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Nuclear characterization of the spent nuclear fuel in a reactor core is essential, especially 

in case of severe accidents. The radionuclide inventory and its activity can assist in the 

management of spent fuel handling, transport or reprocessing.  

In this paper, the core of Fukushima Daiichi Unit-1(FD-U1) accident was modeled using 

the Monte Carlo code (MCNPX 2.7) linked to the depletion calculation code CINDER'90 and 

ENDF/B-VII.0 cross section data library. The isotopic inventory and the activity of the 

radionuclides for the burned fuel were calculated. The input to the code depends on the 

previous evolution of the reactor core configurations, dimensions and material of the fuel 

assemblies, initial uranium enrichment, fuel burn-up and reactor core operational history. 

The calculations were validated with experimental measurements which were carried out 

by the Japan Nuclear Energy Safety Organization (JNES) and verified with published results 

using ORIGEN2-code by Japan Atomic Energy Agency (JAEA). The validation and 

verification results were in good agreement.  

The masses, activities, specific activities, half-lives and decay schemes for the actinides and 

fission products were calculated at the time of the accident and after 50 years cooling time. 

The calculations showed that, total activity of the burned fuel in the core at the time of the 

accident was 9.86E+19Bq and after 50 years was 1.89E+17Bq and the higher inventory 

concentration in the fuel was dominated by the trans-uranic elements. Also, the specific 

activity in the core at the time of the accident and after 50 years cooling time was found to be 

1.84E+15Bq/g and 5.86E+12Bq/g, respectively. These calculations are required for nuclear 

characterization of the corium and in the estimation of the radiological consequences of the 

source term in the environment. Also, the results can support the recovery program for 

Fukushima Daiichi- Unit-1.  
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 1- INTRODUCTION 

On 11th March 2011, Fukushima Daiichi Unit 1 (FD-

U1), was generating electricity when the earthquake 

occurred, it was shutdown automatically. The resulting 

tsunami halted the emergency core cooling, water levels 

in the reactor vessel started to drop from the top of the 

hot fuel, and steam began reacting with Zircaloy-4 

cladding to produce large amounts of hydrogen and the 

core began to melt [1,4,26]. 

Several published studies dealt with the calculation of 

core inventory and source term for nuclear reactor 

accidents using different methodologies and assumptions 

or through the measurements of the environmental 

samples around the reactor site. Knowing the inventory 

of the radionuclides of the burnt fuel is crucial to assess 

the estimation of the environmental consequences of 

radionuclide releases following a severe nuclear accident 

[11,13-15, 23-29]. 

The current U.S. high level waste inventory is 

dominated by the spent fuel produced from pressurized 

water reactors and boiling water reactors in commercial 

nuclear power plants. NRC has developed a beta version 

of a flexible performance assessment, Scoping of options 

and Analyzing Risk, Beta version (β-SOAR) to provide 

risk and performance insights for a range of potential 

geological disposal options for high-level waste and 

spent nuclear fuel [10]. 

In this paper, the isotopic inventories and activities of 

the radionuclides of the burned fuel for FD-U1 accident 

was calculated at the time of the accident (scram time) 

and after 50 years cooling time using the Monte Carlo 

code MCNPX 2.7 and using the ENDF/B-VII.0 cross 

section data library [17-26]. The modeling depends on 

the history of the reactor core evolution until the last 

damaged core, and at the burn-up value reached before 

the reactor scram. The reactor fuel was modeled based 

on the previous operating period. The results were 
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validated and compared with experimental 

measurements carried out by the Japan Nuclear Energy 

safety Organization (JNES) and verified with the 

calculations carried out by Japan Atomic Energy 

Authority (JAEA) using ORIGEN code [2,3].The 

information obtained are necessary for the 

characterization, management and decommissioning 

plan of the damaged core of FD-U1 

2- REACTOR CORE MODELING 

2.1. Evolution of core configuration 

FD-U1 is a BWR MARK 3 type reactor operated by 

Tokyo Electric Power Company. The reactor core 

contained 400 fuel assemblies consisting of 332 (9x9-9) 

type B and 68(8x8-8) Type STEP2, the fuel is uranium 

dioxide and its total charge of uranium content is 69 ton. 

