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The axial neutron emission and gamma ray source distribution were measured for LWR high burn-up UO2 and
MOX spent fuel rods. The gamma rays of 134Cs, 137Cs and 106Ru were measured on the fuel rods, and consequently
compared with the results of the ORIGEN2/82 calculation, in which both the original library and ORLIBJ32 based on
the JENDL-3.2 library were used. The effect of pellet radial gamma distribution on self-shielding factor was consid-
ered, and cesium radial migration was also discussed using the ratio of gamma ray intensity of 134Cs to 137Cs. The
axial gamma ray measurement and calculation of 134Cs and 106Ru agreed within about 20% and 137Cs agreed within
13% after correction with pellet self-shielding factors. Two types of boundary curves associated with cesium migration
were obtained by simple analysis using 134Cs/137Cs gamma intensity ratio. The axial neutron emission calculated by
ORIGEN2/82 with ORLIBJ32 was generally smaller than the measured ones. The main neutron source in spent fuel is
the spontaneous fission of 244Cm. Small buildup of 244Cm caused the underestimation of neutron emission. The main
flow up to 244Cm is 241Pu, 242Pu, 243Pu, 243Am and 244mAm. The (n; �) cross sections of 243Am on the main flow and
244Cm have strong sensitivity on buildup of 244Cm. The re-evaluation of the (n; �) cross sections of these nuclides will
improve the prediction for 244Cm buildup.
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I. Introduction

The evaluation of neutron emission and gamma ray source
distribution in spent fuel is important for the shielding design
and criticality safety analysis of spent fuel storage facilities
such as dry casks and storage pools. In particular, high burn-
up UO2 and MOX (Pu-thermal) spent fuels have a higher
neutron emission than those of conventional burn-up UO2

fuel as shown Table 1. However there are few data on gam-
ma and neutron source distributions for high burn-up UO2

and MOX spent fuels. In this study, to accumulate appropri-
ate source term data that can be utilized for source evalua-
tion, neutron emission and gamma ray source measurements
were carried out on LWR high burn-up UO2 and MOX spent

fuel rods as follows : (1) Axial neutron emission distribution
of PWR-UO2, BWR-UO2 and PWR-MOX fuel rods, (2) Ax-
ial gamma ray source distribution of PWR-UO2 and PWR-
MOX fuel rods, (3) Radial gamma ray source distribution
of fuel pellets of PWR-UO2 and PWR-MOX fuel rods.1–4)

Chemical isotopic analyses were also carried out to deter-
mine local burn-up and nuclide composition of the fuel
rods.1–3)

In this study, computational analyses were carried out us-
ing the ORIGEN2/82 code.5) The libraries used in this study
included the original library in the code and the OR-
LIBJ326,7) library based on JENDL-3.2.8) The difference in
calculation results caused by the use of different libraries
was discussed for the neutron emission and gamma ray
source distribution. The effect of radial gamma source pro-
file on self-shielding factor was estimated prior to gamma
ray source analysis. The correlation of 134Cs/137Cs gamma
intensity ratio to cesium radial migration was also discussed.
The results indicate that there are the burn-up and the mi-
grated fraction boundaries, which reflect to the minimum
burn-up and minimum migrated amount of cesium at the
start of cesium migration, respectively.

II. Measurement

The analysis of chemical isotopic composition, and meas-
urement of axial neutron emission, and axial and radial gam-
ma ray sources distribution were performed at the Institute
for Transuranium Elements (ITU) in Karlsruhe, Germany.

Table 1 Examples of neuron emission and gamma ray intensity in
high burn-up UO2 and MOX spent fuel calculated using ORI-
GEN2 code

