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Abstract

Burnup analysis of rock-like oxide (ROX) fuel disks has been carried out and the results have been compared with

measured values. Two kinds of ROX disks: zirconia and thoria, were fabricated and irradiated in an irradiation hole of

the Japan Research Reactor No. 3 (JRR-3). After irradiation, several post-irradiation examinations (PIE) were per-

formed. Computer codes used for the calculations were the SRAC and the MVP-BURN codes. Firstly, the neutron

spectrum in the irradiation hole was calculated using the SRAC code system. Fixed source problems were solved to

obtain the neutron spectra and e�ective cross-sections of the disks and burnup calculations were performed. The

calculated results of burnup, isotopic abundance of plutonium and production of americium and curium were com-

pared with measurement values. Calculations overestimate the measured burnup by 7 � 15% and both codes largely

underestimate the measured production of americium and curium isotopes. The calculated plutonium abundance agrees

moderately well with the measured values. Ó 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Rock-like oxide inert matrix fuel (ROX) [1] is a new

fuel concept undergoing feasibility studies for trans-

muting plutonium, minor actinides and long-life ®ssion

products (FP). To perform the study, not only adequate

computer programs and methodologies but also neutron

cross-section data with high accuracy for transuranium

(TRU) nuclides, uranium, thorium and FP nuclides are

necessary. One of the best ways to validate codes,

methodology and nuclear data accuracy is to analyze

good benchmark experimental data. Irradiation tests on

ROX samples were carried out in order to obtain ma-

terial property data for fuel development and bench-

mark data for burnup analysis.

2. ROX disks and irradiation experiment

Two kinds of pieces (15 for each kind) of ROX disks

were fabricated at JAERI, one of zirconia type and the

other of thoria type. The composition of the disks is

shown in Table 1, and the plutonium isotopic abun-

dance is reported in Table 2. The diameter of a disk is

3 mm and the thickness is 1 mm. Five disks were placed

in a pellet case of niobium with 1% zirconium. The pellet

case was contained in a fuel case of platinum, which was

®lled with helium gas at 1 atm. The fuel case was put in a

clad tube of niobium±1% zirconium. Two cladding tubes

and a ¯uence monitor were inserted in a sample case of

molybdenum. Three sample cases were installed in an

instrumented irradiation capsule of aluminum alloy.

Fig. 1 shows an horizontal cross- section of the capsule.

The capsules were irradiated during four cycles,

representing about 14 weeks, in JRR-3, a swimming

pool type research reactor with a maximum thermal

output of 20 MW. An irradiation hole in the beryllium

re¯ector was used for the experiment. Temperature in

the capsule was controlled to be about 1273 K.

3. Post-irradiation examination

After the irradiation, the capsule was cooled in the

reactor pool and transported to facilities of JAERI for

post-irradiation examination (PIE). Many kinds of data
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have been obtained from PIEs. Burnup as ®ssions per

initial (heavy) metal atom (FIMA), isotopic abundance

of plutonium, minor actinides production rate to initial

plutonium amount and production amount of FP nuclides

were used as benchmark data to validate the calcula-

tions. The results of the PIEs are shown in Tables 3±5

with the calculated values.

The FP nuclides were evaluated by gamma ray

measurement. Neodymium, uranium and plutonium

were separated by an anion-exchange method. These

elements were analyzed by mass-spectrometry using

isotope dilution and hence their isotopic abundance was

obtained. The number of ®ssions was evaluated from the

amount of 148Nd and its yield data for the 239Pu thermal

®ssion. The initial amount of plutonium was calculated

as the sum of the number of ®ssions and the residual

amount of plutonium. The FIMA burnup was deter-

mined by dividing the number of ®ssions by the initial

amount of plutonium. During the error evaluation of

the data, the error of the 148Nd yield data was not in-

cluded. It was di�cult to evaluate it, because the ®ssion

reaction in a sample is mainly, but not only, due to the

thermal ®ssion of 239Pu. After chemical separation, mi-

nor actinides were evaluated by alpha ray measurement.

