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RESUME

L'évaluation de la sûreté menée par EACL Recherche pour le concept de stockage permanent,
à grande profondeur en formations géologiques, du combustible d'UO2, nécessite le calcul des
quantités de radionucléides contenues dans le combustible pour fournir des termes-sources
afférents aux radionucléides libérés. Dans le présent rapport, on examine la validation de
quantités choisies d'actinides et de produits de fission calculées à l'aide du programme
ORIGEN-S couplé au programme de calcul de réseaux, WIMS-AECL, dans lequel sont
incorporés les résultats des mesures analytiques des quantités de radioisotopes contenus dans
un combustible de réacteurs CANDU de Pickering. Le traitement récent de nouvelles données
sur la section efficace provenant du ENDF/F-VI a permis d'exécuter les calculs à l'aide
d'ORIGEN-S en incorporant les données nucléaires les plus récentes qui existent. Les résultats
indiquent que le programme de calcul prédit de façon fiable les quantités d'actinides et la
majorité des quantités de produits de fission dans les limites de l'incertitude analytique.
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ABSTRACT

The safety assessment being conducted by AECL Research for the concept of deep geological
disposal of used CANDU UO2 fuel requires the calculation of radionuclide inventories in the
fuel to provide source terms for radionuclide release. This report discusses the validation of
selected actinide and fission-product inventories calculated using the ORIGEN-S code coupled
with the WIMS-AECL lattice code, using data from analytical measurements of radioisotope
inventories in Pickering CANDU reactor fuel. The recent processing of new ENDF/B-VI
cross-section data has allowed the ORIGEN-S calculations to be performed using the most
up-to-date nuclear data available. The results indicate that the code is reliably predicting
actinide and the majority of fission-product inventories to within the analytical uncertainty.
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1. INTRODUCTION

AECL Research is assessing the concept of deep geological disposal of used CANDU1 UO2

fuel waste in plutonic rock of the Canadian Precambrian Shield. The environmental and
safety assessment of this concept involves a detailed analysis of the pathways for
radionuclides released from used fuel into groundwaters present in the disposal vault, as well
as the transport of these nuclides through the geosphere to the biosphere. These analyses
provide the information required to estimate the radiological dose consequences and risks to
man and the environment from such a disposal facility.

To perform this safety assessment it is necessary to have a detailed knowledge of the
radionuclide content in the used fuel. The radionuclide inventories have been calculated using
the radionuclide generation and depletion code ORIGEN-S for a Bruce-A reactor fuel at an
average fuel burnup of 685 GJ/kg (190 MWh/kg) initial uranium (Tait et al. 1989), and these
calculated inventories provide the source-term data used by the Canadian SYVAC (Systems
Variability Analysis Code) safety assessment code (Goodwin et al. 1987). To ensure that the
ORIGEN-S code is providing accurate predictions of radionuclide inventories (and
corresponding decay heats and activities), a used CANDU fuel element has been
radiochemically analysed for selected actinide and fission-product activities for comparison
with the inventories predicted by the ORIGEN-S code. Prior to this study, there has been
only a very limited comparison of measured inventories in used CANDU fuel with inventories
predicted by codes such as CANIGEN and ORIGEN (Smith et al. 1987).

The objective of this study is to compare the measured inventories of selected actinide and
fission-product radionuclides in an element from a Pickering CANDU reactor fuel bundle with
inventories predicted using a recent version of the ORIGEN-S code. This code was publicly
released as part of the SCALE (Standardized Computer Analyses for Licensing Evaluation)
modular code system that was developed at the Oak Ridge National Laboratory (ORNL). The
lattice code WIMS-AECL, developed by AECL Research for CANDU physics calculations
(Donnelly 1986), has been coupled with the isotope generation and depletion code ORIGEN-S
to allow accurate predictions of radionuclide inventories in the CANDU heavy-water reactor
system. In this code system, the neutron cross sections used in the ORIGEN-S depletion
analysis are updated with burnup-dependent cross-section data from the WIMS-AECL code
that have been collapsed to reflect the neutron energy spectrum in the CANDU fuel bundle of
interest. The recent processing of new Evaluated Nuclear P_ata File (ENDF/B-VI) cross
sections into a format for use with the WIMS-AECL code has provided an opportunity to
perform depletion calculations using nuclear data that is more recent than that provided with
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ihe SCALE system that is packaged with the ORIGEN-S code. This report documents the
results of a comparison of measured radionuclide inventories with inventories predicted with
the coupled WIMS-AECL/ORIGEN-S code system using this new cross-section data; the
comparison was performed to validate the ORIGEN-S code for CANDU fuel and to
potentially identify any significant deficiencies in the nuclear data library.

1.1 ORIGEN-S CODE

The ORIGEN series of codes (ORIGEN, ORIGEN2 and ORIGEN-S) are internationally
recognized point-depletion codes that have been widely used for predicting the characteristics
of used reactor fuel and high-level liquid fuel-reprocessing wastes, for applications such as
fuel cycle evaluation and out-of-reactor fuel behaviour analysis. These characteristics include
the radionuclide inventories (mass and activity) and bulk fuel properties, such as decay heat
and gamma and neutron generation rates. The ORIGEN codes have been the subject of
numerous verification studies through intercode comparisons (Hermann et al. 1989; Kelmers
et al. 1989; Brady et al. 1989; Tait et al. 1989; Duchemin and Nordborg 1990; Brady et al.
1991; Gauld 1992). Validation studies have also been performed by comparing predicted and
measured data on light-water reactor (LWR) fuel, including used-fuel decay heats, radiation
fields and radionuclide concentrations (Ryman et al. 1982; Croff 1983; Parks 1987; Roddy
and Mailen 1987; Blahnik et al. 1988; Heeb et al. 1990; Jenquin and Guenther 1990;
Hermann et al. 1991). The validation studies have shown that the various code methodologies
and nuclear data are reliable and sufficiently accurate for the characterization of radionuclide
inventories in used fuel. The accuracy of these predictions is, however, only as good as the
available nuclear data (Parks 1992).