Source
Conventional High burn-up

MOX
UO2 UO2

Neutron emission 1.0 1.4 15.1
Gamma ray intensity 1.0 1.1 0.9

*Values are relative to data of conventional UO2 fuel (initial
235U:4.1wt%, discharge burn-up:43 MWd/kgHM).
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1. Specification of Fuel and Chemical Isotopic Analysis
The high burn-up UO2 and MOX spent fuels used in this

study were irradiated in commercial PWR and BWR: a high
burn-up PWR-UO2 fuel pin (3.8%235U, 60.2MWd/kgHM
declared average burn-up); a high burn-up BWR-UO2 fuel
pin (3.5%235U, 56MWd/kgHM declared average burn-up):
and two segments (MOX1 and MOX2) from two PWR-
MOX fuel pins (5.07%Pu, 44.5MWd/kgHMand 45.7MWd/
kgHM declared burn-up). The plutonium vector in the MOX
fuel used in the fabrication was 238Pu/239Pu/240Pu/241Pu/
242Pu/241Am=1.40/59.05/24.38/6.08/4.86/4.23. The local
burn-up achieved at irradiation was calculated on the basis
of both the total heavy metal and 148Nd obtained by chemical
isotopic analyses. Chemical isotopic analyses were per-
formed on four samples of PWR-UO2 and BWR-UO2 fuel
respectively, and two samples of PWR-MOX segment fuels.
Table 2 shows the burn-ups determined for each sample by
chemical isotopic analyses.

2. Axial Neutron Emission Measurement9)

The axial distribution of neutron emission was determined
using a neutron collar incorporating 10B proportional neutron
detectors embedded in a polyethylene moderator. Neutrons
emitted from spontaneous fission and (�; n) reactions in the
fuel were measured. The efficiency of the collar was calibrat-
ed using a 252Cf neutron source. The fuel rod was translated
horizontally along the bench on which the collar was mount-
ed and was scanned while passing through the device. The
accuracy of the neutron measurement is about 6%.

3. Axial and Radial Gamma Ray Source Measurements
The axial gamma scanning system is based on a Ge detec-

tor situated outside a hot cell. The detector is collimated by a
vertical slit. The collimator is mounted in the front wall of
the hot cell orthogonal to the fuel rod axis, and the slit width
was 0.6mm. The horizontal translation of the fuel rod allows
the axial gamma ray source distribution. In this study, gam-
ma energies of 795.8 keV for 134Cs, 661.7 keV for 137Cs and
621.8 keV for 106Ru were measured along the axis of fuel
rods.

Pellet radial gamma ray scanning was carried out using a
collimated Ge detector to obtain information on the source
distribution and migration of 134Cs and 137Cs during irradia-
tion. In the radial scanning, the detection energies of gamma
ray were at 604.7 keV for 134Cs and 661.7 keV for 137Cs, re-
spectively. The sample was fixed in a sample holder and the
collimator, which is composed of four lead bricks, was ad-
justed to an area of 1�1mm2. Figure 1 shows typical

134Cs and 137Cs radial profiles having a higher activity on
the pellet periphery. Cesium migration from the pellet center
to colder periphery regions10) and a steep burn-up increase
by a resonance reaction between neutrons and 238U nuclides
at pellet surface result in a higher cesium concentration in
the pellet periphery region. Figure 2 shows the neodymium
and cesium radial distributions obtained by electron probe
microanalysis (EPMA) of the same pellet. Neodymium
across the fuel radius provides relative burn-up including
the effect of resonance reactions on the pellet surface. To

Table 2 Sample burn-ups determined by chemical isotopic analyses

Sample
PWR-UO2

aÞ BWR-UO2
bÞ PWR-MOXcÞ

(MWd/kgHM) (MWd/kgHM) Void (%) (MWd/kgHM)

A 64.7 65.6 41.1 46.0
B 52.8 56.4 1.2 46.6
C 60.0 58.8 14.3
D 63.5 63.8 58.0

aÞInitial 235U is 3.8%. bÞInitial 235U is 3.5%. cÞInitial Pu is 5.07%.
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Fig. 1 Cesium radial distribution in PWR-UO2 pellet obtained by
gamma ray measurement
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Fig. 2 Cesium and neodymium radial distributions obtained by
EPMA on PWR-UO2 pellet
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correct the effect of local burn-up distribution on cesium dis-
tribution, the ratio of cesium to neodymium was estimated as
shown in Fig. 3. There is still a high cesium concentration in
the pellet periphery. This clearly indicates that the high ce-
sium concentration in the pellet periphery in Figs. 1 and 3
is due to cesium migration during irradiation. Thus, prior
to the axial gamma evaluation, the effect of cesium radial
profile on self-shielding must be discussed.