The neutron capture rate of 59Co was evaluated from

the measurement of the gamma rays of cobalt used as a

¯uence monitor. This was used to normalize the power

levels in the burnup calculations with the SRAC and the

MVP-BURN codes.

4. Calculations

4.1. Computer codes and libraries

The SRAC [2] code system and the MVP-BURN [3]

code were used for the calculations. Both of these codes

have been developed by JAERI. SRAC is an integrated

code system which consists of neutron cross-section li-

braries, a cell calculation module with burnup capability

based on the collision probability method, core calcu-

lation modules based on Sn transport or di�usion theory

and an auxiliary code for core burnup calculations.

MVP-BURN is based on MVP [4], a continuous energy

Monte Carlo code, which was completed with a burnup

capability. The cross-section libraries for these computer

codes are based on JENDL-3.2 [5].

4.2. Calculation of source spectrum

As a ®rst step of the calculations, the neutron spec-

trum in the irradiation hole was calculated by SRAC.

Using PIJ, a cell calculation module based on the

Table 3

Burnup of ROX disks/FIMA%

ROX disk Measurement SRAC

(Cal./Meas.)

MVP-BURN

(Cal./Meas.)

Zirconia type 27.90 29.82 31.51

0.087 (1.069) (1.129)

Thoria type 27.95 30.68 32.07

0.137 (1.098) (1.147)

Fig. 1. Horizontal cross-section of the irradiation capsule.

Table 1

Composition of ROX disks/mol%

Composition Zirconia type Thoria type

PuO2 10 10

Stabilized ZrOa
2 15 ±

ThO2 ± 15

Al2O3 65 65

MgO 10 10

a Composition of stabilized ZrO2: 88.8ZrO2 + 11.0Y2O3 +

0.2Gd2O3 (mol%).

Table 2

Isotopic abundance of plutonium used for the experiment

Isotope Abundance (mol%)

Pu-238 < 0.01

Pu-239 94.33

Pu-240 5.27

Pu-241 0.40

Pu-242 < 0.01
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collision probability method, e�ective homogenized

cross-sections of the fuel elements of the reactor were

generated for 72 energy groups. After cell calculation, a

di�usion whole core calculation in 2 dimensions and 72

energy groups was carried out using the cross-sections.

CITATION included in the SRAC system was used for

the calculation. From this calculation, the energy spec-

trum in the irradiation hole was obtained in 72 neutron

groups. This spectrum was used as the ®xed boundary

source for the burnup calculations with the SRAC and

the MVP-BURN codes.

4.3. SRAC±BURNUP calculation

For the burnup calculation with SRAC, the PIJ

module was used. Fig. 2 shows the calculational model.

Not only ROX disks and capsule structures are included

but a cobalt ¯uence monitor is also taken into account in

the model. The vertical direction was treated as in®nite.

Narrow gaps between capsule structures, which could be

seen in Fig. 1 were smeared. The fuel case of platinum

was neglected because there were no cross-sections for

platinum in the SRAC library. Using this model, a ®xed

source problem was solved in 72 energy groups. The

neutron spectrum already obtained was used as the

outer boundary neutron source into the capsule. Fine

group ¯ux distribution and e�ective cross-section of the

ROX disks were obtained from the calculation and they

were collapsed into one energy group. A nuclide deple-

tion calculation was performed using the one group

cross-section and the ¯ux. The power level used in the

calculation was normalized so as to give the same

reaction rate in the ¯uence monitor as that was the case

in the experiment. Nuclide densities of the disks were

calculated by this method and used for the next step, the

®xed source calculation. Repeating these steps, results of

burnup calculations were obtained.