The ORIGEN series of codes have been used internationally and in Canada for design and
licensing activities associated with the transport, storage and disposal of reactor fuels. AECL
and Canadian nuclear power utilities also apply the results from these codes to nuclear reactor
design studies, radiation safety and shielding analyses, and accident scenario analyses for
design and licensing. ORNL publicly released the ORIGEN code in 1973. The code was
intended to assist in the generic investigation of fuel cycle operations over a wide range of
fuel design parameters (Parks 1992). This code evolved, through updates and modifications
by ORNL, to the more rigorous code ORIGEN2, released in 1980. A functionally similar
ORIGEN-S module (Hermann and Westfall 1984), developed and released in 1982, was
designed to interface with other problem-specific neutronic code modules. A recent version
of ORIGEN-S was released as part of the SCALE modular code system (Hermann and
Westfall 1990; SCALE. 1990). Parks (1992) has described the evolution of the ORIGEN
codes and the capabilities and limitations of the ORIGEN2 and ORIGEN-S codes.
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The 0RIGEN2 and ORIGEN-S codes use a point isotope generation and depletion model to
compute the time-dependent concentrations and source terms (heat, radiation) for over 1600
unique nucHdes that are simultaneously generated or depleted through neutronic transmutation,
fission and radioactive decay. The capabilities of these codes include calculation of
radionuclide generation/depletion during irradiation of fuel in a reactor, and calculation of the
time-dependent evolution of the radionuclide content after fuel discharge or the evolution of
waste-stream inventories arising from fuel reprocessing. Both codes use the same basic
computational scheme. A particular advantage of the ORIGEN-S code is its ability to provide
radiation source spectra (photon and neutron spectra from spontaneous fission and (cc,n)
events) in any energy-group structure defined by the user, which aids in performing radiation
shielding analysis. Another advantage of this code is its ability to use application-specific
multi-energy-group neutron cross sections, processed and weighted using a one-dimensional
neutronic analysis of the lattice to reflect both the reactor design and time dependence of the
cross sections caused by changes in the fuel isotopic concentrations during burnup.

The ORIGEN-S code is executed as part of a SAS2 control module (Parks et al. 1991) within
the SCALE computational system (SCALE 1990). In performing a fuel burnup calculation,
this control module calls appropriate functional modules within the SCALE system to i)
process cross-section resonances, ii) compute the neutron flux spectrum, iii) update an
ORIGEN-S burnup-dependent nuclear data library using a set of collapsed multigroup cross
sections, and iv) request ORIGEN-S to perform a depletion calculation using the updated
nuclear data. These steps are repeated as many times as requested, depending on the number
of time segments defined to describe the operating history of the fuel. At the completion of
the simulation to the required burnup, the ORIGEN-S code depletes the nuclide inventories to
any desired time period.

The used-fuel characterization sequence in SCALE was modified by AECL to allow a
two-dimensional neutronics analysis of the CANDU reactor lattice using the WIMS-AECL
transport code (Askew et al. 1966, Donnelly 1986). The WIMS-AECL code is a
deterministic, multigroup transport code with a two-dimensional collision probability
capability, used within AECL for lattice cell and burnup calculations for CANDU reactor
physics analyses and reactor design and development. The WIMS-AECL code has been
validated for a heavy-water reactor, provides a two- rather than one-dimensional
representation of the CANDU fuel bundle, and provides access to more recent cross-section
evaluations, thus reducing the dependency on SCALE cross-section libraries that are weighted
for LWR systems. In the coupled WIMS-AECL and ORIGEN-S code system, multigroup
cross sections, weighted using the neutron energy spectrum in CANDU fuel, as calculated by
WIMS-AECL, are used to create an updated database that can be input to ORIGEN-S.
Multiple time-dependent libraries are used to adjust cross sections in the depletion calculation
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to reflect the changes in fuel composition that occur during irradiation and changes in reactor
power conditions (Gauld 1992).

The nuclear data used in the WIMS-AECL/ORIGEN-S system, specifically the nuclear decay
d;ita iind the neutron cross sections, are derived from a number of well-established but diverse
sources. The nuclear decay data are taken from those in the ORIGEN-S libraries delivered
with the SCALE-4.1 system. These data were compiled primarily from the evaluations in
ENSDF (Evaluated Nuclear Structure E)ata File) and ENDF/B-IV and ENDF/B-V libraries.
The fission-product yield data used with ORIGEN-S were based entirely on ENDF/B-V data.
A comprehensive reference for all nuclear decay data used in these calculations can be found
elsewhere (Ryman, 1990). For the depletion analyses performed in this study, all isotopes in
the SCALE 27-group and WIMS-AECL 89-group library were used in updating the
ORIGEN-S libraries. A preliminary version of a partial ENDF/B-VI WIMS-AECL library,
which consisted of cross sections from both ENDF/B-V and ENDF/B-VI data, was used in the
calculations. The ENDF/B evaluated data sets reside at the National Nuclear Data Centre at
Brookhaven National Laboratory; ENDF/B-VI data represents the most recently evaluated
data, first released in 1990, whereas ENDF/B-IV data dates back to 1974. Additional cross.
sections for isotopes not in the WIMS-AECL library were obtained from the SCALE system
ENDF/B-IV 27-neutron-group burnup library. The hierarchy for updating cross sections was
always to use the most up-to-date evaluation available where multiple sets existed. The
source of all multigroup cross sections used to update the ORIGEN-S libraries is listed in
Table 1. All ENDF/B-IV cross sections were obtained from the SCALE library; all
ENDF/B-V and ENDF/B-VI cross sections were taken from the WIMS-AECL library.
Modifications to the decay database include the addition of ENDF/B-V-based beta-delayed
neutron (B,n) decay transitions for 101 fission-product nuclides to give a better estimate of
fission-product inventories. A more detailed description of the ORIGEN-S code,
WIMS-AECL lattice code, databases, and multigroup cross-section libraries has been given by
Gauld (1992).

The neutron cross sections in the ORIGEN-S library are descended directly from the original
ORIGEN library. The cross sections for 133Cs, 242mAm, 242Am, 242Cm, 243Cm, and 245Cm have
been updated using the ENDF/B-V cross sections collapsed for light-water reactor analyses, as
well as (n,a) cross sections for several light elements. The neutron cross sections in the
ORIGEN-S library are extensively updated when run in the coupled WIMS-AECL/ORIGEN-S
system. In the system, the standard neutron cross sections are replaced entirely with more
accurate multigroup cross sections in ENDF/B-IV, ENDF/B-V, and ENDF/B-VI that have
been collapsed into the three-group ORIGEN-S format.
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TABLE 1