III. Calculations

1. ORIGEN Calculation and Libraries
Computational analyses were executed using the ORI-

GEN2/82 code to determine the nuclide compositions of
134Cs, 137Cs and 106Ru, as well as the neutron emission at
the fuel axial position at which local burn-up had been deter-
mined by chemical analysis. The measurement results were
compared with the calculations in which original ORIGEN
libraries and ORLIBJ32 libraries were used. The burn-up
profile of BWR-UO2 fuel rod is affected by axial void distri-
bution during irradiation, which in turn affects fuel nuclide
composition. To allow for void distribution, three libraries
with void fractions of 0%, 40% and 70% prepared in OR-
LIBJ32 were used for the analyses of each sample and the
calculation results obtained from each library were interpo-
lated at a corresponding axial void fraction (Table 2).
Table 3 shows the summary of the libraries used in this
study.

2. Effect of Cesium Radial Profile on Gamma Intensity
Cesium migration occurs from the hotter center region to

the colder peripheral pellet region (Fig. 1) caused by cesium
high vapor pressure. Thus, the effect of cesium profile in a
pellet on self-shielding factor and the consequently meas-
ured gamma intensity were evaluated using asymptotic pro-
files, namely, (1) flat profile, (2) well profile and (3) sloping
profile. Figure 4 shows the source term profiles using the
evaluation of the self-shielding factor. The mass attenuation
coefficients11) of uranium and oxygen for UO2 and MOX
pellets, and molybdenum, instead of zirconium, for cladding
were used in the calculation. The attenuation coefficients of
UO2 and MOX pellets, considering fuel density change due
to irradiation, and cladding region are shown in Table 4.
The gamma intensity of the UO2 pellet was calculated for
each asymptotic radial profile of 134Cs, 137Cs and 106Ru,
and the differences between the gamma intensities based
on the sloping profile are shown in Table 5. In the calcula-
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Fig. 3 Ratio of cesium to neodymium radial distributions ob-
tained by EPMA on PWR-UO2 pellet

Table 3 Libraries used in the calculation

Reactor Original libraries ORLIBJ32 libraries

PWR-UO2 PUD50 PWR34J32
BWR-UO2 BWRU BS200J32, BS240J32, BS270J32
PWR-MOX PWRPUPU PWRM205

(a) Flat profile (b) Well profile (c) Sloping profile
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Fig. 4 Asymptotic radial profiles of cesium and ruthenium in pellet used for evaluation of self-shielding factor

Table 4 Attenuation coefficients of UO2 and MOX pellet, and
cladding

Fission Energy UO2 MOX Cladding
product (keV) (cm�1) (cm�1) (cm�1)

106Ru 621.8 1.315 1.316 0.493
134Cs 604.7 0.976 0.977 0.499

795.8 0.964 0.965 0.428
137Cs 661.7 1.235 1.235 0.478

Table 5 Effect of pellet radial source profile on gamma intensity

Gamma ((1)aÞ–(3)aÞ) ((2)aÞ–(3))
source �100/(3), % �100/(3), %

106Ru �0:90 0.57
134Cs �0:94 0.58
137Cs �0:81 0.56

aÞ(1), (2) and (3) mean flat profile, well profile and sloping profile,

respectively.
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tions, a simple exponential formula was applied to the at-
tenuation of gamma rays passing through the pellet and clad-
ding region:

I ¼
ZZ

R

Sðx; yÞ exp½�mlðx; yÞ�dxdy;

where I: Gamma intensity from pellet
Sðx; yÞ: Pellet radial profile of gamma source
�: Attenuation coefficient
lðx; yÞ: Path length in pellet
R: Pellet region.

Although a higher cesium concentration in pellet periph-
ery region shows a higher gamma intensity, the difference
between the gamma intensity of the sloping profile and those
of other profiles is less than �1%. Considering that cesium
in fuel can migrate to the colder periphery pellet region dur-
ing irradiation and ruthenium cannot, the sloping profile was
regarded as a cesium distribution profile and the flat profile
as a ruthenium distribution profile of the pellet, for calcula-
tion purposes.

The self-shielding factor for each gamma energy and pro-
file were calculated. The results are shown in Table 6. The
attenuation of gamma intensity in the pellet is from 32%
to 40% at the range of these gamma energies.