Each fuel assembly contains fuel pins in a square array 

and water channels that are all cotained in zircaloy-4 fuel 

channel box.  

The control rods located outside the fuel assemblies 

are in cross-shaped arrangements of blades containing 

boron carbide (B4C). The fuel pins consist of low 

enrichment uranium oxide with an average enrichment 

of 3.7%, enclosed and sealed in zirconium cladding 

tubes. The technical data of the FD-U1 is presented in 

Table (1) [5-19]. 

Table (1): Technical data of FD-U1  

      Core configuration 

Total amount of uranium 69 ton 

Reactor thermal Power 1380 MWth 

Fuel assembly 

Total number  400  

Channel box material  Zircaloy-4  

Inner channel width 13.05 cm 

Outer channel width 13.9 cm 

Fuel rod  

Diameter of pellet 0.94 cm 

Diameter of cladding 1.1 cm 

Thickness of cladding  0.070 (0.01) cm 

Number of fuel rods in one 

fuel assembly 

9x9-9 (water 

channel) 
 

Gap radius 0.48 cm 

Cladding material  Zircaloy-4  

Fuel Rod Pitch 1.45 cm 

Fuel rod active length 366 cm 

Fuel density (97 % of 

theoretical density) 
10.7 g/cm3 

Enrichment  3.7%  

Cladding density 6.56 g/cm3 

Water channel width 3.75 cm 

2.2. Model description 

The core model of FD-U1 using MCNPX 2.7 code, 

was based on 400 assemblies of 9x9-9 type B and 

average enrichment of 3.7% with the preservation of the 

same mass amount of UO2.The number of fuel 

assemblies loaded in the last core configuration before 

the accident was 100 assemblies, which is about one 

quarter of the core. So, the last core consists of 100 fresh 

fuel assemblies and 300 burned assemblies with five 

different burn-ups. This core was operated at full thermal 

power of 1380 MWth for an operating period of 165 days 

and reached an average burn-up of about 25.82 

GWd/MTU at 11 March 2011.    

2.2.1. Geometrical model 

MCNPX modeling of the fuel assembly and fuel rod 

geometry was based on the assumption of continuous 

bun at constant power for the fuel rod. Also, MCNPX 

calculations depend on using small time steps during 

irradiation compared to ORIGEN code which uses large 

time steps. The fuel assembly and fuel rod modeling are 

shown in Figure (1). 

  
 

Fig. (1): MCNP modeling of fuel rod and fuel assembly 9x9-9 

Type B 
 

2.2.2. Material composition of the core 

The initial atomic densities before the accident for 

cladding and channel box, Moderator and fuel meat 

composition are given in Table (2). 
 

Table (2): Initial atomic densities for:  

a) Zr-4 cladding and channel box  

Element  Atom density (atoms/b.cm) 

Cr 7.5891E-5 

Fe 1.4838E-4 

Zr 4.2982E-2 

b) Moderator 

Void% Nuclide Atom density (atoms/b.cm) 

40 
H-1 3.0588E-2 

O-16 1.5294E-2 
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c) Fuel meat (wt. %=3.7) 
 

Element Atom density (atoms/b.cm) 

U-235 8.82E-4 

U-238 2.27E-2 

O-16 4.71E-2 
 

2.3. Model Validation 

The modeled core was validated and simulated for 

one fuel assembly and the results were compared with 

experimental measurements which were carried out by 

Japan Nuclear Energy Safety Organization (JNES) [2,3]. 

This experiment was carried out for samples of BWR 

9x9-9 fuel assembly. The Isotopic Dilution Mass 

Spectrometry was used for sample measurements. The 

measured sample results for U and Nd isotopes were 

compared with our model calculations as given in Tables 

(3 and 4). From these Tables, it is clear that the obtained 

results using the MCNPX code are in close resemblance 

with the measured values by JNES. 

