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ABSTRACT

The source term or amount of radioactive material in the core is part of the safety analysis chapter in licensing 
nuclear reactors. The calculation of the source term can be accomplished through modeling and simulation of 
the operational behavior of the core based on the bumup history of the reactor. In this paper the source term of 
the reactor IPR-Rlfrom CDTN was determined in function of bumup starting from fresh core. The isotopic 
composition of the most demanded fuel element, in term of thermal release, was followed using the bumup and 
transport M onte Carlo code MCNPX and the bumup code MONTEBURNS. Based on the activity and 
concentration of gaseous fission products, it was determined the point at which the fission product 
concentrations enter steady state, which represents the worst case for studies of contamination due to failure of 
the fuel element. It was shown that for 108 MW h of energy dissipated in the reactor operating at 100 kW, we 
have the maximum activity of 1491 Ci. The isotopic composition of the source term is presented and 
corresponds to the expected values.

1. INTRODUCTION

The source term represents the radioactive inventory contained in a system, equipment or 
component. It serves as a benchmark to evaluate the security aspects in different operating 
conditions of the reactor under investigation. It also represents a base project to study the 
distribution of fission products in the reactor systems and the environment in case of 
accidents.

The inventory located in the reactor comprises radioactive fission products, activation 
products of water (16N, 180 , etc.), activated corrosion products (Co, Cr, Fe, Mn, etc.), 
transuranics (Np, Pu, Am etc.) and tritium (3H), being the fission product the most important 
group due to its complexity analysis and of great importance for the source term.

Within the group of fission products some must be highlighted for their radioactive inventory 
in the nucleus (high fission yield), decay chain, half-life, physical properties, nature of its 
radioactivity (alpha, beta and gamma), chemical properties, biological characteristics and 
concentration due to its bumup historic.

In this work, the source term of the Fuel Element (FE) in position B1 (more demanded in 
terms of thermal release) of reactor IPR-R1 from CDTN was determined through the



simulation of the bumup of the fresh core. Based on the sum of the activity from gaseous 
fission products, the worst case scenario for the term source was determined. This source 
term is intended to be used in the study of dispersion of gaseous fission products in case of 
cladding failure. It was also obtained the bumup time that the activity level stabilizes.

2. MATERIALS AND METHODS

The simulation of the IPR-R1 reactor was based on the model developed by [1] for the 
MCNP code. The core configuration for Begin of Life in 1960 is shown in Fig. 1. The details 
of geometry, material composition and atomic densities of the model can be obtained in the 
referenced document.
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Figure 1: Begin of life of the IPR-R1 reactor with 56 FE.

In order to simulate the current configuration of the core and obtaining the worst case from 
the point of view of activity of gaseous fission product, the configuration shown in Figure 1 
was modified as following, always considering fresh fuel elements:
• Insertion of four FE with stainless steel cladding in positions C3, C5, C9, C ll and

repositioning of Ring C fuel elements in positions F6, F11,F21 and F26.
• Positioning of FE number 1137 in position FI and insertion of FUs 1147, 1179 and 1214

in positions E23, El 8 and El 9, respectively.
• New positions of the control rods, from D1 and DIO to Cl and C7, respectively.
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In possession of the updated configuration of the core, the FEs that are under a equivalent 
spectrum were considered to be in the same group, obtaining the model that was utilized in 
the simulation (Fig. 2). The FE in B1 is the most demanded in terms of heat generation [2]; 
due to this fact, its isotopic composition was followed separately.
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Figure 2: Core configuration for calculation of the source term with 63 fresh FE.

Bumup and isotopic variation for all FE in the core were considered in the simulation. The 
groups and volumes that constitute the groups of FEs of the model are shown in Tab. 1.

Table 1: Groups of FE and volumes

Group Number of FE
Active
volume
(cm3)

B1 1 353.96
B 5 1769.81
C 6 2123.77
SS 4 1528.97
D 18 6371.31
E 24 8495.09
F 5 1769.81

Total 63 22412.72
Volume of stainless steel cladding FE: 382.24 cm3
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The model presented above was used by two methods of bumup calculation presented in the 
following sections. The first method (MCNPX) determined the isotopic variation of the 
gaseous non-metastable fission products. The second method (Montebums) determined the 
isotopic variation of the metastable ones.

2.1. Methodology for Calculating the Non-Metastable Nuclides

We used version 2.7 of MCNPX [3] which has the functionality to perform bumup via BURN 
card. In the process, fission, capture, and other major reactions are treated continuously. The 
reaction rates for a given state of the reactor (static time) are calculated by the MCNP code, 
as well as neutron flux, the number of neutrons emitted per fission (v) and the recoverable 
energy per fission (Q). The values obtained generate coefficients that are used by the code 
CINDER90 to calculate bumup as a function of time. MCNPX takes the new densities and 
generates another set of fluxes and reaction rates; this process is repeated until the end of time 
preset by the user.