SOURCE (ENDF/B-IV. -V OR -VD OF MULTIGROUP CROSS SECTIONS

USED TO UPDATE THE ORIGEN-S LIBRARIES

Nucl ide

*Co
72Ge

"Ge
74Ge
76Ge
75As
7SSe

"Se
7"Se

«"Se
MSe
"Br
• 'Br

""Kr
82Kr
83Kr
MKr
85Kr

«Kr
85Rb

^Rb
"Rb
wSr
"Sr
*8Sr
WST

*Sr

*>Y
"Y
""Zr
"Zr
«Zr
«Zr
*Zr
«Zr
%Zr
wNb
*Nb
95Nb
*Mo
"Mo

Source

V
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
V
V

IV
IV
IV
IV
IV
IV
IV
IV
IV

rv
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
V

IV
IV
IV
V

Nuclide
%Mo
•"Mo
1J*Mo
wMo

'""Mo
"Te
wRu

""'Ru
l()lRu

")2Ru

">3Ru

"MRu

'"!Ru
in6Ru

")3Rh

"I5Rh
l(Mpd

105pd

106Pd
l ir7Pd

l l 0 Pd
1(17 A g
" w A g
"'Ag
""Cd
"°Cd
I l l Cd

" 2 Cd

" J C d

" 4 Cd
l l 5 mCd

l t 6Cd
l l 3In
l l 5In
mSn
""Sn
" 7 S n
" 8 S n
" ' S n
12(1Sn
122Sn

Source

IV
IV
V
V

IV
V

IV
IV
V

IV
V

IV
IV
IV
V
V

IV
V

IV
IV
V

IV
IV
V

IV

rv
rv
IV
V
V

IV
IV
IV
IV
V

IV
IV
IV
IV
IV
IV
IV

Nuclide
l23Sn
l24Sn
I25Sn
126Sn
121Sb
1J3Sb
l24Sb
i a S b
IJ6Sb
122Te
l B T e
124Te
l 2 5Te
126Te

I27m-pe

128Te
l»nTe

l3lvTe
1 3 2Te
I37I
129I
13OI
1 3 1 I
. 3 5 ,

l28Xe
l39Xe
130Xe
l 3 lXe
132Xe
133Xe
134Xe
135Xe
l36Xe
133Cs
1MCs
1MCs
mCs
" 7 C s
IMBa
l35Ba
l w Ba
l37Ba

Source

IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
V

IV
V

IV
IV
V
V

IV
IV
IV
V

IV
V

IV
V

IV
V
V
V

IV
IV
IV
IV
IV
IV

Nuclide
l38Ba
""Ba
139La
140La
'«Ce
M1Ce
l42Ce
l43Ce
14*Ce
141Pr
M îpr

>43pr

M2Nd
M3Nd
mm
l45Nd
146Nd
147Nd
148Nd
l3()Nd
l 4 7Pm
I48pm

149Pm
151Pm
l 4 7 Sm
148Sm
l 4 9 Sm
1 5 0Sm
l 5 1 Sm
l 5 2 Sm
I S 3Sm
I 5 4Sm
"'Eu
1S2Eu
l53Eu
1MEu
'"Eu
156Eu
1S7Eu
l M Gd
155Gd
15«Gd

Source

IV
IV
V

IV
IV
IV
IV
IV
V

IV

rv
IV
IV
V
V
V
V
V
V
V
V
V
V
V

VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
IV
V
V

Nuclide

l57Gd
l58Gd
l60Gd
1HTb

'«Tb
l60Dy
"'Dy
IMDy
'"Dy
'«Dy
165Ho
i « E r

.67Er

l 75Lu
l 7 6 Lu
l 8 ITa
I82W

183W
1U4W

I85Re
187Re
'"Au
a 2 Th
a 3 Pa
233TJ

»u
23SU

236u

M u
238pu

"Pu
«opu
M'Pu
242pu

M1Am
w A m
2 4 1 Cm
242Cm
243Cm
mCm

Source

V
IV
IV
IV
IV
V
V
V
V
V
V
V
V

IV
V
V

IV
IV
IV
IV
IV
IV
V
V
V
V
V

VI
V

VI
V
V

VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
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2. CALCULATIONAL METHOD

ORIGEN-S requires as input the initial fuel composition, the bundle burnup, and the linear

power rating (or the neutron fluence) as a function of the irradiation time. The code then

.solves the coupled set of differential equations that describe the generation and depletion of

all isotopes involved to produce the final isotopic fuel composition. A decay database is used

lo determine the activity and decay heat from isotopic concentrations. ORIGEN-S determines

the reaction rate, R, for each nuclear reaction in the data library, using

R =

where N = atomic density of the target nucleus (banT'-cm1);

aeff = effective reaction cross section (barn); and

0,,, = absolute thermal neutron flux, with energy E < E^, the thermal energy

cutoff (0.5 eV) (ernes'1)

The effective reaction cross section is defined as:

aeff = (THERMa0) + (RESI) + (FASTa,)

where CT0 = 2200 m s 1 cross section,

I = resonance integral, and

(jj = fission spectrum averaged cross section for threshold reactions, with energy

E > Ef, the fast energy cutoff (1.0 MeV).

The three neutron flux weighting factors, THERM, RES and FAST, used to describe the flux

spectral shape, are calculated by the SCALE system and are contained in the working library.

This allows a three-energy-group equivalent specification of the cross sections. The activation

and fission processes were modelled with the specific power in fixed-power mode.

In early benchmarking tests of the ORIGEN-S code it was found that several shortcomings

existed in the nuclear data libraries delivered with the ORIGEN-S code. The measured

isotope concentrations for 2J6Pu and 244Pu were found to be consistently underpredicted in a

benchmarking study of an earlier version of the WIMS-AECL code. The predicted 236Pu

concentrations were found to be low because of incorrect data for the half-life and branching

ratio for "6Np. Beta decay of 236Np to 236Pu occurs from two separate 236Np isomeric states,

one with a half-life of greater than 105 a and another with a half-life of 22.5 h with a

branching ratio of 50% fonly the long half-life state had been included in the ORIGEN-S data

base). The underprediction of :44Pu was found to be a resuit of missing capture data for 243Pu;
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the missing 243Pu(n,y)244Pu transition was added with a thermal capture cross section of 87
barns and resonance integral of 270 barns (Lederer and Shirley 1978). The branching ratio
for 24lAm to 242Am and 242mAm transitions were updated with ENDF/B-V data. These updates
to the ORIGEN-S working library were performed using the COUPLE code (Hermann 1984).

In this report, the final discharge composition of the fuel was calculated using a series of
burnup steps derived from the detailed power history of the fuel. An outer element was
chosen from a Pickering-A fuel bundle (PA19558C; 221 MWh/kg U burnup) that had a
well-behaved power history, and for which some fuel characterization studies had been
performed (Wasywich, private communication). The modelling of the burnup was broken into
six irradiation time segments, using an averaged power over each time segment; account was
taken for any extended reactor power outages.