Table (3): Comparison for isotopic inventories of Uranium  
 

Isotope ID 
MCNPX 

(atoms/b.cm) 

MCNPX 

(atoms/total U 

atoms) 

Measured 

 (atoms/total U atoms), 

JNES [11] 

U-233 8.70E-11 3.88E-09 - 

U-234 5.94E-06 2.65E-04 3.00E-04 

U-235 2.39E-04 1.07E-02 1.03E-02 

U-236 1.54E-04 6.85E-03 7.00E-03 

U-237 1.30E-07 5.81E-06 - 

U-238 2.20E-02 9.82E-01 9.82E-01 

U-239 5.98E-09 2.67E-07 - 

Total density 2.24E-02   

 
Table (4): Comparison for isotopic inventories of Neodymium  

 

Isotope ID 
MCNPX 

(atoms/b.cm) 

MCNPX 

 (atoms/total U 

atoms) 

Measured  

(atoms/total U atoms), 

JNES [11] 

Nd-142 1.01E-06 4.51E-05 5.67E-05 

Nd-143 3.25E-05 1.45E-03 1.85E-03 

Nd-144 5.62E-05 2.51E-03 3.51E-03 

Nd-145 2.98E-05 1.33E-03 1.69E-03 

Nd-146 3.16E-05 1.41E-03 1.73E-03 

Nd-147 7.98E-08 3.56E-06 - 

Nd-148 1.56E-05 6.96E-04 8.92E-04 

Nd-150 6.13E-06 2.74E-04 4.04E-04 

Total density 1.73E-04   

 

3- RESULTS AND DISCUSSIONS 
 

The total activity of the radionuclides for the source 

term of FD-U1 at the time of the accident was calculated 

using present MCNPX code, and grouped according to 

the NUREG-1465 classification which was presented at 

Table (5). 

Table (5): Radionuclides classification of source term  

for F-D (U1) 
 

Radionuclides grouping 
Activity 

(Bq) 

Nobel Gases (Xe, Kr) 3.96E+18 

Halogens (I, Br) 4.00E+18 

Alkali Metals (Cs, Rb) 4.78E+17 

Tellurium group (Te, Sb, Se) 2.03E+18 

Barium, strontium (Ba, Sr) 3.85E+18 

Noble Metals (Ru, Rh, Pd, Mo, Tc, Co) 7.27E+18 

Lanthanides (La, Zr, Nd, Eu, Nb, Pm, Pr, Sm, Y) 1.34E+19 

Cerium group (Ce, Pu, Np) 3.45E+19 

 

The initial amount of uranium fuel in the core (after 

the last reloading) before the accident was about 69 ton 

as shown in Table (1), and the calculated amount of the 

uranium fuel at the time of the accident (scram time) was 

about 66.51 ton as shown in Table (6). Hence, the rest of 

the uranium fuel mass was depleted for about 165 

operating days. According to JAEA, the total estimated 

mass of the core composition was about 121.48 ton, 

which includes the depleted fuel, control rods and 

structural materials as shown at Table (6). The details of 

this estimation was calculated by using MCNPX code 

and presented in Tables (9 and 10) at the time of the 

accident and after 50 years from the accident. 

Table (6): Estimated core structure materials inventory at the 

time of the accident 

Material Mass (ton) 

Ua 66.51 

UO2
a 75.77 

Fission Producta 2.49 

Zircaloy-4 (Clad)a 17.8 

Zircaloy (channel box) a 13.82 

Feb 12.5 

B4Cb 0.59 

Inconelb 1 

Total 121.48 

a: MCNPX calculations 

b: Fumiya Tanabe [28] 
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The activity of the calculated radionuclides at the 

time of the accident and after 50 years of fuel cooling 

using MCNPX 2.7 code were verified with JAEA 

calculations using the ORIGEN2 code [2,3,19] as shown 

in Figures (2 and 3). The results were found to be in 

good agreement. It can also, be noticed that the activity 

and the specific activity of the major actinides after 50 

years from the accident were reduced to 3.42E+16 Bq 

and to 2.04E+11Bq/g, respectively. Moreover, the total 

activity and specific activity of the core melt are 

1.89E+17Bq, and 1.56E+9Bq/g, respectively, assuming 

a homogenized mixture of core melt.  