Table 4

Microscopic absorption rate of Pu-239

ROX Disk Code Cycle-1 Cycle-2 Cycle-3 Cycle-4

Zirconia type SRAC 5.967 ´ 1016 6.437 ´ 1016 6.671 ´ 1016 6.845 ´ 1016

MVP-BURN 6.125 ´ 1016 6.832 ´ 1016 7.350 ´ 1016 6.906 ´ 1016

1r error 1.376% 1.360% 1.411% 1.545%

Thoria type SRAC 6.406 ´ 1016 6.601 ´ 1016 6.830 ´ 1016 6.998 ´ 1016

MVP-BURN 6.584 ´ 1016 7.026 ´ 1016 7.113 ´ 1016 6.892 ´ 1016

1r error 1.435% 1.419% 1.412% 1.396%

Table 5

Microscopic ®ssion rate of Pu-239

ROX disk Code Cycle-1 Cycle-2 Cycle-3 Cycle-4

Zirconia type SRAC 4.079 ´ 1016 4.406 ´ 1016 4.564 ´ 1016 4.678 ´ 1016

MVP-BURN 4.263 ´ 1016 4.769 ´ 1016 5.125 ´ 1016 4.797 ´ 1016

1r error 1.794% 1.777% 1.837% 2.014%

Thoria type SRAC 4.388 ´ 1016 4.518 ´ 1016 4.671 ´ 1016 4.780 ´ 1016

MVP-BURN 4.580 ´ 1016 4.892 ´ 1016 4.941 ´ 1016 4.807 ´ 1016

1r error 1.875% 1.843% 1.842% 1.824%

Fig. 2. SRAC calculational model.
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4.4. MVP-BURN calculation

As the MVP-BURN is a Monte Carlo code, it can

handle complicated geometries with a minimum of

approximations. The methodology of burnup calcula-

tions for MVP-BURN is the same as for SRAC. The

MVP part of the code calculates reaction rates of nu-

clides and the BURN part of the code calculates de-

pletion and nuclide densities for the next MVP step.

Unfortunately, as the BURN part cannot handle the

errors of the reaction rates coming from the MVP part,

the errors of the ®nal densities of the nuclides are not

available.

MVP-BURN calculations have been performed with

a three-dimensional model that represents the e�ective

part of the capsule structure as exactly as possible. The

horizontal model used in the calculations is the same as

shown in Fig. 1 except that the platinum tube is

neglected because there were no cross-sections for plat-

inum in the MVP-BURN library. The vertical cross-

section of the three-dimensional model is shown in

Fig. 3.

5. Calculated results and discussions

The results of burnup are shown in Table 3. The

burnup values calculated with SRAC are slightly higher

than the experimental values but di�erences are not very

big for either the zirconia or the thoria type ROX disks.

The MVP-BURN code overestimates the measured

values by 13±15% in both cases. To investigate the dif-

ference between the two codes, the microscopic reaction

rates of 239Pu were checked. Tables 4 and 5 show 239Pu

microscopic reaction rates calculated by the two codes at

the beginning of each burnup cycle. For all cycles, re-

action rates of MVP-BURN are larger than those of

SRAC, except for the case of the thoria type in cycle 4.

Fig. 4 shows neutron spectra of ROX disks. It can be

seen that the spectrum in the thoria disk is softer than

that in the zirconia disk, because the amount of pluto-

nium in a thoria disk is slightly smaller than that of a

zirconia disk. Therefore, for 239Pu, the one group mi-

croscopic absorption cross-sections and reaction rates of

the thoria disk become larger than that of the zirconia

disk. The spectra calculated by MVP-BURN are softer

than those given by SRAC, because in the SRAC model,

neutron leakage on the vertical direction is considered

by a buckling value, which is applied for all energy

groups. The real structure of the irradiation capsule has

several vertical void gaps and fast neutrons can easily

escape from the capsule. In the MVP-BURN model,

vertical void gaps are included as exactly as possible and

energy-dependent neutron leakage is included in the

results. It makes the MVP-BURN spectra softer than

the SRAC ones.

The isotopic abundance results of plutonium are

shown in Table 6. The calculated results agree moder-

ately well with the measured values. The calculated 239Pu

Fig. 3. Vertical cross-section of MVP-BURN calculational

model.

Fig. 4. Neutron spectra of ROX disks before irradiation.
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abundance values are smaller than the measured ones.

This is consistent with the overestimation of the calcu-

lated burnup compared to the measurements.

