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INTRODUCTION 
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Comprehensive Nuclear Test Ban Treaty (CTBT) is not yet in force, but the verification regime has been almost established. 
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importantly to discriminate between nuclear reactors and nuclear explosions
measured radionuclides, it is possible to evaluate their time of release (age of release)
using isotopic activity ratios is very sensitive to some decay parameters like decay constants
databases such as the French NUCLEIDE from Laboratoire National Henry Becquerel (LNHB 
structure File (ENSDF) from National Nuclear Data Center
decay data Within the framework of the DDEP (Decay Data Evalu
daughter radionuclides that can be used for dating a very fresh radioactive release. Some of these were detected in some samp
atmospheric radionuclide monitoring stations. 
 

MATERIAL AND METHODS
 
Among the 321 CTBT monitoring stations, 80 have the ability to analyze radionuclides, of which 40 are equipped with noble gas detection 
system. The IMS includes 16 certified radionuclide laboratories. They evaluate filter samples further, if required 
radionuclide stations are listed in Table 1. This study, based on the nuclear data analysis, takes into account the numerical
various constants used for dating nuclear events. This allows us
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ABSTRACT   

This study reports on the nuclear event timing using Rb-88/Kr
assessment of the zero time of a radioactive release is sometime a challenge in nuclear 
nonproliferation study.  For a non-steady nuclear fission reaction, the da
hypothesis of a nuclear explosion and for a release from a steady state nuclear fission reaction the 

times will differ. Krypton 88 and Rubidium 88 are two radionuclide with parent
relationship that is usable for a very fresh radioactive release.This study proposes some constants that 
can be used directly for the calculation of zero time and its upper and lower age limits. The 
assessment is accurate because of the calculation of zero time using a mathematical metho
the weighted least-squares method, to evaluate an average value of the age of a nuclear event. This 
was done using two databases that exhibit differences between the values of some nuclear parameters, 
JENDL 2010 and TENDL 2011.  
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Comprehensive Nuclear Test Ban Treaty Organization (CTBTO), comprises four monitoring technologies, namely infrasound mainly 
atmospheric tests, seismic mainly for underground tests, hydroacoustic mainly for underwater tests, and radionu
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structure File (ENSDF) from National Nuclear Data Center(6). The nuclear database NUCLEIDE has updated some CTBT
decay data Within the framework of the DDEP (Decay Data Evaluation Project) project(7, 8). KryptonKr-88 and Rubidium
daughter radionuclides that can be used for dating a very fresh radioactive release. Some of these were detected in some samp
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system. The IMS includes 16 certified radionuclide laboratories. They evaluate filter samples further, if required 
radionuclide stations are listed in Table 1. This study, based on the nuclear data analysis, takes into account the numerical
various constants used for dating nuclear events. This allows us to propose some parameters for a fast and accurate evaluation of zero time.
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Nuclear event characterization: Nuclear explosions can be distinguished from civilian sources, for example, in terms of release of 
radionuclides or physical impact. Therefore, suspicious events first require examination of physical features of the samples. The high 
temperature of an underground nuclear explosion forms vitrified rock at the bottom of the cavity, which could be found by drilling. A repository 
for waste from nuclear reactors would not exhibit such a feature. This serves as a unique criterion to determine the occurrence of a nuclear 
reaction (10). 

 
The second step is the measurement of the emission of gamma and beta radiations from the samples. A highly radioactive sample would 
significantly suggest the presence of a nuclear fission source. The third step is the estimation of abundances of the isotopes in the samples by 
measuring the intensities of the radiation. On the basis of the aforementioned principles, we could also determine the time of fission, if the 
analyzed isotopes are uniformly mixed. As described, some noble gases, volatile elements, and their daughter elements would have been 
depleted in the vitrified rock. We should avoid using such elements during the estimation of fission time (10). It can also be noted that a fission 
reaction lasts from months to years. Isotopes with half-lives less than a few weeks would be present in reduced quantities in the waste. Therefore, 
if the amount of isotopes with short half-lives in the samples is less than that expected in nuclear explosions, the drilling sample could be 
originated from a deposit of reactor waste. By contrast, the fission reaction occurs almost at the same time in a nuclear explosion, and the time of 
the fission could be calculated by measuring the ratios of abundances of various pairs of isotopes. Each ratio could be used to estimate a fission 
time. If the average value of the fission time estimated from isotopes and the time of a suspicious event detected by the IMS coincide, the event 
could be confirmed as a nuclear explosion (10). Regarding dating of nuclear events, the radioactive decay can be used in different ways. Most 
reliable are the isotopic ratios of parent–daughter radionuclides or those of the same element. In principle, any two radionuclides can be used. 
 