 

Tables (7 and 8) present the inventories and 

corresponding activities of actinides and fission products 

for the core at the time of the accident and after 50 years 

calculated using MCNPX Code. We can notice from 

Tables (7 and 8) the important contribution of the 

precursors to the long-term inventory and high activity 

of 237Np (T1/2 = 2.16 x 106 years). It can be assumed that 
237Np precursors decay instantly, to account for the 

decay of 241Pu (T1/2 = 14.4 years) to 241Am (T1/2 = 432.2 

years) and then decay to 237Np.So, their initial amounts 

can be added to the initial amount of 237Np. Although 
245Cm (T1/2 = 8500 years) is also a precursor to 237Np, it 

only occurs in small amount in spent fuel and its 

contribution is negligible. 

 

 

Fig. (2): Activity of the radionuclides at reactor scram 

 
 

 
Fig. (3): Activity of selected radionuclides after 50 years from scram 
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Table (7): Inventory and activity of the actinides and fission 

products for the core at the time of reactor scram 

Radionuclide 
Activity 

(Bq/core) 

Half-life 

(T1/2) 
Decay Mode 

Inventory 

(g/core) 

U-239 2.79E+19 *23.45 min β -(Np239) 2.25E+01 

Np-239 2.78E+19 *d 2.356 β-(Pu239) 3.24E+03 

Xe-133 2.81E+18 5.243 d β-(Cs133) 4.06E+02 

I-135 2.62E+18 *h 6.57 β-(Xe135) 2.00E+01 

Te-132 1.94E+18 3.204 d β-(I132) 1.73E+02 

I-131 1.37E+18 8.0252 d β-(Xe131) 2.98E+02 

Xe-135 1.12E+18 9.14 h β-(Cs135) 1.20E+01 

U-237 9.38E+17 6.752 h β-(Np237) 3.11E+02 

Sm-153 4.59E+17 46.284 h β-(Eu153) 2.80E+01 

Np-238 3.20E+17 2.099 d β-(Pu238) 3.34E+01 

Pm-147 2.73E+17 *2.6234 y β-(Sm147) 7.96E+03 

Pu-241 2.48E+17 14.329 y β-(Am241) 6.48E+04 

Pu-243 2.14E+17 4.956 h β-(Am243) 2.23E+00 

Cs-134 2.11E+17 2.0652 y β-(Ba134) 4.41E+03 

Cs-137 1.98E+17 30 y β-(Ba137) 6.14E+04 

Sr-90 1.56E+17 28.79 y β-(Y90) 2.99E+04 

Am-642 1.10E+17 16.02 h β-(Cm242) 3.69E+00 

Cm-242 5.54E+16 162.8 d β-(Pu238) 4.52E+02 

Am-244 3.07E+16 10.1 h β-(Cm244) 6.52E-01 

Kr-85 1.83E+16 10.739 y β-(Rb85) 1.26E+03 

Sb-125 1.26E+16 2.75856 y β-(Te125) 3.26E+02 

Eu-154 9.89E+15 8.601 y β-(Gd154) 9.88E+02 

Eu-155 5.49E+15 4.753 y β-(Gd155) 3.01E+02 

Pu-238 3.36E+15 87.7 y α-(U234) 5.31E+03 

Pu-240 1.00E+15 6561 y α-(U236) 1.19E+05 

Cm-244 9.25E+14 18.11 y α-(Pu240) 3.09E+02 

Pu-239 9.11E+14 24110 y α-(U235) 3.97E+05 

Sm-151 6.70E+14 90 y β-(Eu151) 6.88E+02 

Am-241 3.35E+14 432.6 y α-(Np237) 2.64E+03 

Tc-99 2.45E+13 2.111E+5 y β-(Ru99) 3.86E+04 

     

     

