at any time t
for the group-wise neutron spectra can be estimated using:

Ni(1) = (1 — e Ze7PIN;(0) 3)

where N;(¢) is the number of atoms of '“C at time f, N (0) is
initial number of atoms of parent nuclide (!’O or '30), o is the
group-wise reaction cross-section for production of '*C from
parent j, ¢, is the group-wise neutron spectrum incident on the
parent nuclide j and ¢ is the time of the irradiation.

In this study, 7O and 80 present in 1 kg of KALOS are ir-
radiated with the neutron spectrum given in Fig. 5 for 5 FPY; 1
Full Power Year (FPY) is equivalent to the continuous operation
of the reactor for one year with 100% availability. The irradia-
tion period of 5 FPY was selected in this study because it is the
planned lifetime for EU-DEMO (29). The specific activity of
14C generated in 1 kg of KALOS through the individual reac-
tion channels is then compared among the nuclear data libraries
and against the waste classification limits.

The cross-section values used in this study for the nuclear
data libraries like EAF-2010, JEFF-3.3 and ENDF/B-VIIIL.O
were generated using the FISPACT-II EXTRACTXS function-
ality (30; 31). Since the TENDL-2021 (only available in the
1102 group structure) and JENDL-5.0 evaluations were not
available in the 709 group structure for FISPACT-1I simula-
tions, we processed the libraries in the desired group structure
using NJOY-2021 (32).

4. Results

The reaction rate per unit of lethargy and the activity of the
14C produced via '"O(n,a)'*C and '"*O(n,n’@)'*C reaction are
compared for the nuclear data libraries for different neutron
spectra. The results are summarised in the sections below. The
activity of '*C is also compared against the UK global limit on
By activity for Low-Level Waste (LLW) classification and the
French waste classification limits (33).

4.1. '“C production from ' O(n,a)"*C reaction

The reaction rate is the summation term, >, 0,¢,, in the
Eq 3. The reaction rate per unit lethargy for '’O(n,a)'*C for
different data libraries in various neutron environments is plot-
ted in Fig. 6. Differences in the reaction rates, calculated for
all the libraries, can be observed at all energy ranges and for all



Figure 6: The

Figure 7: 'C activity from all the '4C created via the '7O(n,)'4C reaction channel for different nuclear data libraries using the analytical calculation for different

incident neutron spectra.
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neutron spectra studied here. Among all libraries, the reaction
rates are the highest for the DEMO blanket spectrum (Fig. 6a)
due to the higher neutron flux in the fast region.

The '*C production from 7O using the analytical solution
of Equation 3 for 5 FPY operation is given in Fig. 7. The UK
and French disposal limits for '*C are also plotted in the figures
to highlight that the '*C activity would exceed the regulatory
limits at different times depending on the nuclear data library
used. In the case of the DEMO blanket neutron spectra ( see
Fig. 7a), TENDL-2021 and ENDF/B-VIIL.O predict the highest
amount of the '*C activity, and JENDL-5.0 predicts the lowest.
After 5 FPY, the difference between the highest and lowest pre-
diction is more than a factor of 2. The operation time taken by
TENDL-2021 and ENDF/B-VIIL.O to breach the UK gy LLW
limit is less than 1.5 FPY, whereas for JENDL-5.0 it is close
to 3.5 FPY. So, depending on the data library used, engineers
performing waste assessment simulations would draw very dif-
ferent conclusions on the *C activity for waste classification,
processing and disposal. Furthermore, choosing the best nu-
clear data library for such calculations becomes difficult since
experimental data is scarce.

The High Flux Reactor (HFR) has significant neutron flux at
all energies and has two peaks in the reaction rate (see Fig. 6b).
At low energies, the reaction rate is similar for different li-
braries, but at high energies, there is a large discrepancy in the
prediction from different data libraries. The '“C activity when
irradiated with HFR neutron spectrum using different nuclear
data libraries is given in Fig. 7b. In this case, TENDL-2021
again predicts the highest activity for '*C, but ENDF/B-VIILO
predicts a lower value. After irradiation for 5 FPY, the differ-
ence between the highest and lowest prediction is almost 60%.
In the HFR neutron environment, the “C activity crosses the
French ILW limits within 3 FPY for TENDL-2021 and within
4.5 FPY for JENDL-5.0. This implies that although, according
to all the data libraries, the material placed in HFR will be clas-
sified as ILW in the UK, there would be uncertainty about its
classification according to French waste limits.