The initial isotopic fuel composition was that of natural U (99.2836% 2Î8U, 0.711% 235U,
0.0054% 234U). In order to obtain an accurate value for the recoverable energy per fission in
the fuel element, it was necessary to account for the presence of the zirconium cladding as
well as the oxygen in the fuel, coolant and moderator in this calculation. Inclusion of this
material is required to account for the energy release due to neutron capture in the light
elements outside the fuel region, which accounts for a small fraction of the bundle power.
Inclusion of the light elements affects the calculation of the neutron flux level, which is
derived by ORIGEN-S from the power specified in the input and the calculated
time-dependent fuel compositions.

Resonance calculations were first performed using the SCALE multigroup cross-section
library, and a lattice calculation was performed using the WIMS-AECL code to determine the
neutron flux distribution in the outer element region of the fuel bundle. Isotopic cross
sections were then calculated that were specific to this outer fuel element. The multigroup
cross sections were collapsed, using the neutron flux spectrum from WIMS-AECL, into a
three-group structure used by ORIGEN-S. These two cross-section libraries were then merged
and subsequently used by the COUPLE code to update the standard ORIGEN-S cross-section
library with the calculated application-specific cross sections. The ORIGEN-S data libraries
were preferentially updated using the WIMS-AECL data; if the equivalent WIMS-AECL data
did not exist, the SCALE data were retained for that isotope. The three-group flux weighting
factors, THERM, RES and FAST were calculated in COUPLE using the WIMS-AECL flux
spectrum and were applied to all remaining ORIGEN-S isotopes that were not updated with
multigroup cross sections.

The updated nuclear database used by ORIGEN-S was then used to generate a new fuel
composition following the first short irradiation time step. From this, a new material
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composition file was produced for WIMS-AECL and new input interfaces were produced for

SCALE-based codes. This produced a new set of starting data for the next irradiation step,

and the cycle was repeated six times until the desired burnup was achieved. Thus, a set of

time-dependent cross-section libraries was produced and saved for subsequent applications.

Following the completion of the burnup calculation, the ORIGEN-S code depleted the isotopic

inventories in the fuel to the desired time periods.

2.1 FUEL CHARACTERIZATION

The fuel chosen for this study was a Zircaloy-4 clad, 28-element bundle (PA19558C)

(Figure 1) that resided in one fuel channel from the central core region of Pickering Nuclear

Generating Station-A. There was no CANLUB coating used in this fuel bundle (graphite

coating on the inside of the fuel sheath). This bundle was in position 3 of 12 bundles in the

fuel channel and remained in this position throughout the entire irradiation penod, and thus

did not undergo any abrupt power changes as a result of bundle shifts in core during reactor

operation. The relatively constant power history also meant that the modelling of the history

could be accomplished with more certainty. The detailed power history of the reactor during

the residence time of this bundle is shown in Figure 2 and the irradiation history data are

given in Table 2. There were several power outages during reactor operation and these were

taken into account in the irradiation history (Figure 2). Outer element 7 from this bundle

(Figure 1) was chosen for chemical inventory analysis.

2.1.1 Gamma Scan. Fuel Bumup and Fission Gas Analysis

High-resolution axial gamma scans were performed along the length of element 7 from

PA19558C to determine the longitudinal distribution of gamma-emitting fission products.

Figure 3 shows the total-activity gamma scan; the activity is due mostly to 134Cs and 137Cs.

Although the bundle was near the coolant inlet end of the reactor, the bundle resided in a

fairly homogeneous neutron flux field, as evidenced by the relatively flat gamma emission

over the length of the bundle (although the gamma emission increases slightly from the

coolant inlet end of the bundle to the outlet end). The peaking of the gamma emission at the

ends of the bundle are characteristic of CANDU fuel bundles and arise because of an

enhanced neutron flux between bundles. The interpellet gaps for some pellets are clearly

distinguishable by sharp negative spikes in the gamma emission intensity.

Fission gas (Xe) analysis was performed by extracting the gas from the intact fuel element.

The element was attached to a high vacuum line and punctured, under vacuum, by drilling

through the Zircaloy cladding. The released fission gases were collected in a gas trap and
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Element 7

Figure 1. Pickering 'A' fuel bundle.
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Figure 2. In-reactor power operating history for Pickering bundle PA19558C. Bundle charged

74/05/10.
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TABLE 2

IRRADIATION HISTORY FOR PICKERING BUNDLE PA19558C

Fuelling Date

End of Irradiation Date

Actual Irradiation Time

Mass Uranium

Average outer-element linear power

Fission Gas Release (Xe)a

May 10 1974

April 4 1975

7508.6 hours

19.8 kg

43 kW/m

7.8%

a) Percent of total Xe inventory in the fuel.

100 200 300
Distance (mm)

400 500

Figure 3. Longitudinal gamma scan of element 7 from PAI9558C. Segments for analysis

were taken from positions I. 2 and 3.



analysed for Ar, Kr and Xe by thermal ionization mass spectrometry. The Xe fission-gas
release results are given in Table 2 as a percentage of the total (calculated) Xe inventory.

The burnup of element 7 was determined by using the computer code LATREP (Phillips and
Griffiths 1971) to iteratively calculate 235U/238U ratios as a function of burnup to match the
uranium ratio determined from chemical analysis (see below). The burnup was also
calculated from the measured 137Cs inventory using a weighted average fission-product yield
for 137Cs with a weighted average energy/fission. Burnups were also derived for the adjacent
outer element 8 and are given in Table 3 for comparison (Wasywich, private communication).
These results agree well with a burnup calculated on the basis of the power and residence
time of the fuel in reactor (Wasywich, private communication). A burnup of 221 MWh/kg U
was used in the ORIGEN-S calculation.

TABLE 3

BURNUP ANALYSIS FOR PICKERING BUNDLE PA19558C

Fuel Element

8 (middled

7 (middle)

Average Burnup from
Destructive Analysis

MWh/kg U

221 ± 1%

221 ± 5%

Burnup from
Gamma Scan

MWh/kg U

224 ± 7%

207 ± 7%

Calculated
Burnup8

MWh/kg U

212

212

a) Calculated from reactor history.
b) Average based on previous destructive analysis for

137Cs, ^Sr on element 8 (Wasywich, private communication).