Production ratios of americium and curium to initial

plutonium atoms are listed in Table 7. All calculations

largely underestimate the measured values. A large dis-

crepancy cannot be seen between the two codes, because

the burnup chain for minor actinides, the depletion

calculation methodology and the base neutron cross-

section libraries are the same for both codes. As the

Table 7

Production ratio of Am, Cm and U atoms relative to the initial number of Pu atoms

ROX disk Isotope Measurement� SRAC (Cal./Meas.) MVP-BURN (Cal./Meas.)

Zirconia type Am-241 3.046 ´ 10ÿ3 2.142 ´ 10ÿ3 2.132 ´ 10ÿ3

0.16% (0.703) (0.700)

Cm-242 2.985 ´ 10ÿ6 1.901 ´ 10ÿ6 1.928 ´ 10ÿ6

0.16% (0.637) (0.646)

Cm-244 3.988 ´ 10ÿ6 1.065 ´ 10ÿ6 1.111 ´ 10ÿ6

0.80% (0.267) (0.279)

Thoria type Am-241 3.226 ´ 10ÿ3 2.213 ´ 10ÿ3 2.397 ´ 10ÿ3

0.16% (0.686) (0.743)

Cm-242 3.124 ´ 10ÿ6 1.996 ´ 10ÿ6 2.226 ´ 10ÿ6

0.14% (0.639) (0.713)

Cm-244 4.839 ´ 10ÿ6 1.157 ´ 10ÿ6 1.548 ´ 10ÿ6

0.66% (0.239) (0.320)

U-233a 5.450 ´ 10ÿ3 7.182 ´ 10ÿ3 7.608 ´ 10ÿ3

0.55% (1.318) (1.396)

a Other U isotopes: less than detection limit.

Table 6

Isotopic abundance of plutonium after irradiation (at.%)

ROX disk Isotope Measurement SRAC MVP-BURN

Zirconia type Pu-238 0.020 0.01 0.01

0.0002

Pu-239 75.491 74.65 74.18

0.0025

Pu-240 20.073 22.16 22.52

0.0032

Pu-241 4.046 2.89 2.97

0.0008

Pu-242 0.370 0.30 0.32

0.0004

Final Pu to initial Pu 72.10 70.69 69.08

0.087

Thoria type Pu-238 0.022 0.01 0.01

0.0006

Pu-239 75.494 73.96 73.95

0.0015

Pu-240 19.818 22.69 22.31

0.0017

Pu-241 4.281 3.02 3.34

0.0007

Pu-242 0.385 0.32 0.39

0.0007

Final Pu to initial Pu 72.05 69.90 68.59

0.137
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calculated FIMA burnups are not very di�erent from

the measured values, the present calculation method

seems adequate. Therefore, the discrepancy may not be

only due to the calculation method. To see the e�ect of
240Pu and 241Pu cross-sections, two MVP-BURN calcu-

lations were done using cross-sections based on ENDF/

B-VI [6] only for 240Pu or 241Pu. The reason for this

choice is that 241Am is mainly produced by n-gamma

reactions of 240Pu and beta decays of 241Pu.

Table 8 shows the isotopic abundance of plutonium

and Table 9 shows the production ratios of americium

and curium using ENDF/BÿVI cross-sections for 240Pu

or 241Pu and JENDL-3.2 cross-sections for the other

nuclides. When the 240Pu cross-sections are changed

from JENDL-3.2 to ENDF/B-VI, the 240Pu abundance

of the zirconia disk becomes smaller and the 241Pu

abundance becomes larger. Therefore, the production

ratios of 241Am and 242Cm become larger. In contrast

with this, the 240Pu abundance of the thoria disk

becomes larger and the 241Pu abundance becomes

smaller. Therefore, the production ratios of 241Am and
242Cm become smaller. Table 10 shows the 240Pu capture

rate of each library. In the case of the zirconia disk, the
240Pu reaction rate of ENDF/B-VI is larger than that of

JENDL-3.2. It makes the 240Pu abundance of ENDF/B-

VI smaller than that of JENDL-3.2. The reverse can be

observed in the thoria disk case.