Using Rb-88/Kr-88 isotopic activity ratio as a clock: Many radionuclides (with or without resulting from the same decay chain) can help date 
the age of a nuclear event. Krypton Kr-88 and Rubidium Rb-88 are two among those with filiation (i.e., parent–daughter relationship). Krypton 
Kr-88 disintegrates by beta minus emissions to theRubidium Rb-88 excited level, and then, Rb-88decays by beta minus emissions to the Sr-88 
excited level. This decay chain can be used to evaluate the age of the nuclear event. 
 
Sudden radioactive release: A nuclear explosion results in the sudden creation and possible subsequent release of radionuclides. The 
differential equations of decay are given as follows: 

 
( )

+ 𝜆 𝑁 (𝑡) = 0   (1) 

 
( )

+ 𝜆 𝑁 (𝑡) = 𝜆 𝑁 (𝑡)   (2) 

 
where 𝜆  is the decay constant of Kr-88, 𝜆  is the decay constant of Rb-88, 𝑁  represents the particle number of Kr-88, and 𝑁  represents 
the particle number of Rb-88. In order to solve these equations, we assume that, during the release of radionuclides, the particle numbers 
𝑁 (𝑡 = 0) and 𝑁 (𝑡 = 0) are nonzero. In case of a nuclear explosion this is the initial yield. Thus, we obtain 

 
𝐴 (𝑡) = 𝐴 (0)𝑒   (3) 
 

𝐴 (𝑡) = 𝐴 (0) 𝑒 − 𝑒 + 𝐴 (0)𝑒     (4) 

 

where 𝐴  and 𝐴  are the isotopic activities of Kr-88 and Rb-88, respectively. Then, the isotopic activity ratio  𝑟(𝑡) =
( )

( )
 of these 

radionuclides is given by 

 
𝑟(𝑡) = +

( )

( )
− 𝑒( )       (5) 

 
 

where 
( )

( )
 is the activity ratio at the time of release, and the following approximation can be made: 

( )

( )
= , where 𝛾  and 𝛾  are 

respectively the cumulative fission yield of Kr-88 and the independent fission yield of Rb-88. Zero time (i.e. the age) of a nuclear explosion can 
be evaluated by solving Eq. (5) with respect to t as follows: 
 

𝑡 = 𝐿𝑛    (6) 

 
Eq. (6) can be simple rewritten as 

 
𝑡 = 𝑈 ∙ 𝑙𝑛   (7) 
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where 

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧

𝐴 =  𝑤𝑖𝑡ℎ 𝛥𝐴 = ∙ +
( ) ( )

𝑟 𝑖𝑠 𝑡ℎ𝑒 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑟𝑎𝑡𝑖𝑜 

𝑈 =  𝑤𝑖𝑡ℎ𝛥𝑈 =
( ) ( )

( )

𝐹 = 𝑤𝑖𝑡ℎ𝛥𝐹 = 𝐹 + + +

           (8) 

 
This equation can be simplified further to facilitate the calculation of uncertainty: 
 

𝐽 =   𝑤𝑖𝑡ℎ 𝛥𝐽 = 𝐽 ∙
( ) ( )

 
+

( ) ( )
  (9) 

 
The upper (𝑡 ) and lower (𝑡 ) age limits are assessed as follows: 

 

𝐽 =   𝑤𝑖𝑡ℎ 𝛥𝐽 = 𝐽 ∙
( ) ( )

 
+

( ) ( )
   (10) 

 
𝑡 = 𝑈𝑙𝑛(𝐽)

𝑡 = (𝑈 + 𝛥𝑈) ln(𝐽 + 𝛥𝐽)

𝑡 = (𝑈 − 𝛥𝑈) ln(𝐽 − 𝛥𝐽)

    (11) 

 
The measured activity ratio (at the reference time) using gamma-ray spectrometry (2, 11) is written as 

 
𝑟 = = − − 1   (12) 

 
where 𝑁  and 𝑁  are the net peak areas of Kr-88 and Rb-88, respectively, 𝜀  and 𝜀  are respectively the efficiencies of the detector at a 
particular energy level, 𝑐𝑐𝑓  and 𝑐𝑐𝑓  are the coincidence correction factors depending on measurement conditions, coincidence correction 
factors, 𝑃  and 𝑃  are the emission probabilities at the specified energy level, and 𝑡  is the measurement time. 