The continuous cross section libraries used in the model, are derived from the Evaluated 
Nuclear Database File ENDF/B-VII.O [4], available with version 2.7 of the code MCNPX. 
Libraries intrinsic to CINDER90 (CINDER, dat) containing data decay, and fission yield cross 
sections to 63 energy groups are also used.

For the nuclide that does not have continuous cross-sections available in the library, MCNP 
calculates the neutron flux in 63 energy groups and sends to the CINDER 90. Data is 
associated with cross sections of CINDER90 to generate reaction rates to 63 energy groups 
which in turn, are integrated in energy in order to determine the total of nuclear reactions 
happening.

To obtain accurate results, in other words, a computational error on the order of 30 pcm (per 
cent mile) for the effective multiplication coefficient, it was used 5 million histories for 
sample in Monte Carlo calculation. We excluded the first 100 cycles to avoid the effects of 
initial fluctuation of neutron sources on final result.

The following isotopes of gaseous fission products were considered in determining the source 
term: 82Br, 83Br, 84Br, 85Br, 87Br, 85Kr, 87Kr, 88Kr, 89Kr, 134, 132I, 133I, 134I, 135I, 136I, 133Xe, 
135Xe, 137Xe, 138Xe; also the following metastable nuclides: 130mI, 83mKr, 85mKr, 131mXe, 
133mXe, 135mXe, which were calculated using another method of calculation, presented in the 
next item. For this work, the worst case scenario is given on the bumup point where the sum 
of the activities of all mentioned isotopes has the maximum value.

2.2. Methodology for Calculating the Metastable Nuclides

To calculate the buildup of metastable nuclides ( '30,111, 83mKr, 85mKr, 131mXe, 133mXe, 135mXe) it 
was used the code Montebums [5], The core model was the same of the previous item, 
developed to MCNP. The main difference is regarding the decay and bumup calculations, that 
are performed by the code ORIGEN2 (one energy group) instead of CINDER90 
(multigroup). The operating principle of Montebums is to transfer one group cross sections 
and the neutron flux from MCNP to ORIGEN2, and, after performing calculations of
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irradiation and decay, update the new isotopic composition of the FE back to the MCNP core 
model. Double-space before and after secondary titles. Secondary titles should start flush 
left, and are numbered as illustrated above.

3. RESULTS

Table 2 and Table 3 show the general neutronic parameters of the reactor that were 
considered in the calculations of bumup, by both methodologies MCNPX and Montebums. 
As predicted, the value of the effective multiplication coefficient decreases as fissile isotopes 
are consumed. The last column represents the amount of neutrons used for normalization of 
the flux (only available in the results using the MCNPX), which is obtained based on the 
power value considered for the reactor, in this case 0.1 MW, and the parameters v (average 
number of neutrons emitted per fission) and Q (average energy released per fission) 
calculated.

Figure 3 shows mass variation curves of gaseous fission products obtained by MCNPX. This 
is the amount (in grams) of Bromine isotopes, Krypton, Xenon and Iodine inside the FE B1 
during the bumup. It was observed that the mass of the isotopes 82Br and 85Kr (half-life of 36 
hours and 10.8 years respectively), continues to grow over the bumup. Therefore it is 
necessary to check their contributions to the total activity of the source term in order to 
determine if the worst case is at the end of bumup (where its concentration is the highest). 
Figure 4 shows the activity curve for isotopes calculated by MCNPX. Note that the 
contribution of 82Br and 85Kr in the activity is negligible, at least 100 times lower than other 
isotopes contribution.

Table 2: Neutronic parameters of the reactor as a function of energy - MCNPX

Step
Time
(days) ^effec tiv e

Average flux 
(neutrons/cm 2.s)

Dissipated
energy
MWh

Average v 
(neut./ 
fission)

Q
average
(MeV)

Amount of 
neutrons 

(neut./sec)
0 0 1.03593 5.61E+12 0 2.439 200.959 7.57E+15
1 30 1.02904 5.63E+12 72 2.439 200.961 7.57E+15
2 80 1.02478 5.66E+12 192 2.439 200.965 7.58E+15

3 150 1.02359 5.67E+12 360 2.439 200.971 7.58E+15
4 250 1.01928 5.69E+12 600 2.440 200.978 7.58E+15

5 370 1.01723 5.72E+12 888 2.440 200.987 7.58E+15
6 490 1.0147 5.74E+12 1176 2.440 200.996 7.58E+15
7 630 1.01156 5.76E+12 1512 2.441 201.007 7.58E+15
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Table 3: Neutronic parameters of the reactor as a function of energy - Montebums

Step
Time
(days)

L
■'effective

Average flux 
(neutrons/cm 2.s)

Dissipated
energy
MWh

Average v 
(n eu t./ 
fission)

Q
average
(MeV)