148Nd, 239Pu/240Pu,

2.1.2 Chemical Analysis of Used Fuel

Chemical analysis for actinides and fission products was performed on three samples chosen
from the middle of element 7 (from 225 to 290 mm; from 290 to 355 mm; and from 160 to
225 mm; cf. Figure 3). The fuel element was cut at the interpellet location with a
tube-cutting device to score through the fuel cladding in order to avoid sawing through the
fuel (the interpellet locations were determined from the gamma scan). This resulted in the
removal of three entire pellets for each sample with their Zircaloy cladding intact.



- 12 -

Fuel Dissolution Two samples of used fuel were dissolved in 8 mol/L nitric acid. The
dissolution apparatus for sample 1 consisted of a 1-L round-bottomed Pyrex flask fitted with
an air-cooled condenser. The flask was fitted with a side arm to allow a flow of nitrogen
purge gas through the vessel; the outlet of the condenser was connected to a gas trap
containing 100 inL of 1 mol/L NaOH. This allowed any off-gases evolved during the
dissolution to be collected and analysed. The weighed fuel sample (-107 g UO2; ~9 g Zircaloy
cladding) was transferred to the flask along with 0.2 g each of Sr(NO3)2 and Kl as carriers (to
enable quantitative separation of 90Sr and 129I) and 250 mL of 8 mol/L HNO3. The
temperature was then raised to 60°C, maintained for 6 h and then allowed to cool to ambient
temperature overnight. The temperature was then raised to 90°C and maintained at this
temperature for approximately 24 h to ensure complete dissolution of the fuel. After cooling,
the fuel cladding was removed from the vessel and the acid solution was filtered through a
Millipore HVLP membrane filter to collect any insoluble material; the undissolved solids, fuel
cladding and dissolver vessel were washed with small volumes of 8 mol/L HN03, which were
added to the dissolver solution.

The apparatus for the dissolution of the second fuel sample consisted of a 1-L titanium
pressure vessel fitted with two Swagelok sampling valves to allow purging. One of the
valves had a dip tube that extended into the solution. The fuel sample was placed in the
vessel and the unit was sealed and evacuated; 250 mL of 8 mol/L HNO, was drawn into the
evacuated vessel and the system was sealed. The temperature was raised to 80°C and
maintained for 16 h. After cooling to room temperature the sampling valve was connected to
two gas traps connected in series, each containing 100 mL of 1 mol/L NaOH, and the valve
was slowly opened to relieve the gas pressure. The system was then purged for 1 h at 65°C
with nitrogen gas to remove any remaining gas in the vessel and any dissolved iodine in the
solution for collection in the NaOH traps. The procedure for the first sample was then
followed for solution analysis.

Fuel Cladding Dissolution and Oxidation The fuel cladding from the dissolver was analysed
for radioisotope composition by gamma spectroscopy before dissolution. This cladding was
then added to a 50% HF solution in a 125-mL polyethylene bottle fitted with an inlet and
outlet tube to allow purging of the vessel with nitrogen gas during dissolution. The outlet
tube was connected to two gas traps in series containing 1 mol/L HC1 and 1 mol/L NaOH
respectively to trap the released 3H (as HT or HTO) for analysis. Both the dissolved solution
and the traps were analysed for 3H. Fuel cladding segments from the dissolver were also
oxidized at 1100°C in a quartz sample tube using an ellipsoidal infrared spot heater (Research
Incorporated model 4085). The off-gas was passed through an acid trap followed by a
rare-earth base CuO bed at 400°C to convert any released 3H as HT to HTO, followed by a
caustic water trap to capture the HTO.
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Undissolvcd Residue The solid residue (-0.26 g) remaining from dissolution of the first
sample was added to a 100-mL round-bottomed quartz flask containing 3 g of solid potassium
bisulphate. The flask outlet was connected to two gas traps in series, containing HC1 and
NaOH as described above. The flask was then heated to about 700°C for approximately 20
min to dissolve the solid material in the bisulphate. The mixture was cooled, dissolved in
50 mL of 2 mol/L HC1, and filtered. A small amount of black material remained undissolved
and was leached with a 50% HF solution; 20 mg of solids remained after the HF leach and
these were qualitatively analysed by wavelength dispersion X-ray (WDX) analysis using a
scanning electron microscope. The solid material was analysed by gamma spectroscopy
before and after each treatment.

2.1.3 Radiochemicil Analysis

Uranium The uranium was determined by potentiometric titration with standard potassium
dichromate. The UOj* in a dissolver sample was reduced by the addition of a
FeS04-6H20/phosphoric acid mixture. The excess reductant was destroyed by oxidation to
ferric ion by the addition of 8 mol/L HNO3 containing 1% ammonium molybdate catalyst.
On dilution with 5% H2SO4, the uranium was reoxidized to UO^ by the ferric ion. The
liberated ferrous ion was then determined by weight titration with standard dichromate.

Uranium isotopic A sample of uranium was separated from the HNO3 sample solution by
extraction into tri-n-butyl phosphate (TBP)/CC14. The TBP/CC14 solution was washed several
times with nitric acid to remove traces of coextracted fission products, and by hydroxylamine
nitrate to reduce Pu to Pu(HI) and promote its extraction into the acid phase. Uranium was
extracted from the TBP/CC14 solution by washing with water and the uranium isotopic
composition was determined by thermal ionization (TI) mass spectrometry.

Neptunium A ferrous chloride/hydroxyl amine hydrochloride solution was added to an aliquot
of the dissolver solution to reduce neptunium to Np(IV), which was then extracted into
2-thenoyltrifluoro-acetone (TTA)/CC14, backwashed into 10 mol/L HNO3 and re-extracted into
TTA/CC14 to further separate from plutonium. Neptunium was then determined by alpha
spectrometry.

Plutonium The plutonium isotopic composition was determined by an isotope dilution
procedure using 242Pu/HNO3 as a tracer. The tracer was added to the dissolver sample, which
was then subjected to an oxidation/reduction step (reducing to Pu(III) with 20%
hydroxylamine nitrate and re-oxidizing by heating with HNO3) to ensure isotopic exchange.
After acidification to 8 mol/L HNO3, the plutonium anion complex was separated from the
acid dissolver solution by anion exchange on a BioRad AG-1X4 resin and elution with
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0.5 mol/L HNO,/0.17& hydroxylaminc nitrate. Isotopic analysis was performed by TI mass

spectrometry. Pu-238 was determined by alpha spectrometry following separation by TTA

extraction. Total Pu was determined from the isotopic ratios.

