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Nuclear forensics has been understood as a mendatory component in the international
society for nuclear material control and non-proliferation verification. Radiochronometry of nuclear
activities for nuclear forensics are decay series characteristics of nuclear materials and the Bateman
equation to estimate when nuclear materials were purified and produced. Radiochronometry values have
uncertainty of measurement due to the uncertainty factors in the estimation process. These uncertainties
should be calculated using appropriate evaluation methods that are representative of the accuracy
and reliability. The IAEA, US, and EU have been researched on radiochronometry and uncertainty of
measurement, although the uncertainty calculation method using the Bateman equation is limited by
the underestimation of the decay constant and the impossibility of estimating the age of more than one
generation, so it is necessary to conduct uncertainty calculation research using computer simulation
such as Monte Carlo method. This highlights the need for research using computational simulations,
such as the Monte Carlo method, to overcome these limitations. In this study, we have analyzed
mathematical models and the LHS (Latin Hypercube Sampling) methods to enhance the reliability of
radiochronometry which is to develop an uncertainty algorithm for nuclear material radiochronometry
using Bateman Equation. We analyzed the LHS method, which can obtain effective statistical results with
a small number of samples, and applied it to algorithms that are Monte Carlo methods for uncertainty
calculation by computer simulation. This was implemented through the MATLAB computational
software. The uncertainty calculation model using mathematical models demonstrated characteristics
based on the relationship between sensitivity coefficients and radiative equilibrium. Computational
simulation random sampling showed characteristics dependent on random sampling methods, sampling
iteration counts, and the probability distribution of uncertainty factors. For validation, we compared
models from various international organizations, mathematical models, and the Monte Carlo method.
The developed algorithm was found to perform calculations at an equivalent level of accuracy compared
to overseas institutions and mathematical model-based methods. To enhance usability, future research
and comparisons - validations need to incorporate more complex decay chains and non-homogeneous
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conditions. The results of this study can serve as foundational technology in the nuclear forensics field,
[¢)

providing tools for the identification of signature nuclides and aiding in the research, development,

comparison, and validation of related technologies.
Key words: Nuclear forensics, Nuclear material, Radiochronometry, Decay chain, Uncertainty
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Fig. 2. Probability density function (left) and cumulative distribution function (right) in uniform distribution.
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Fig. 8. Sensitivity coefficient and radial equilibrium graph.

Table 1. Contribution rate by radiochronometry uncertainty factor (***Th/>*U)

Time (year) A1 Contribution rate A, Contribution rate R Contribution rate
1 52.8660% 0.0000% 47.1339%
10 52.8653% 0.0000% 47.1346%
100 52.8590% 0.0000% 47.1409%
1,000 52.7956% 0.0000% 47.2043%
10,000 52.1491% 0.0011% 47.8497%
100,000 44.2086% 1.1389% 54.6524%
1,000,000 0.8120% 0.0000% 99.1878%
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Table 2. Standard deviation of uncertainty results according to the number of repetitions

D 1st 2nd 3rd 4th Sth Average Star'ld:.ard
samples deviation
10 21.2052 21.4863 25.9773 19.3803 24.1953 22.4490 2.6166
20 20.9790 22.9221 21.5892 21.0399 21.9855 21.7032 0.7974
50 21.6114 21.6126 22.8168 21.5376 21.7095 21.8577 0.5397
100 21.8445 22.8954 21.8475 21.6177 22.1115 22.0632 0.4968
200 21.9144 22.1652 21.8286 21.8574 21.8760 21.9282 0.1359
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Table 3. Comparison of the calculation results of Radiochronometry uncertainty using ***Th and ***U

Uranium CRM radioactivity ratio and Radiochronometry uncertainty

Measurement
o Radlant1V1ty relative uncertainty Institutional Mathematical LHS method
Institution Sample ratio (%) I model method I
(3°Th/?*U) b 4 uncertainty b ty
2345 230y
NBS0501 5.133%x 107 0.5416 1.0304 0.65 0.653 0.654
CEA NBS0502 5.150x 107 0.5517 0.9782 0.65 0.632 0.642
NBS0S50 3 5.163%x107* 0.545S 0.9554 0.65 0.621 0.627
Sample 1 5.091%x 107 0.1182 0.3071
Sample 2 5.075%x107* 0.0313 0.2874
JAEA 4 0.30 0.300 0.296
Sample 3 5.040X 10 0.0686 0.3656
Average 5.069 % 107* 0.3140 0.4391
U0S0-1A 5.124x 107 0.2733 0.2549 0.22 0.217 0.216
U050-1B 5.145x 107 0.2733 0.2582 0.22 0.218 0.229
U050-1C 5.157x 107 0.2733 0.2490 0.22 0.217 0.211
LINL U050-1D 5.160x 107 0.2733 0.2531 0.22 0.217 0.222
U050-2A 5.138x 107 0.2438 0.2562 0.21 0.206 0.205
U050-2B 5.146x 107 0.2438 0.2686 0.21 0.212 0.219
U050-2C 5.155%x 107 0.2438 0.2490 0.21 0.204 0.217
U050-2D 5.160x 107 0.2438 0.2487 0.21 0.204 0.216
U050-1 5.157%x 107 0.1983 0.8211 0.50 0.478 0.488
LANL U050-2 5.223x 107 0.1578 0.7832 0.49 0.458 0.461
U0s0-3 5209%x107* 0.1948 0.7890 0.50 0.464 0.475

1) Half life using mathematical model and LHS methods: Aa34,=2.8234 X 10~ year™', dazop;, =9.1954 X 10 year ' [8]
2) Halflife of use by institution: Aas4y=2.8263 X 10~ year™, dasop, = 9.1580 X 10 C year ™’

3) CEA’s Radiochronometry estimation uncertainty is expressed up to the first decimal place
4) JAEA’s Radiochronometry estimation uncertainty is expressed as an average value
5) Number of repeated LHS methods (number of samples): 200

6) Comparative data: Table 1 of Reference [7] [Appendix 1]
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Table 4. Uncertainty of radiochronometry of 2 generations or more

Signature nuclides Generation 24U to radioactive ratio Radiochronometry estimate Uncertainty (years)
*Ra 1™ 0.00195244% 0.73626
*2Rn 2nd 0.00195184% 100 year 0.74999
**Po 3 0.00195184% 0.75828
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