Am-243 1.31E+13 7364 y α-(Np239) 1.78E+03 

Cm-243 1.30E+13 29.1 y α-(Pu239) 6.83E+00 

Am-242 6.52E+12 16.02 h β-(Cm242) 1.68E+01 

Eu-152 5.13E+12 13.517 y EC, β+(Sm152) 7.85E-01 

Zr-93 3.52E+12 1.61E+6 y β-(Nb93) 3.78E+04 

Pu-242 2.14E+12 3.75E+5 y α-(U238) 1.46E+04 

Pu-237 1.26E+12 45.64 d EC(Np237) 2.79E-03 

Cs-135 1.22E+12 2.3E+6 y β-(Ba135) 2.86E+04 

Th-234 1.16E+12 24.10 d β-(Pa234) 1.36E-03 

Se-79 1.16E+12 3.27E+5 y β-(Br79) 2.28E+02 

Sn-126 9.06E+11 2.3E+5 y β-(Sb126) 8.62E+02 

U-238 8.11E+11 4.468E+9 y α-(Th234) 6.52E+07 

U-236 6.43E+11 2.342E+7 y α-(Th232) 2.69E+05 

Pa-233 5.47E+11 26.975 d β-(U233) 7.12E-04 

Np-237 5.17E+11 2.144E+6 y α-(Pa233) 1.98E+04 

Am-240 4.52E+11 50.8 h EC-(Pu240) 4.77E-05 

Pu-245 2.02E+11 10.5 h β-(Am245) 4.48E-06 

Pd-107 1.25E+11 6.5E+6 y β-(Ag107) 6.58E+03 

Pu-236 1.18E+11 2.858 y α-(U232) 6.10E-03 

Th-231 9.82E+10 25.52 h β-(Pa231) 5.00E-06 

Pa-232 8.97E+10 1.32 d β-(U232) 5.64E-06 

Cm-245 8.63E+10 8423 y α-(Pu241) 1.36E+01 

U-235 8.31E+10 7.04E+8 y α-(Th231) 1.04E+06 

Ba-133 5.62E+10 10.551 y EC-(Cs133) 5.94E-03 

Th-233 5.39E+10 21.83 min β-(Pa233) 4.03E-08 

I-129 4.81E+10 1.57E+7 y β-(Xe129) 7.36E+03 

U-234 3.01E+10 2.455E+5 y α-(Th230) 1.31E+02 

Cm-241 1.01E+10 32.8 d EC-(Am241) 1.65E-05 

 

* min= minute, h = hour, d = day, y = year 
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Table (8): Inventory and activities of actinides and fission 

products for the core after 50 years from reactor 

scram 

Radionuclide 
Activity  

(Bq/core) 

Half-life 

 (T1/2) 
Decay Mode 

Inventory 

(g/core) 

Cs-137 6.23E+16 30.08 y* β-(Ba137) 1.94E+04 

Sr-90 4.56E+16 28.79 y β-(Y90) 8.73E+03 

Pu-241 2.22E+16 14.329 y β-(Am241) 5.80E+03 

Am-241 7.40E+15 432.6 y α (Np237) 5.84E+04 

Pu-238 2.47E+15 87.7 y α(U234) 3.90E+03 

Pu-240 1.00E+15 6561 y α(U236) 1.19E+05 

Pu-239 9.17E+14 2.411E+4 y α(U235) 4.00E+05 

Kr-85 7.23E+14 10.739 y β-(Rb85) 4.97E+01 

Sm-151 4.62E+14 90 y β-(Eu151) 4.75E+02 

Eu-154 1.76E+14 8.601 y β-(Gd154) 1.76E+01 

Cm-244 1.37E+14 18.11 y α(Pu240) 4.57E+01 

Tc-99 2.46E+13 2.111E+5 y β-(Ru99) 3.88E+04 

Np-239 1.31E+13 2.356 d* β-(Pu239) 1.52E-03 

Am-243 1.31E+13 7364 y α(Pu240) 1.77E+03 

Am-242 5.10E+12 16.02 h* β-(Cm242) 1.32E+01 

Cm-242 4.21E+12 162.8 d α-(Pu238) 3.44E-02 

Cm-243 3.87E+12 29.1 y α-(Pu239) 2.03E+00 

Eu-155 3.36E+12 4.753 y β-(Gd155) 1.84E-01 

Pu-242 2.14E+12 3.75E+5 y α-(U238) 1.46E+04 

Cs-135 1.22E+12 2.3E+6 y β-(Ba135) 2.86E+04 

Th-234 8.11E+11 24.1 d β-(Pa234) 9.47E-04 

U-238 8.11E+11 4.468E+9 y α-(Th234) 6.52E+07 

U-236 6.45E+11 2.342E+7 y α-(Th232) 2.69E+05 

Np-237 6.11E+11 2.144E+6 y α-(Pa233) 2.34E+04 

     