Americium and Curium Americium-241 and 244Cm were separated from other actinides and

fission products by partition chromatography on a tri-octylphosphine oxide/silica gel

extraction column using 6 mol/L NH4NO3 at pH 3 and eluted with 6 mol/L HNO3. The

solution was analysed by alpha spectrometry.

Cesium. Antimony. Cobalt and Europium The dissolver sample was diluted with nitric acid

and analysed for '"Cs and 134Cs by gamma spectroscopy; l25Sb, 60Co, l54Eu and li5Eu were

determined after Cs isotopes were extracted into an AMP (ammonium molybdenum

phosphate) solution.

Strontium Strontium-90 was separated from the fission products, its 90Y daughter, and

actinides by HPLC (high-performance liquid chromatography) using a C-18 column

dynamically modified with octane sulphonic acid using an a-hydroxy isobutyric acid eluent at

pH 4.6 (Moir, private communication). The sample was diluted in the eluent and the Sr

fraction was collected from the column in a liquid scintillation vial. The sample was counted

by LSC (liquid scintillation counting) using a dual label protocol to correct for ingrowth of

Technetium Technetium-99 was extracted from the dissolver solution by adjusting to a basic

solution with K2COj followed by sequential extraction into cyclohexanone, water and TBP;
wTc was determined on the TBP extract by LSC.

Iodine Iodine-129 collected in the NaOH trap solutions was extracted into CC14, re-extracted

into water, and Cs isotopes were removed by AMP extraction. A final separation was done

using a BioRad AG-50Wx8 resin to remove residual cationic fission products; I29I was

determined by LSC on the column effluent.

Tritium An aliquot of the acid dissolver solution and of the fuel cladding dissolver solution

was doubly distilled and washed with AMP to remove residual Cs interference; 3H was

determined using LSC.
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TABLE 4

ORIGEN-S : PICKERING FUEL INVENTORY COMPARISON

Isotope

244Cm
24lAm
237Np
3H
wSr

"Tc
106Ru
125Sb
I29T

l34Cs
l37Cs
154Eu
155Eu

Measured"

Bq/kgU

7.12e+08 ± 15%

1.86e+10 ± 2 0 %

1.00e+05 ± 20%

2.07e+09 ± 7%

4.86e+ll ± 4%

l.O8e+O8 ± 10%

8.72e+07 ± 5%

2.20e+09 ± 18%

2.44e+05

4.16e+09± 7%

8.05e+l 1 ± 5%

8.14e+09 ± 5 %

3.35e+09 ± 8%

ORIGEN-S'

Bq /kgU

7.44e+08

1.92e+10

8.51e+05

2.23e+09

5.03e+ll

1.50e+08

2.52e+08

2.56e+09

3.62e+05

4.03e+09

7.88e+ll

9.07e+09

3.13e+09

Ratio

Meas/Calc

0.96 ± 0 . 1 4

0.97 ± 0 . 1 9

1.17 ±0.23

0.92 ± 0.06

0.97 ± 0.04

0.72 ± 0.07

0.35 ± 0.02

0.86 ±0.16

0.67

1.03 ±0.07

1.02 ±0.05

0.90 ± 0.04

1.07 ±0.09

a) ORIGEN-S and analytical data referenced to 1990 July 24. (cooling time 5590 d).

3. ANALYTICAL RESULTS

The isotopic analyses were all decay-corrected to 1990 July 24 (5590 days following fuel
discharge); all ORIGEN-S inventories were also decayed for the equivalent period following
the burnup cycle. The analytical results for the actinides and fission products are presented in
Table 4 and the U and Pu results are presented in Table 5.

Uranium and Plutonium The isotopic analyses for uranium and plutonium are reported as
atom% (Table 5). These were converted to g/kg initial U using the measured total plutonium
inventory of 4.15 g/kg U and assuming a total equivalent uranium inventory of 986.0 g/kg
initial U (equivalent to the uranium inventory predicted by ORIGEN-S). The measured
atom% and mass inventories for the isotopes of U and Pu agree remarkably well with the
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TABLE S

URANIUM AND PLUTONIUM INVENTORY COMPARISON"

Isotope

2"U
234U
2 3 5 u
236TJ

2 3 8 u
238pu

2 3 9 p u

240pu

24. p u

2 4 2 p u

Measured

(Atom%)

<0.001

0.0035

0.1680

0.0820

99.7465

0.14

64.91

29.45

3.24

2.27

ORIGEN-S

(Atom%)

0.0000

0.0044

0.1691

0.0833

99.7433

0.12

64.70

29.57

3.33

2.28

Measured

(g/kg U)

<0.01

0.0339 ± 55%

1.64 ± 2.4%

0.802 ±3.7%

983.5 ±0.01%

0.0058 ± 5.6%

2.69 ± 2.5%

1.22 ±3.7%

0.134 ±9.0%

0.094 ± 6.8%

ORIGEN-S

(g/kg U)

2.22e-07

0.0423

1.64

0.813

983.5

0.0053

2.72

1.25

0.142

0.0972

Ratio

(Meas/Calc)

-

0.80 ± 0.44

1.00 ±0.02

0.99 ± 0.04

1.00 ±0.00

1.10 ±0.06

0.99 ± 0.03

0.98 ± 0.04

0.95 ± 0.09

0.97 ± 0.07

a) Uranium isotope composition normalized to 986 g/kg initial U (as predicted by
ORIGEN-S). Plutonium isotopes normalized to 4.15 g/kg initial U (measured total Pu).

ORIGEN-S values; the differences are within the range of the analytical errors. The good
agreement between the measured and predicted inventories is likely due to the rigorous
modelling of the neutron environment around the outer fuel element using the AECL-WIMS
code. Similar inventory comparisons have been published for pressurized-water reactor
(PWR) fuels that show U and Pu isotope ratios that were under- or over-predicted by up to
-20% (Roddy and Mailen 1987; Guenther et al. 1988).

244Cm and "'Am The measured/ORIGEN-S ratios of 0.96 and 0.97 for 244Cm and 24lAm
respectively are well within the analytical uncertainties (Table 4). Roddy and Mailen (1987)
gave an average measured/ORIGEN2 244Cm ratio of 0.99, whereas Guenther et al. (1988)
reported an average ratio of 0.97. Their 241Am ratios were 1.05 and 1.06 respectively. The
accurate prediction of 244Cm inventory is particularly important to the calculation of neutron
emission from used fuel following discharge from the reactor, because of its major
contribution to the neutron source from spontaneous fission. These data indicate that both the
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ORIGEN-S and ORIGEN2 codes are predicting these inventories with good accuracy for both
CANDU and LWR fuels.