IV. Evaluation of Calculated Results and Discus-
sion

1. Axial Gamma Ray Distribution
Figure 5 shows the distributions of 134Cs, 137Cs and 106Ru

obtained by measurement, as well as the calculated values at
four axial positions (A–D). There is a small significant dif-
ference between ORIGEN original and ORLIBJ32 libraries
in the calculation.

Table 7 shows the experimental and calculated axial gam-
ma ray sources of PWR-UO2. The C/E (ratio of calculation
to experimental result) is also shown in the table. Samples A
and D correspond to the axial central region in which the
burn-up distribution is almost flat. Samples B and C corre-
spond to the axial upper and lower regions in which the
burn-up markedly changed. The burn-ups used in the calcu-
lation were obtained by chemical isotopic analyses of pellet-
wise samples and they were average values for the samples.
Therefore, it is expected that the burn-up using calculation is
somewhat different from the actual local burn-up at each
gamma measurement position, particularly in the axial upper
and lower regions. Although the results obtained directly by

ORIGEN calculation were about twice larger than the exper-
imental results, the calculations corrected with the pellet
self-shielding factor were well improved. The calculation re-
sults at the central region agreed within about 15% of the
measurement results, while those at the upper and lower re-

Table 6 Self-shielding factors of PWR-UO2 and PWR-MOX
pellet determined by calculation

Nuclide
Self-shielding factor of PWR-UO2

and PWR-MOX fuel

134Cs (604.7 keV) 0.596
134Cs (795.8 keV) 0.678
137Cs (661.7 keV) 0.619
106Ru (621.8 keV) 0.597

Calculation(ORLIBJ32)

Calculation(Original)
measurement

Calculation corrected by
 self-shielding factor (Original)
Calculation corrected by
 self-shielding factor (ORLIBJ32)
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Fig. 5 Measured and calculated gamma ray source distributions
along fuel rod
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gions agreed within about 20%. Table 8 also shows the ex-
perimental and calculated axial gamma ray sources of PWR-
MOX segments. The gamma ray source distribution in the
PWR-MOX segment is almost flat. For PWR-UO2, PWR-
MOX and BWR-UO2, the measurement and calculation re-
sults of 137Cs agreed within 13%. For 134Cs and 106Ru, the
agreement was about 20%. The gamma ray source analysis
along the fuel rod shows that self-shielding effects markedly
on the evaluation of gamma intensity.

2. Radial 134Cs/137Cs Gamma Intensity Ratio
The radial gamma ray source distribution shown in Fig. 1

indicates that 134Cs and 137Cs migrate to a colder pellet pe-
riphery during irradiation. The gamma intensity ratio of
134Cs to 137Cs is used as a burn-up indicator of fuel because
it has good correlation with burn-up increase.12) If cesium
migration occurs in the pellet, the ratio of 134Cs to 137Cs is
smaller. In Fig. 6, there is a decrease in the measurement
134Cs/137Cs gamma intensity ratio at the pellet center region
associated with cesium migration. Cesium-134 is generated
indirectly through the (n; �) reaction with 133Cs produced
by fission. On the other hand, 137Cs is generated directly
by fission. Thus if cesium migration occurs, 137Cs is gener-

ated immediately by fission and accumulates again, but the
accumulation of 134Cs resulting from the capture reaction
of 133Cs, which is directly generated by fission, is delayed,
consequently resulting in a smaller 134Cs/137Cs gamma in-
tensity ratio as shown in Fig. 6. It has not been investigated
what information can be derived from the change in 134Cs/
137Cs gamma intensity ratio regarding fuel irradiation histo-
ry, whereas the change in the 134Cs/137Cs gamma intensity

Table 7 Measured and calculated gamma ray source along PWR-UO2 fuel rod

Calculation corrected by

Sample Measurement Calculation self-shielding factor C/E

(MWd/kgHM) (Bq)
(Bq) (Bq)

Original ORLIBJ32 Original ORLIBJ32 Original ORLIBJ32

106Ru 1:395�109 2:539�109 2:577�109 1:516�109 1:539�109 1.09 1.10
A(64.7) 134Cs 1:878�109 2:701�109 2:849�109 1:831�109 1:931�109 0.97 1.03

137Cs 1:661�109 2:554�109 2:640�109 1:580�109 1:633�109 0.95 0.98

106Ru 9:237�108 1:871�109 1:903�109 1:117�109 1:136�109 1.21 1.23
B(52.8) 134Cs 1:082�109 1:896�109 1:952�109 1:285�109 1:323�109 1.19 1.22