 
In order to facilitate the uncertainty calculations, the following simplification is possible: 

 
𝑟 = 𝐶 𝐿(𝐵 − 𝐴) + 𝐴, 

where 

⎩
⎪⎪
⎨

⎪⎪
⎧ 𝐶 =

 𝐿 =

𝐵 =

𝐴 𝑖𝑠 𝑡ℎ𝑒 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑑𝑒𝑓𝑖𝑛𝑒𝑑 𝑝𝑟𝑒𝑣𝑖𝑢𝑜𝑠𝑙𝑦 

   (13) 

 
The following are the steps involved in uncertainty calculations: 

 

𝚫𝐂 = (
𝐭𝐜𝐞 𝛌𝐊𝐫𝐭𝐜

𝟏 𝐞 𝛌𝐑𝐛𝐭𝐜
)𝟐(𝚫𝛌𝐊𝐫)𝟐 + (𝐂

𝐭𝐜𝐞 𝛌𝐑𝐛𝐭𝐜

𝟏 𝐞 𝛌𝐑𝐛𝐭𝐜
)𝟐(𝚫𝛌𝐑𝐛)𝟐                    (14) 

 
 

𝚫𝐋 =
𝛌𝐗𝐞

𝛌𝐈
∙

𝚫𝛌𝐑𝐛

𝛌𝐑𝐛

𝟐
+

𝚫𝛌𝐊𝐫

𝛌𝐊𝐫

𝟐
                                               (15) 

 

∆𝐁 = 𝐁

∆𝐍𝐊𝐫

𝐍𝐊𝐫

𝟐
+

∆𝛆𝐊𝐫

𝛆𝐊𝐫

𝟐
+

∆𝐏𝐊𝐫

𝐏𝐊𝐫

𝟐
+

∆𝐜𝐜𝐟𝐊𝐫

𝐜𝐜𝐟𝐊𝐫

𝟐
+

∆𝐍𝐑𝐛

𝐍𝐑𝐛

𝟐
+

∆𝛆𝐑𝐛

𝛆𝐑𝐛

𝟐
+

∆𝐏𝐑𝐛

𝐏𝐑𝐛

𝟐
+

∆𝐜𝐜𝐟𝐑𝐛

𝐜𝐜𝐟𝐑𝐛

𝟐
          (16) 

 
Finally, we obtain the uncertainty of the measured activity ratio at the reference time (beginning of measurements) by 
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𝛥𝑟 = 𝐶 ∙  𝐿 ∙  (𝐵 − 𝐴) ∙ + +
√

+ (𝛥𝐴)    (17) 

 
Radioactive decay data used in this study come from many databases available online. Table 2 shows the cumulative and independent yields 
induced by thermal neutrons according to the databases ENDF.B.VII.I (USA), JENDL.VI.0 (Japan), JEFF.III.I (Europe), and TENDL (Europe). 
As we can see in, there are many numerical differences between these values that can affect the event zero time determination. By contrast, the 
analysis of the half-life data from databases ENDF and LARA give similar values and its uncertainties, as we can see in table 3 where half-life 
values of the radionuclides Kr-88 and Rb-88 are displayed.  
 
Continuous fission reaction 

 
In the case the source is not a nuclear explosion, we assume a release of radionuclides from a continuously running nuclear fission reaction in a 
nuclear reactor. The differential equations of decay are given as follows: 

 
( )

+ 𝜆 𝑁 (𝑡) = 𝐾                            (18) 

 
( )

+ 𝜆 𝑁 (𝑡) = 𝜆 𝑁 (𝑡) + 𝐾    (19) 

 
where KKr and KRb are the production rates of Kr-88 and Rb-88, respectively. By solving these equations, we obtain: 
 

 
𝐴 = 𝐾 (1 − 𝑒 )   (20) 
 

𝐴  𝐾 1 − 𝑒 + 𝐾 −  𝐾 1 − 𝑒   (21) 

 
where A  and A  are the isotopic activities of Kr-88 and Rb-88, respectively. The activity ratio 𝑟 =  is expressed as:  

 

𝑟(𝑡) = +
 

−    (22) 

 
 
The equilibrium level of this activity ratio is reached at: 
 