237Np analysis The measured/calculated ratio for 237Np was 1.17, indicating an apparent
underprediction by the ORIGEN-S code. The error on the analysis, however, is ±20%, which
more than accounts for the apparent discrepancy in the predicted value. In other
benchmarking analyses on PWR fuels, the measured/ORIGEN2 237Np ratios were 0.98 (Roddy
and Mailen 1987) and 0.73 (Guenther et al. 1988), indicating that this isotope is reasonably
well predicted. The prediction of 237Np will be sensitive to the neutron flux energy spectrum
at the bundle location in reactor, because of (n,2n) reactions on 238U, which produces 237U,
which decays (tM = 6.75 d) to 237Np. The outer elements will experience a higher thermal
neutron flux than the interior elements in the bundle, and thus the 237Np production in the
outer elements in the bundle will be lower. This has been taken into account in the
ORIGEN-S modelling of this outer element. Thus, the bundle average for 237Np would be
higher than the outer element inventory.

Cesium and Strontium The measured inventories for 137Cs, 134Cs and ""Sr agree to within 3%
of the values predicted by ORIGEN-S and are within the analytical error. Similar results
were reported for these isotopes in PWR fuels (Roddy and Mailen 1987; Guenther et al.
1988).

Europium. Antimony and Ruthenium The production of l54Eu and 155Eu is by neutron capture
of stable fission products: 153Eu(n,Y)->l54Eu and 154Sm(n,Y)->155Sm(6)^155Eu. Both I54Eu and
155Eu are short-lived (tM = 8.5 and 4.73 a respectively) and are relatively unimportant to a
long-term disposal scenario. For short-term storage purposes, both isotopes contribute <3% to
the total gamma dose or decay heat from a CANDU bundle (Tait et al. 1989). Virtually all of
the europium was associated with the dissolver solution (the fuel sheath contributed <0.05%
of the total Eu from fuel fines adhering to the sheath). The initial comparison of their
measured inventories with ORIGEN-S inventories generated, using the ENDF/B-V library,
resulted in a large overprediction (the measured/predicted ratios for lî4Eu and 155Eu were 0.52
and 0.78 respectively) suggesting that the nuclear database was deficient for these isotopes.
Roddy and Mailen (1987) also found large overpredictions for Eu, and Suzuki et al. (1992)
suggested that the Eu nuclear database may be in error. The thermal cross sections and
resonance integrals for Eu and Sm (Wright 1990) were significantly revised in the WIMS-
AECL ENDF/B-VI library, and recalculation using the new data dramatically improved the
agreement between predicted and measured inventory ratios for l54Eu and l5sEu (0.90 ± 0.04
and 1.07 ± 0.09 respectively; Table 4). The improvement underlines the necessity to obtain
the best possible nuclear data for inventory prediction. The improved agreement also
provides some support for the revised cross sections. The accurate prediction of rare-earth
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Figure 4. SEM/WDX spectrum of undissolved residues from dissolver solution.

isotope inventories also has some significance to reactor operations and to fuel storage. Both
Eu and Gd are significant neutron absorbers and will affect neutron flux in the reactor as they
are produced. Also, when storing irradiated fuels, it may be desirable to allow a burnup
credit for the strong neutron-absorbing fission products when performing criticality
calculations.

The comparison of the measured U5Sb inventory to the predicted inventory is within the
analytical error (Table 4). More than 95% of the antimony was associated with the dissolver
solution, ~0.5% with the undissolved solids and ~3.5% with the fuel sheath, of which most is
attributable to activation of l24Sn in the sheath (Sn is a component of Zircaloy). The
measured value is below the ORIGEN-S value and is likely attributable to losses during
radiochemical separation.

The measured l06Ru inventory is only 35% of the ORIGEN-S value, and all of it is associated
with the undissolved solids. It is well known that Tc, Mo, Ru, Rh and Pd segregate in
irradiated fuels into a metallic, submicron, particulate phase that is virtually insoluble in nitric
acid. The solid residue remaining after attempting to dissolve this insoluble phase in an HCl
and HF solution was analysed by WDX analysis using a scanning electron microscope (SEM)
(Figure 4). The WDX spectrum indeed indicates that the particles are composed of Rh, Ru,
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Pd, Mo and Te. A check of the nuclear database parameters for Ru isotopes showed no
discrepancies. The disagreement between the predicted and measured Ru inventory is thus
unlikely to be due to any deficiency in the database and must be attributed to poor counting
geometry for the sample.

Technetium analysis The analysis of Tc indicated that about 72% of the predicted inventory
was recovered. Technetium was present in both the dissolver solution (~95%) and in the HF
leach from the undissolved residue (~5%). As noted above, Tc has been found as a
component of the metallic residue remaining after the HF leach (Figure 4), and it is assumed
that this would account for the remaining Tc. There has been no evidence from other fuel
characterization studies that indicates that the ORIGEN codes are unreliably predicting Tc
inventories. Guenther et al. (1988) also observed a measured/ORIGEN2 Tc ratio of 0.72 and
also attributed the discrepancy to Tc in the undissolved residues.

Iodine analysis The total iodine released from the fuel was 2.44 x 10s Bq/kg initial U,
compared with 3.62 x 105 Bq/kg U calculated by ORIGEN-S, representing a
measured/calculated ratio of 0.67. Sakurai et al, (1992) found that iodine is almost
exclusively released from an LWR fuel dissolver solution as I2 (~99%), which should be
captured by the dissolver off-gas systems. They also found that a very small amount of
iodine was associated with the undissolved residues (-1%) and the dissolver solution (-0.3 to
3%), and essentially nothing was found on the fuel cladding. They found that most of the
iodine was in the elemental form, with ~6.5% as organic iodides. In their studies, the
measured iodine was about 60 to 70% of the theoretical predicted by ORIGEN2. They also
noted that the escape of iodine from the cut ends of the fuel specimens could be a potential
source of iodine loss; this would also be the case for CANDU fuel.

The inherent analytical uncertainties in ensuring complete capture of iodine in the off-gases
considered in this report, likely accounts for the low measured inventory. Also, since the
nuclear properties and fission yield of iodine are well known, the ORIGEN-S value should be
an accurate representation of its concentration. A compilation of I29I determinations on LWR
fuels indicates that the average ratio (measured/calculated) is 0.8 with a standard deviation of
0.32 (Roddy and Mailen 1987). These studies also noted the analytical difficulties in
measuring this isotope. Analysis of fuel for I29I by Guenther et al. (1988) indicated
measured/ORIGEN2 ratios from 0.84 to 1.05 (average 0.93) on a number of segments from
the same fuel element.