The reaction rate and the '*C activity in the Superphenix
reactor (FBR) neutron environment are given in Fig. 6¢ and
Fig. 7c respectively. Since there is a large discrepancy in the
reaction rate among the different libraries, there is also a large
discrepancy in the '*C production. Also, since FBR has the
highest total integrated neutron flux, '“C activity is the highest
among all the different neutron environments. Again, TENDL-
2021 predicts the highest activity for '*C, crossing the French
14C limit after 2 FPY of operation. With JENDL-5.0, it takes
close to 5 FPY to cross the same limit. All the libraries predict
14C activity higher than the UK global limit on By activity. The
difference between the highest and lowest prediction is more
than a factor of 2 at the end of 5 FPY.

The reaction rate calculated for the neutron spectrum in the
Paluel light water reactor (PWR) also has two peaks, one at the
low energies and the other at the high energies (see Fig. 6d).
However, due to the lower total integrated neutron flux, the
amount of '*C is lower than other fission reactors but compa-
rable to DEMO blanket (see Fig. 7d). Again, TENDL-2021
predicts the highest activity, and JENDL-5.0 predicts the low-

est. Unlike HFR and FBR, the '“C does not cross the French
14C limit within 5 FPY but does cross the UK Sy LLW limit
within 2 FPY for all nuclear data libraries. The difference be-
tween the highest and lowest prediction is 80% at the end of 5
FPY irradiation.

4.2. 'C production from '8 O(n,n’@)'*C reaction

The '80(n,n’@)"*C reaction is a threshold reaction, so only
the neutrons above 6.3 MeV would interact with 30 atoms.
This means that even though 180 is more abundant than 70,
the C production predicted through this reaction is signifi-
cantly lower. The reaction rate and the '“C activity for each
library in different neutron environments is given in Figures 8,
9 respectively. Only in the DEMO Blanket neutron spectrum(
see Fig. 9a), the activity of '*C produced is significantly higher
than the UK global LLW limit on By activity for some data li-
braries. This creates an issue for the waste classification as the
waste characterisation depends on the nuclear data library used.
For the fission neutron environments( see Fig. ??), the activity
of '*C produced is not significant. However, these results still
highlight the issue of large discrepancies between the different
libraries. Furthermore, since only one experimental data point
is available at high energy region, the validity of all the val-
ues in nuclear data libraries for '80(n,n’@)'*C reaction can be
questioned. The important point to note here is that in an O-rich
material, the total activity of '*C produced would be the sum of
the '*C produced from '"O(n,a)'*C and '80(n,n’@)'C reaction
channels. Since '*C produced from '"O(n,a)'*C is higher than
the waste classification limits in most cases, the *C produced
from '#O(n,n’@)"*C reaction would only add to it.

5. Uncertainty analysis

Discrepancies are also present in the uncertainty data and co-
variance matrices given in the nuclear data libraries. JENDL-
5.0, EAF-2010 and ENDF/B-VIIIL.O data libraries contain no
covariance matrices. A closer analysis of the covariance matri-
ces of the TENDL libraries and JEFF3.3 shows severe inconsis-
tencies and deficiencies which do not inspire confidence in the
nuclear data predictions. For the 70(n, @) covariance matrices:

e In TENDL-2021, the correlations are provided for the
whole energy range, but the standard deviations are (close
to) zero below ~ 100 keV.

e JEFF-3.3 covariance data start at even higher neutron en-
ergies, covering only the energy range between ~ 0.3 to 20
MeV.

e Only TENDL-2017 spans down to thermal energies; how-
ever, the reported standard deviations seem unrealistically
large/huge (up to a few 1000 %, indicating (a) possible
scaling error(s)). Even though newer versions of TENDL
libraries are available, TENDL-2017 is the only evalua-
tion which has non-zero uncertainty for '’O(n,a)'*C reac-
tion channel at thermal energies, and hence is considered
in this study.
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Figure 8: The reaction rate per unit lethargy for '80(n,n’@)'*C channel for various nuclear data libraries for different incident neutron spectra
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Figure 9: 14C activity from all the 1*C created via the 3O(n,n’@)!*C reaction channel for different nuclear data libraries using the analytical calculation for different

incident neutron spectra.