𝐫(𝐭 → ∞) = 𝟏 +
𝐊𝐑𝐛

 𝐊𝐊𝐫
   (23) 

 

RESULTS AND DISCUSSION 
 
Equation (22) is applicable only in a time interval [𝑡  ; 𝑡 ], where 𝑡  is the time of release and 𝑡  is the time of onset of fission. For 𝑡 ∈ [𝑡  ;  𝑡 ], 

𝑟(𝑡) is denoted 𝑟 . After 𝑡 , the equation of 𝑟(𝑡) in the case of a nuclear explosion (Eq. 5) must be used, by replacing 
( )

( )
 by 𝑟 . By assuming 

 K ≪  K  (or no production of radionuclide daughters), the isotopic activity ratio before 𝑡  reaching its equilibrium at r(t → ∞) becomes 1 
(i.e., 𝑟 = 1). Therefore, in these conditions, in order to evaluate zero time for a non-explosion source, we must assume 𝐹 = 1  𝑎𝑛𝑑  ∆𝐹 = 0 by 
using the equation of isotopic activity ratio for nuclear explosion, with others values remaining unchanged.In addition, due to the fact that there 
is no consistent numerical differences between decay data values and their uncertainties according to the mentioned databases, the parameters A, 
U and F are not affected as shown in table 4.  Zero time values for nuclear explosion and non-explosion source can be obtained by using the 
databases JENDL 2010 and TENDL 2011. The weighted least-squares method (12) is used to obtain the average of different values of age 
calculated by using various nuclear databases, which is expressed as 

 

𝑱𝒂𝒗𝒆𝒓𝒂𝒈𝒆 =
∑ (

𝟏

∆𝑱𝒊
𝟐)𝑱𝒊

𝟐
𝒊 𝟏

∑
𝟏

∆𝑱𝒊
𝟐

𝟐
𝒊 𝟏

,    (24) 

 
where J is a parameter that is defined earlier (Eq. 9).  
 
It is not possible to use the measured activity ratio to determine the release time under the assumption of a non-explosion scenario at equilibrium, 
as its value is almost identical to the equilibrium level. This would be consistent with the assumption of no delay between the release from a 
source and begin of spectrum acquisition, whereas in reality 24 hours of sampling and 24 hours of decay (table 1) are between release and the 
radiation measurement. In general, for measured activity ratios of less than 1, the release scenario for a non-explosion source at equilibrium can 
be excluded.  
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Table 1. Specifications for the aerosol and particulate monitoring stations (CTBTO/PCII/I/Add.2 P.48) 

 

Specifications for the aerosol and particulate monitoring stations  

Characteristics Minimum requirements 

System  Manual or automated  1 
Airflow  500 m3 h−1 2 
Collection timea  24 h  3 
Decay timeb ≤24 h  4 
Measurement timec ≥20 h  5 
Time before reporting  ≤72 h  6 
Reporting frequency  Daily 7 
Filter  Adequate composition for compaction, dissolution, and analysis  8 
Particulate collection efficiency  For Filter: ≥80% at φ = 0.2 μm  9 

Globald: ≥60% at φ = 10 μm 
Measurement mode HPGe: High-resolution gamma spectrometry 10 
HPGe relative effciency ≥40% 11 
HPGe resolution  <2.5 keV at 1332 keV 12 
Baseline sensitivitye,f  10–30 μBq m−3 for 140Ba 13 
Calibration range  88–1836 keV 14 
Data format for gamma spectra and auxiliary data RMS (radionuclide monitoring system) formatg 15 
State of health Status of data transmitted to IDC  16 
Communication  Two-way 17 
Auxiliary data  Meteorological data  18 

Flow rate measured every 10 min 
Data availability  ≥95%  19 
Downtimeh ≤7 consecutive days 20 
  ≤15 days annually   

 
 
Table 2. Kr-88 and Rb-88 fission-product yield (cumulative and independent) induced by thermal neutrons, for databases ENDF.B.VII.I 

(USA), JENDL.VI.0 (Japan), JEFF.III.I (Europe), and TENDL (Europe) 

 
 𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑌𝑖𝑒𝑙𝑑 (%) 𝐼𝑛𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡 𝑌𝑖𝑒𝑙𝑑 (%) 
 𝐾𝑟  𝑅𝑏  𝐾𝑟  𝑅𝑏  