137Cs 1:175�109 2:085�109 2:153�109 1:290�109 1:332�109 1.10 1.13

106Ru 1:196�109 2:283�109 2:320�109 1:363�109 1:385�109 1.14 1.16
C(60.0) 134Cs 1:570�109 2:374�109 2:479�109 1:609�109 1:680�109 1.02 1.07

137Cs 1:504�109 2:361�109 2:440�109 1:461�109 1:510�109 0.97 1.00

106Ru 1:505�109 2:437�109 2:476�109 1:455�109 1:478�109 0.97 0.98
D(63.5) 134Cs 2:042�109 2:603�109 2:738�109 1:764�109 1:856�109 0.86 0.91

137Cs 1:728�109 2:505�109 2:588�109 1:550�109 1:601�109 0.90 0.93

Table 8 Measured and calculated gamma ray source of PWR-MOX fuel rod

Calculation corrected by

Sample Measurement Calculation self-shielding factor C/E

(MWd/kgHM) (Bq)
(Bq) (Bq)

Original ORLIBJ32 Original ORLIBJ32 Original ORLIBJ32

106Ru 8:074�108 1:420�109 1:450�109 8:469�108 8:648�108 1.05 1.07
A(46.0) 134Cs 8:232�108 9:961�108 1:052�109 6:744�108 7:123�108 0.82 0.87

137Cs 1:222�109 1:796�109 1:867�109 1:110�109 1:154�109 0.91 0.94

106Ru 8:240�108 1:432�109 1:462�109 8:541�108 8:723�108 1.04 1.06
B(46.6) 134Cs 8:630�108 1:018�109 1:074�109 6:891�108 7:272�108 0.80 0.84

137Cs 1:253�109 1:816�109 1:887�109 1:123�109 1:166�109 0.90 0.93
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Fig. 6 Effect of radial cesium migration on 134Cs/137Cs gamma
intensity ratio obtained by measurement for PWR-UO2 pellet
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ratio indicates cesium migration during irradiation and af-
fects the estimation of fuel burn-up. Hence the correlation
between burn-up, migrated fraction at the start of cesium mi-
gration during irradiation and 134Cs/137Cs gamma intensity
ratio was examined by simple calculation.

In the calculation, 235U, 239Pu and 241Pu were considered
as fissile nuclides that generate 133Cs, 134Cs and 137Cs
through

dNCs133

dt
¼ �Cs133

X
f,Cs133

�� ��;Cs133NCs133�;

dNCs134

dt
¼ ��;Cs133NCs133�� �Cs134NCs134

� ��;Cs134NCs134�;

dNCs137

dt
¼ �Cs137

X
f,Cs137

�� �Cs137NCs137

� ��;Cs137NCs137�;

where �Cs133
P

f,Cs133 ¼�Cs133,U235
P

f,U235

þ�Cs133,Pu239
P

f,Pu239 þ�Cs133,Pu241
P

f,Pu241

�Cs137
P

f,Cs137 ¼�Cs137,U235
P

f,U235

þ�Cs137,Pu239
P

f,Pu239 þ�Cs137,Pu241
P

f,Pu241

�i;j: yield of nuclide i from fission reaction of
nuclide jP

f ;j: macroscopic fission cross section of nuclide j

��;j: microscopic capture cross section of nuclide j

�j: decay constant of nuclide j

Nj: number density of nuclide j

�: Neutron flux.
The cross sections of ORLIBJ32 were used as the micro-
scopic cross sections of cesium and fissile nuclides, and
the number density of fissile nuclides and neutron flux were
obtained by ORIGEN calculation with ORLIBJ32. The fis-
sion yield data adopted were the values in Ref. 13). Figure 7
shows the burn-up dependency of 134Cs/137Cs gamma inten-
sity ratio for PWR-UO2 calculated using ORIGEN with OR-
LIBJ32. The result obtained by the simple calculation agrees
well with the ORIGEN calculation result. The effects of
burn-up when cesium migration starts and the migrated frac-
tion of cesium on 134Cs/137Cs gamma intensity ratio were
examined by the simple calculation. Consequently the rela-
tionships between the burn-up, the migrated fractions of ce-

sium at the start of migration and 134Cs/137Cs gamma inten-
sity ratio were derived for the PWR-UO2 and PWR-MOX
fuels.