Tritium analysis In a first attempt to determine the tritium inventory, the total tritium in the
dissolver solution and off-gas trap from the dissolver was 7.98 x 108 Bq/kg initial U, with
more than 99% of this activity present in the dissolver solution. The 3H inventory released
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from separately dissolving the fuel sheath was 2.02 x 107 Bq/kg initial U, or about 2% of the
'H in the dissolver solution. The total 3H was significantly lower than that predicted by
ORIGEN-S, and it is suspected that it was not all being recovered.

It has been shown that 3H in PWR fuels is predominantly released as HTO to the nitric acid
dissolver solution, with less than 1% of the total inventory being released as HT (Bleier et al.
1984). A significant fraction of the ternary fission 3H generated in the fuel was found to be
associated with the Zircaloy cladding. About 95% of the total 3H inventory in the fuel
cladding was found to be released to the gas phase as HT on dissolution in HNO3/HF, with
only 5% released as HTO; less than 10"4% of the total 3H inventory was released as HTO
from the fuel rod fill gas (Bleier et al. 1984).

Since the 3H released from dissolution of the CANDU fuel cladding would also be in the HT
form, it would not have been captured by the off-gas train or retained in the cladding
dissolver solution, due to 'he low solubility of H2 in solution. This would account for the low
measured 3H inventory in the fuel cladding from the first analysis. To improve the capture of
3H, a segment of the fuel cladding was oxidized at 1100°C in air as described in the previous
section. The inventory of 3H released to the off-gas and captured in the first acid off-gas trap
was 1.27 x 109 Bq/kg U, substantially greater than from the acid dissolution procedure. The
fraction captured in the caustic trap (following the CuO furnace) was <1 % of this value,
indicating that the 3H was released predominantly as HTO on high-temperature oxidation.
Thus, about 39% of the total measured tritium was associated with the UO2 fuel, while ~61%
was associated with the fuel sheath. This is in agreement with determinations of 3H
concentrations in PWR and boiling-water reactor (BWR) Zircaloy-clad fuels that showed that,
during reactor operation, about 50-65% of the ternary fission 3H produced in the fuel diffuses
to the fuel cladding where it reacts to form zirconium hydride; the remainder is retained in the
fuel (Henrich et al. 1980; Bleier et al. 1984; Gue et al. 1985; Goumondy 1986; Ohuchi and
Sakurai, 1988)

Since 3H is also generated in the D2O coolant in the CANDU reactor by neutron capture,
there may have been additional uptake of 3H by the Zircaloy cladding. Measurements of 3H
uptake in CANDU Zr/2.5 wt% Nb pressure tubes (in contact with the D2O coolant) indicate
3H concentrations of 1.4 x 105 to 2.9 x 106 Bq/g Zr over a period of -10 a exposure (Tarr et
al. 1994). Concentrations of 3H measured in the fuel cladding were 1.31 x 107 Bq/g Zr.
Since the average residence time of a fuel bundle in reactor is about 1 a, it is anticipated that
3H uptake by the Zircaloy fuel sheath would be about 1/10 of that in the pressure tube, and it
is concluded that the majority of the 3H in the fuel sheath is a result of capture of ternary
fission yH from the fuel and not from uptake from the coolant. Thus about 92% of the total
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tritium inventory predicted by ORIGEN-S has been recovered and the discrepancy with the
calculated inventory is within the analytical uncertainty.

4. SUMMARY AND CONCLUSIONS

The ORIGEN-S code has been used to calculate major radioisotope inventories in a
well-characterized Pickering-A CANDU fuel element, and these inventories have been
compared with inventories measured by radiochemical analysis. The fuel element chosen for
analysis was an outer element with an average measured burnup of 221 MWh/kg initial U.
The measured burnup agreed well with the predicted burnup of 212 MWh/kg U based on
reactor power history and residence time. The ORIGEN-S code was used in conjunction with
the SCALE code, modified to allow a two-dimensional analysis of the CANDU reactor lattice
using the WIMS-rvcCL transport code. The in-reactor geometry for an outer element in the
fuel bundle was rigorously modelled and the known power history of the fuel was used to
model the burnup. A preliminary version of a partial ENDF/B-VI library for WIMS-AECL
was used to provide access to the most up-to-date neutron cross-section data.

The measured inventories for the isotopes 235U, 236U, 239Pu.240Pu, 24lPu, 242Pu, 24IAm and 244Cm
agree to within 5% of the inventories predicted by the ORIGEN-S code. The isotopes 234U,
218Pu and 2"Np agree to within 20% of the predicted values; the discrepancy, however, is
within the analytical uncertainty for these isotopes. The major fission products l34Cs, l37Cs
and wSr agreed to within 3% of the ORIGEN-S values, and l25Sb to within 15%; this
discrepancy was also within the analytical uncertainties. The measured inventories for IS4Eu
and (î5Eu were in substantial disagreement (over 50%) with ORIGEN-S predictions using the
ENDF/B-IV-V cross-section databases. However, using the new ENDF/B-VI database with
revised cross sections for Sm and Eu, the predicted values improved significantly to within
10% of the measured values.

The measured inventories for the isotopes "Tc and 129I were 72% and 67% of the calculated
inventories respectively. The discrepancies for these isotopes are outside the analytical
uncertainty and must be attributed to losses during chemical separation or, in the case of Tc,
to incomplete recovery due to its association with metallic residues that could not be
completely dissolved. The large discrepancy for IO6Ru is attributed to poor counting
geometry for the solid residue, as it appears to be associated entirely with the undissolved
residue. The measured inventory of 3H, generated by ternary fission in the fuel, was 92% of
the predicted total inventory and is within the analytical uncertainty. About 39% of the total
3H inventory was found to be associated with the fuel; about 61% was associated with the
Zircaloy sheath.
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This benchmarking of the ORIGEN-S code represents the most complete comparison to date

of measuica radionuclide inventories in a CANDU fuel with those predicted by a

generation/depletion code. The results have demonstrated that the WIMS-AECL/ORIGEN-S

code system and nuclear data in the ENDF/B-(IV to VI) libraries provide inventory

predictions that are within the range of measurement uncertainties for the actinides and most

fission products. This benchmark also provides substantial validation for the radionuclide

inventories predicted by ORIGEN-S that are currently used in the Canadian Nuclear Fuel

Waste Management Program for the assessment of the safety of deep geological disposal of

used fuel.
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