When 241Pu cross-sections are changed from JENDL-

3.2 to ENDF/B-VI, the e�ect is smaller than for changing
240Pu cross- sections. Table 11 shows 241Pu capture rates

of each library. In case of the zirconia disk, 241Pu capture

rates from ENDF/B-VI are larger than those from

JENDL-3.2 at cycles 1 and 4. At cycle 2 only, ENDF/B-

VI reaction rates are smaller than those from JENDL-

3.2. Therefore, 241Pu abundance and production ratios of

the three actinide isotopes become larger with ENDF/B-

VI. In the case of the thoria disk, there is no systematic

di�erence in the 241Pu capture rates between both

Table 9

Production ratio of Am and Cm atoms relative to the initial number of Pu atoms using ENDF/B-VI cross-sections for Pu-240 and

Pu-241

ROX disk Isotope MVP-BURN JENDL-3.2 only

(Cal./Meas.)

MVP-BURN ENDF/B-VI

for Pu-240 (Cal./Meas.)

MVP-BURN ENDF/B-VI

for Pu-241 (Cal./Meas.)

Zirconia type Am-241 2.132 ´ 10ÿ3 2.309 ´ 10ÿ3 2.235 ´ 10ÿ3

(0.700) (0.758) (0.734)

Cmÿ242 1.928 ´ 10ÿ6 2.127 ´ 10ÿ6 2.091 ´ 10ÿ6

(0.646) (0.712) (0.701)

Cm-244 1.111 ´ 10ÿ6 1.112 ´ 10ÿ6 1.505 ´ 10ÿ6

(0.279) (0.279) (0.377)

Thoria type Am-241 2.397 ´ 10ÿ3 2.180 ´ 10ÿ3 2.409 ´ 10ÿ3

(0.743) (0.676) (0.747)

Cm-242 2.226 ´ 10ÿ6 2.016 ´ 10ÿ6 2.239 ´ 10ÿ6

(0.713) (0.645) (0.717)

Cm-244 1.548 ´ 10ÿ6 1.689 ´ 10ÿ6 1.545 ´ 10ÿ6

(0.320) (0.349) (0.319)

Table 8

Isotopic abundance of plutonium after irradiation using ENDF/B-VI cross-sections for Pu-240 and Pu-241/atom%

ROX disk Isotope MVP-BURN MVP-BURN MVP-BURN

JENDL-3.2 only ENDF/B-VI for Pu-240 ENDF/B-VI for Pu-241

Zirconia type Pu-238 0.01 0.01 0.01

Pu-239 74.18 74.15 74.20

Pu-240 22.52 22.28 22.34

Pu-241 2.97 3.21 3.11

Pu-242 0.32 0.36 0.34

Thoria type Pu-238 0.01 0.01 0.01

Pu-239 73.95 73.95 74.06

Pu-240 22.31 22.66 22.20

Pu-241 3.34 3.05 3.36

Pu-242 0.39 0.34 0.38
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libraries. Therefore, the 241Pu abundance and production

ratios of the three actinide isotopes do not change.

6. Conclusions

An irradiation experiment concerning two kinds of

ROX disks and their burnup analysis was performed.

The results of burnup calculations were compared with

the measured values obtained from the post-irradiation

examinations. The calculations of burnup overestimate

the measured values. The MVP-BURN code gives

higher burnup values than the SRAC code, because the

MVP-BURN calculations include the fast neutron

leakage on the vertical direction.

The calculated plutonium isotopic abundance shows

a fair agreement with the measured value. No large

di�erences can be observed between the two codes.

Production ratios of americium and curium calcu-

lated by both codes are much smaller than the measured

values. Changing 240Pu or 241Pu cross-sections from

JENDL-3.2 to ENDF/B-VI does not a�ect the results

very much. Therefore, these cross-sections are not the

major reason for the observed discrepancies. The large

di�erences in small quantities of americium and curium

isotope contents stem from the rather low initial abun-

dance of the higher plutonium isotopes.
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