𝐸𝑁𝐷𝐹. 𝐵. 𝑉𝐼𝐼. 𝐼 2011 3.5524𝐸 − 02 3.5747𝐸 − 02 1.7322𝐸 − 02 2.2301𝐸 − 04 

±7.1048𝐸 − 04 ±5.0045𝐸 − 04 ±6.9289𝐸 − 04 ±1.7841𝐸 − 05 
𝐽𝐸𝑁𝐷𝐿. 𝑉𝐼. 0  2010 3.5130𝐸 − 02 3.5352𝐸 − 02 1.7296𝐸 − 02 2.2267𝐸 − 04 

±8.1244𝐸 − 04 ±6.3724𝐸 − 04 ±6.9183𝐸 − 04 ±1.7814𝐸 − 05 
𝐽𝐸𝐹𝐹. 𝐼𝐼𝐼. 𝐼  2005 3.5382𝐸 − 02 3.5688𝐸 − 02 1.6512𝐸 − 02 3.0572𝐸 − 04 

±6.2946𝐸 − 04 ±6.2946𝐸 − 04 ±3.0630𝐸 − 03 ±1.0828𝐸 − 04 
𝑇𝐸𝑁𝐷𝐿 2011 3.5524𝐸 − 02 3.5747𝐸 − 02 1.7504𝐸 − 02 2.2536𝐸 − 04 

±7.1048𝐸 − 04 ±5.0045𝐸 − 04 ±7.0017𝐸 − 04 ±1.8029𝐸 − 05 
 

Table 3.  Half-life of the radionuclides Kr-88 and Rb-88. Values and their uncertainties for 
Rb-88 and Kr-88 are from ENDF and LARA 

 
  ℎ𝑎𝑙𝑓 − 𝑙𝑖𝑓𝑒 

𝐸𝑁𝐷𝐹. 𝐵. 𝑉𝐼𝐼. 𝐼 𝐾𝑟 − 88 2.84 (3) h 
𝑅𝑏 − 88 17.773 (11) m 

𝐿𝐴𝑅𝐴 − 𝐿𝑁𝐻𝐵/𝐶𝐸𝐴 𝐾𝑟 − 88 2.84 (3) h 
𝑅𝑏 − 88 17.8 (1) m 

 
 

Table 4. Calculated parameters for a fast and accurate evaluation of zero time by using the activity ratio Rb-88/Kr-88. 
 

 
   

    

027   

    

   
 
Dating a radioactive release using Rb-88/Kr-88 is possible only for a recent release due to their short half-life value. In addition, KryptonKr-88 
having a half-life greaterthan RubidiumRb-88, the change over time of the activity isotopic activity ratio Rb-88/Kr-88 converges, as we can see 
in figure 1 and figure 2. Figure 1 shows the change over time of the isotopic activity ratio Rb-88/Kr-88 according the two kind of release: sudden 
release that is expected when a nuclear explosion occurs, and a continuous for a nuclear reactor release. As we can see in, a sudden release varies 
from 0 to the equilibrium level that is 1.117 whereas a continuous release varies from 1 to the equilibrium level.  
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Figure 1.  Change of Kr-88 and Rb-88 activity with time. 

 

 
 

Figure 2. Evolution of the activity ratio Rb-88 /Kr-88  for a non-explosion source (continuous production, i.e. nuclear reactor before 
reaching the steady state) and a release of Kr-88 and Rb-88 at certain times. 

 

 

CONCLUSION 
 
In this study, we investigated the different possible approaches to evaluate the nuclear event zero time and the associated age limits, by using the 
isotopic activity ratio of the radionuclides pair Kr-88 and Rb-88 that are two radionuclides with parent-daughter relationship. For the cumulative 
and independent fission yields, four nuclear databases were considered: ENDF, JENDL, JEFF, TENDL. For the radioactive decay data, two 
databases were used: ENDF and LARA. We found that almost all the databases considered show similar values and its uncertainties. When data 
are not similar, the weighted least-squares method can be used to calculate accurately the zero time of a nuclear event. This study proposes some 
evaluated parameters (table 4) for a fast assessment of a nuclear event zero time. As the nuclear databases do not always show the same values of 
some constants used for the dating process, it is very important to take into account the values provided by nuclear databases(4). 
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Glossary of Abbreviations 

 
Kr-88 Krypton 88 
Rb-88 Rubidium 88 
CTBT Comprehensive Nuclear test-ban Treaty  
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