Amount of 
neutrons 

(neut./sec)
0 0 1.02332 5.61E+12 0 2.438 200.012 -

1 104 1.01414 5.63E+12 250 2.439 200.020 -

2 208 1.01061 5.66E+12 500 2.439 200.020 -

3 312 1.00763 5.67E+12 750 2.440 200.036 -

4 416 1.00578 5.69E+12 1000 2.440 200.036 -

5 520 1.00295 5.72E+12 1250 2.441 200.051 -

6 625 1.00128 5.74E+12 1500 2.441 200.012 -
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Figure 3: Mass variation of gaseous fission products during the burnup (MCNPX).
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Figure 4: Activity variation of gaseous fission products during bumup (MCNPX).
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Next we present the contribution of metastable nuclides, which were calculated by means of 
the code Montebums. Observing the variation of the mass, shown in Figure 5, it is noted that 
only the isotope 130mi (half-life 8.8 minutes) does not reach steady state until the end of the 
simulated bumup. Nevertheless, in the second graph of the same figure, it is obvious that its 
activity is negligible if compared to the total activity.
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Figure 5: Activity variation of gaseous fission products during bumup (MCNPX).
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Considering the contribution of all isotopes of interest (gaseous fission products) calculated 
by MCNPX and Montebums, the curve of activity versus bumup was raised for the Fuel 
Element B1 (Figure 6). Around 100 MWh of energy dissipated, the curve goes into steady 
state. You can verify that Iodine is the element that contributes most to the total activity, 
followed by Xenon, Krypton and Brome. Although some isotopes accumulate mass over the 
bumup, from the viewpoint of the total activity, the worst case occurs at 108 MWh where the 
total activity has its maximum value of 1491 Ci.
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Figure 6: Activity of gaseous fission products during burnup.

Table 4 specifies the source term of the FE B1 in terms of the mass values and activity for all 
gaseous fission products considered, at the point in which the activity is maximum, e.g., 108 
MWh of bumup.
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Table 4: Source term of gaseous fission products to the FE B1 at bumup=108 MWh.

Isotope Mass (g) Activity
(Ci)

Atm/bam. cm Method

82Br 1.20E-09 1.30E-03 2.48E-14 MCNPX
83Br 6.99E-07 1.10E+01 1.44E-11 MCNPX
84Br 2.79E-07 1.96E+01 5.65E-12 MCNPX
85Br 3.09E-08 2.39E+01 6.20E-13 MCNPX
87Br 1.80E-08 4.20E+01 3.53E-13 MCNPX
85Kr 1.11E-04 4.36E-02 2.23E-09 MCNPX
87Kr 1.86E-06 5.27E+01 3.64E-11 MCNPX
88Kr 5.74E-06 7.20E+01 1.11 E-10 MCNPX
89Kr 1.38E-07 9.21E+01 2.64E-12 MCNPX
1311 4.66E-04 5.78E+01 6.05E-09 MCNPX
1321 8.48E-06 8.82E+01 1.09E-10 MCNPX
1331 1.21E-04 1.37E+02 1.55E-09 MCNPX
1341 6.00E-06 1.60E+02 7.62E-11 MCNPX
1351 3.63E-05 1.29E+02 4.58E-10 MCNPX
1361 5.47E-08 5.44E+01 6.85E-13 MCNPX

133Xe 7.28E-04 1.36E+02 9.32E-09 MCNPX
135Xe 4.31E-05 1.10E+02 5.44E-10 MCNPX
137Xe 4.92E-07 1.25E+02 1.01E-10 MCNPX
138Xe 2.95E-06 1.29E+02 5.92E-10 MCNPX
83mKr 5.96E-10 1.02E+01 7.81E-14 Montebums
85mKr 7.18E-06 2.43E+01 9.33E-10 Montebums
130ml 8.39E-06 9.77E-02 1.07E-09 Montebums

131mXe 1.39E-07 6.05E-01 1.76E-11 Montebums
133mXe 4.92E-07 3.75E+00 1.01E-10 Montebums
135mXe 2.95E-06 1.27E+01 5.92E-10 Montebums

3. CONCLUSIONS

The source term or radioactive inventory of the fuel element B1 from reactor IPR - Rl, was 
determined for some gaseous fission products of interest. In this study the nuclear codes 
MCNPX and Montebums was used to determine the bumup point of maximum activity due 
to gaseous fission products. Figure 6 shows that in 108 MWh of energy dissipated in the core, 
we have a maximum activity of 1491 Ci. The isotopic composition of source term was 
presented in Table 4.

Although not having the longest half-life among the studied isotopes, 82Br, 85Kr and 130mi did 
not stabilize during the bumup considered. However, it was possible to determine the steady 
state of the source term from the point of view of activity, since the contribution of these 
isotopes to the total activity is negligible. It is due to the low amount that is present (130mi) 0r 
due to the low specific activity (8 Kr), or the sum of the two reasons (82Br).
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