As example of the calculation results, Fig. 8 shows the be-
havior of 134Cs/137Cs gamma intensity ratio in the cases that
the burn-ups of cesium migration start are 16.8, 24.6, 33.7,
50.5 and 60.9MWd/kgHM, and the range of migrated frac-
tion is 54.9 to 99.9% of the amount of cesium accumulated
during irradiation. For 99.9% migration at 16.8MWd/
kgHM, 99.9% of cesium that accumulated during irradiation
migrated and then the 134Cs/137Cs gamma intensity ratios
decreased to almost zero because 137Cs accumulated imme-
diately after migration but the accumulation of 134Cs, which
was generated by the capture reaction of 133Cs, was delayed.
The absolute amount of residual cesium at high burn-ups is
larger than that of cesium at low burn-ups even if the same
fraction of accumulated cesium migrates at some burn-up.
Hence, the effect of cesium that is generated again after mi-
gration on 134Cs/137Cs gamma intensity ratio becomes
smaller at higher burn-ups and consequently the change in
134Cs/137Cs gamma intensity ratio decreases.

The 134Cs/137Cs gamma intensity ratios shown in Fig. 8 at
65MWd/kgHM obviously show a range of burn-up and mi-
grated fraction. For example, a 134Cs/137Cs gamma intensity
ratio of 1.95 at a burn-up of 65MWd/kgHM corresponds to
not only the migration that occurred at a burn-up beyond
16.8MWd/kgHM but also the migrated fraction of more
than 54.9% of the accumulated cesium. Cesium migration
boundary curves obtained by the simple calculation are
shown in Figs. 9 and 10. Figure 9 shows the correlation be-
tween the lowest normalized burn-up at the start of cesium
migration and the decrease in 134Cs/137Cs gamma intensity
ratio. Figure 10 shows the correlation curve between the
minimum fraction of cesium migration and 134Cs/137Cs
gamma intensity ratio. If the 134Cs/137Cs gamma intensity
ratio in discharged fuel is 40% smaller than that expected,
then the cesium migration corresponds to a 40% decrease
in 134Cs/137Cs gamma intensity ratio that causes in normal-
ized burn-up of more than 0.55, simultaneously, more than
85% of the accumulated cesium migrates during irradiation.

This correlation between the lowest normalized burn-up at
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Fig. 7 Calculated 134Cs/137Cs gamma intensity ratio, as a func-
tion of burn-up, obtained by simple calculation and ORIGEN cal-
culation
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the start of cesium migration, the minimum fraction of cesi-
um migration and the decrease in 134Cs/137Cs gamma inten-
sity ratio is valid for LWR-UO2 and MOX fuel, because the
fission yields from 235U, 239Pu and 241Pu to 133Cs and 137Cs
are almost the same values.13)

Hence, the lowest burn-up and minimum migrated frac-
tion at the cesium migration start can be estimated from
the change in 134Cs/137Cs gamma intensity ratio using the
cesium migration boundary curves for LWR fuels.

3. Axial Neutron Distribution
Measured and calculated neutron emissions, as functions

of distance along the active length of fuel rod, are shown
in Fig. 11. There was a discrepancy between the measure-
ment and calculation results depending on whether the li-
brary used was the original ORIGEN or ORLIBJ32. In par-
ticular, the calculation results using ORLIBJ32 were gener-
ally, smaller than the measurement results. The differences
between the measurement and calculated axial neutron emis-
sions are shown in Table 9. In the calculation, neutrons from
spontaneous fission and (�; n) reaction were considered as