The uncertainty in '*C production in DEMO Blanket due to
the uncertainties in the underlying (n,a) cross sections was
calculated using the SUSD3D code (10). SUSD3D, a multi-
dimensional nuclear cross-section sensitivity and uncertainty
code, uses first-order generalised perturbation theory to cal-
culate the sensitivity coefficients and standard deviation in the
calculated detector responses or design parameters of interest
(kefr, Besy, Teaction rates) due to input cross-section data and
their covariance matrices. As demonstrated in Table 1 the dif-
ferences in the available covariance matrices result in huge dif-
ferences among the uncertainty predictions for '*C production,

with the uncertainty in '7O(n, ) reaction rate ranging from 3
to over 3000 %, and the one in '8O(n,n’@) reaction rate from
5 to 24 %. Furthermore, the uncertainties are in general not
consistent with the differences in '*C production observed us-
ing different nuclear data libraries (see Figs. 6 and 7), nor with
the differences between the measured and the evaluated cross
sections (see Fig. 3).



Uncertainty (%)

Covariance — 70 B0
Cross-sections JEFF3.3 | TENDL2017 | TENDL2021 | JEFF3.3 | TENDL2021
JEFF3.3 19.2 115.5 5.8 23.9 54
ENDF/B-VIIIL.O 21.3 97.3 7.4 23.1 52
JENDLS5.0 15.0 668.5 52 24.2 54
TENDL2017 8.5 3503.5 2.8 24.0 5.4
TENDL2021 19.2 115.5 5.8 23.9 5.4

Table 1: Uncertainty in the '7O(n, @) and '8O(n, n’ @) reaction rates in DEMO Blanket calculated using the cross sections and covariance matrices taken from
JEFF3.3, TENDL-2017 and -2021 (calculated using the SUSD3D code (10)).
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Figure 10: Covariance matrices of '7O(n,) reaction channel from the JEFF-3.3, TENDL-2021 and TENDL-2017 evaluations.
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Figure 11: Covariance matrices of 180(n,n’a) from the JEFF-3.3 and TENDL-2021 evaluations.

6. Additional findings - Discrepancies in reaction probabil-

ities

The probability of a daughter being produced when the par-
ent nuclide undergoes a nuclear reaction can be calculated us-
ing the PATHFINDER (3). The probabilities calculated using

the ENDF/B-VIIIL.O nuclear data library are given in Fig. 1, and
the probabilities calculated using the JEFF-3.3 nuclear data li-
brary are given in Fig. 12. The difference in the probability
for '4C production from 'O(n,a)'*C reaction is due to the dif-
ference in '7O(n,2n’)'°0 reaction cross-section in the two data



libraries. The '7O(n,2n)'°O reaction has different threshold en-
ergies, 4.36 MeV in the case of JEFF-3.3 and 7.58 MeV in the
case ENDF/B-VIIIL.O. This would lead to a difference in the re-
action rate and thus in the probability of creation of the daughter
nuclide. In the case of '80(n,n’@)'*C reaction, the difference in

-
IS
=2

[£z'0: (d'u)] >

170 180

Figure 12: Pathways for production of “C using JEFF 3.3 data library

the production probability is due to the difference in the cross-
section values of '30(n,a)'>C and '#O(n,2n’)!7O reaction in the
ENDF/B-VIIIL.O and the JEFF-3.3 nuclear data libraries.

7. Summary and conclusions

Assessment of '*C in radioactive materials is crucial for as-
sessing the hazards arising from waste recycling and disposal.
Among three important channels for producing '“C, we ob-
served that the production pathways from O isotopes are not
very well studied. Large differences and inconsistencies were
observed in different nuclear data libraries, both in cross-section
and covariance matrices, and both need further work supported
by experimental validation. These large discrepancies in the
nuclear data libraries present issues for calculating the produc-
tion of “C using inventory codes like FISPACT-II. Since the
FISPACT-II outputs are used to predict waste severity, the dis-
crepancy in '“C inventory could lead to a discrepancy in re-
sulting waste classification. Furthermore, the available nuclear
data covariance information leads to unrealistic estimation of
uncertainties in '*C production.

The lack of experimental data at high energies adds to the
ambiguity of '*C production. The previous experiment to eval-
uate the '*C production from O isotopes was done more than 20
years ago. With the EU-DEMO focusing on the HCPB blanket

concept containing large amounts of oxygen, conducting ad-
ditional high-precision experiments at fusion-relevant energies
becomes crucial.
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