     

Pa-233 6.11E+11 26.975 d β-(U233) 7.95E-04 

U-237 5.31E+11 6.752 d β-(Np237) 1.76E-04 

Pm-147 5.23E+11 2.6234 y β-(Sm147) 1.52E-02 

U-234 4.57E+11 2.455E+5 y α-(Th230) 1.99E+03 

Eu-152 3.81E+11 13.517 y EC, β+(Sm152) 5.84E-02 

Pd-107 1.25E+11 6.5E+6 y β-(Ag107) 6.58E+03 

Cm-245 8.60E+10 8423 y α(Pu241) 1.35E+01 

Th-231 8.32E+10 25.52 h β-(Pa231) 4.23E-06 

U-235 8.32E+10 7.04E+8 y α(Th231) 1.04E+06 

I-129 4.85E+10 1.57E+7 y β-(Xe129) 7.42E+03 

Sb-125 3.94E+10 2.75856 y β-(Te125) 1.02E-03 

Np-238 2.30E+10 2.099 d β-(Pu238) 2.39E-06 

Cs-134 1.07E+10 2.0652 y β-(Ba134) 2.24E-04 

Cm-246 7.01E+09 4706 y α(Pu242) 6.17E-01 

Np-236 2.84E+07 1.53E+5 y EC(U236) 5.82E-02 

Xe-135 1.93E+07 9.14 h β-(Cs135) 2.05E-10 

I-135 1.69E+07 6.58 h β-(Xe135) 1.29E-10 

Xe-133 1.55E+07 5.2475 d β-(Cs133) 2.24E-09 

Pu-236 3.29E+06 2.858 y α(U232) 1.70E-07 

Cf-249 1.34E+05 351 y α(Cm245) 8.85E-07 

Pu-244 1.09E+05 8.13E+7 y α(U240) 1.61E-01 

Cm-248 2.35E+04 3.48E+5 y α(Pu244) 1.50E-04 

Pu-243 1.48E+04 4.956 h β-(Am243) 1.54E-13 

Cm-247 1.48E+04 1.56E+7 y α(Pu243) 4.43E-03 

* h = hour, d = day, y = year 
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4. CONCLUSIONS 

The nuclear spent fuel was characterized by the 

estimation of the inventories and activities of the 

radionuclides using MCNPX 2.7 code for FD-U1 

accident. The MCNPX results were validated with the 

experimental measurements which were carried out by 

JNES. Also, the activities of the radionuclides were 

compared with JAEA calculations using ORIGEN2 

code. The activities of the source term composition were 

categorized according to the NUREG-1465.These 

information are important for the assessment of the 

radiological releases to the environment. 

As the initial amount of uranium fuel in the core in 

the last reloading before the accident was about 69 ton, 

and the calculated amount of the uranium fuel at the time 

of the accident was about 66.51 ton, then, the rest of the 

uranium fuel mass was depleted for about 165 operating 

days according to JAEA. Also, the fission products mass 

was found to be about 2.49 ton. In addition, the total 

estimated mass of the core composition was about 

121.48 ton, which includes the depleted fuel, control 

rods and structural materials. 

The results showed that, at the time of accident, the 

total activity and the specific activity of the actinide and 

the non-actinide in the core was 9.86E+19Bq and 

1.84E+15Bq/g, respectively; and after 50 years cooling 

time, the total activity and the specific activity of the 

actinide and the non-actinide in the core was 

1.89E+17Bq and 5.86E+12Bq/g, respectively. We can 

notice the slow activity reduction of the long-lived 

radionuclides after 50 years from the accident.  

The information on the inventories and activities for 

the actinides and fission products can support the 

recovery program for Fukushima Daiichi - Unit -1. 
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