those emitted from the fuel rod. The main neutron source af-
ter a few years of cooling is the spontaneous fission from
244Cm, which produces more than 94% in total neutron emis-
sion in this case. The uncertainty in the half-life of spontane-
ous fission of 244Cm is 1:31�107 to 1:35�107 yr and that in
emission number (�) is 2.61 to 2.72. The effect of these un-
certainties on the number of neutron is less than 5%. Thus,
underestimation of neutron emission in the calculation is
mainly due to smaller buildup of 244Cm. Figure 12 shows
the transmutation flow from 238Pu to 244Cm, and the trans-
mutation and decay ratios obtained using ORIGEN with
the ORLIBJ32 library. The main flow up to 244Cm is
241Pu, 242Pu, 243Pu, 243Am and 244mAm as shown in
Fig. 12. The sensitivity analysis by the use of ORIGEN with
the ORLIBJ32 library was performed to define important nu-
clides that affect buildup of 244Cm. There is a small discrep-
ancy between measurement and calculation results of pluto-
nium.14,15) The results indicated that the (n; �) cross sections
of 243Am on the main flow and 244Cm have strong sensitivity
on buildup of 244Cm. The re-evaluation of the (n; �) cross
sections of both nuclides will improve the prediction for
244Cm buildup.
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Fig. 11 Measured and calculated neuron emission distributions
along fuel rod

454 A. SASAHARA et al.

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY



V. Conclusions

To accumulate appropriate source term data that can be
utilized for source evaluation, axial neutron emission and
gamma ray source distribution measurements of fuel rods
were performed on LWR high burn-up UO2 and MOX spent
fuel rods. Chemical isotopic analyses of the fuel rods at dif-
ferent axial positions were also carried out to determine local
burn-up and nuclide composition. In gamma ray measure-
ment, 134Cs, 137Cs and 106Ru as gamma sources were meas-
ured for the fuel rods and consequently compared with the
results obtained by the ORIGEN2/82 calculation, in which
both the original library and ORLIBJ32 based on JENDL-

3.2 library were used. Axial neutron emission was also com-
pared with that obtained by ORIGEN2/82 calculation.
(1) Although the gamma intensity obtained directly by ORI-

GEN calculation were about twice larger than that
measurement results, the calculation results for 137Cs,
134Cs and 106Ru, corrected with the pellet self-shielding
factor agreed within 13%, 22% and 23%, respectively.
The gamma ray source analysis of the fuel rod showed
that self-shielding effects markedly on the evaluation
of the gamma intensity.

(2) 134Cs and 137Cs migrations in a pellet during irradiation
cause a reduction in 134Cs/137Cs gamma intensity ratio.
The effects of a burn-up when cesium migration starts

Table 9 Measured and calculated neutron emission along PWR-UO2, BWR-UO2 and PWR-MOX fuel rods

Sample Measurement Calculation (n/s/mm) Difference (%)

(MWd/kgHM) (n/s/mm) Original ORLIBJ32 Original ORLIBJ32

(a) PWR-UO2

A(64.7) 2,220 2,047 1,763 �7:8 �20:6
B(52.8) 1,406 896 785 �36:3 �44:2
C(60.0) 770 1,491 1,291 96.6 67.7
D(63.5) 2,245 1,945 1,643 �13:4 �26:8

(b) BWR-UO2

A(65.6) 2,541 2,909 2,128 14.5 �16:2
B(56.4) 1,054 1,592 1,016 51.0 �3:6
C(58.8) 1,965 1,893 1,266 �3:7 �35:6
D(63.8) 1,861 2,625 2,035 41.0 9.4

(c) PWR-MOX

A(46.0) 4,582 4,728 3,951 3.2 �13:8
B(46.6) 5,176 4,838 4,032 �6:5 �22:1
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Fig. 12 Predominant path up to 244Cm and transmutation ratio
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and the migrated fraction of cesium on 134Cs/137Cs
gamma intensity ratio were examined by simple calcula-
tion for PWR-UO2 and PWR-MOX fuels. As a result,
cesium migration boundary curves were obtained. These
curves indicate the lowest normalized burn-up at the
start of cesium migration and the minimum fraction of
cesium migration.

(3) The calculation results using ORLIBJ32 were generally
smaller than the measurement results. The underestima-
tion of neutron emission is mainly due to smaller build-
up of 244Cm in the calculation. The main transmutation
flow up to 244Cm was clearly defined using ORIGEN
with ORLIBJ32. The sensitivity analysis by the use of
ORIGEN with the ORLIBJ32 library showed that the
(n; �) cross sections of 243Am on the main flow and
244Cm have strong sensitivity on buildup of 244Cm.
The re-evaluation of the (n; �) cross section of both nu-
clides will improve the prediction for 244Cm buildup.
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