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ABSTRACT

The characterizationdata obtainedto date are describedfor Approved

TestingMaterial 104 (ATM-lO4),which is spent fuel from AssemblyD047 of the

CalvertCliffs Nuclear Power Plant (Unit I), a pressurized-waterreactor.

This report is one in a seriesbeing prepared by the MaterialsCharacterlza-

tion Center at PacificNorthwestLaboratory(PNL) on spent fuel ATMs. The

ATMs are receivingextensiveexaminationsto providea source of well-

characterizedspent fuel for testingin the U.S. Departmentof Energy Office

of CivilianRadioactiveWaste Management (OCRWM)Program. ATM-lO4consists of

128 full-lengthirradiatedfuel rods with rod-averageburnupsof about

42 MWd/kgM and expectedfissiongas releaseof about I%.

A varietyof analyseswere performedto investigatecladdingcharac-

teristics,radionuclideinventory,and redistributionof fissionproducts.

Characterizationdata includeI) fabricatedfuel design, irradiationhistory,

and subsequentstorageand handlinghistory; 2) isotopicgamma scans;

3) fissiongas analyses;4) ceramographyof the fuel and metallographyof the

cladding;5) specialfuel studies involvinganalyticaltransmissionelectron

microscopy (AEM) and electronprobe microanalyses(EPMA);6) calculated

nuclide inventoriesand radioactivitiesin the fuel and cladding;and

7) radiochemicalanalysesof the fuel and cladding.
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KEY WORD DEFINITIONS

Burnup: a) the process of fuel being consumed by fissioning; b) the amount of
energy obtained from the fuel as the fuel fissions, which is expressed
as the amount of energy produced per unit of fuel weight, such as
MWd/kgM, or the percentage of fissile atoms consumed during irradiation,
atom_ (at_)

Fission Gas Release: a) the _rocess of fission gas (xenon and krypton) being
released from the fuel mat-r"_xto the Void spaces (pores, plenum, etc.)
within the fuel rod; b) the amount of fission gas that has been released
as a percentage of the amount of fission gas produced in the fuel at a
given point in time.

Linear Heat GenerationR_te: the amount of energy produced in a unit length
of the fuel rod, kW/m (kW/ft).

Power Density: the amount c;fenergy producedper unit volume of fuel, W/g
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1.0 INTRODUCTION

The MaterialsCharacterizationCenter (MCC) at PacificNorthwestLabora-
,, i,#

tory (PNL)(_)has the responsibilityto providespent fuel test material

(samples)for laboratoryinvestigationsof nuclearwaste forms by the U.S.

Departmentof Energy (DOE)Office of CivilianRadioactiveWaste Management

(OCRWM)Program. This MCC referencereport describesthe characterizationof

ApprovedTestingMaterial 104 (ATM-lO4),one of six spent fuel ATMs that are

being characterized. The first four reportsin the series are on ATM-lO1

(Barner1985),ATM-lO3 (Guentheret al. 1988a),ATM-lO5 (Guentheret al.

1991), and ATM-J06 (Guentheret al. 1988b). Generaldescriptionsof the six

spent fuel ATMs presentlybeing characterizedby the MCC are provided in

Table 1.1. Additionalspent fuel with burnablepoisons,rods from newer high-

burnupdesigns, and rods with stainlesssteel claddingare being consideredas

futureATMs.

ATM-lO4has UO2-fueledrods that achievedmoderatelyhigh burr,ups of

about 42 MWd/kgM. These rods were expectedto have only minor fissiongas

releasefrom the UO2 fuel during irradiation. The fuel rods were fabricated

by CombustionEngineering(C-E) and irradiatedin the CalvertCliffs No. I

(CC-I)pressurizedwater Y'eactor(PWR),which is operated by BaltimoreGas and

Electric (BG&E) in Maryland. ATM-lO4consistsof 128 full-lengthfuel rods

from AssemblyD047. Of the original 176 rods irradiatedin AssemblyD047,

41 rods were removed for other uses by BG&E. The remaining 135 rods were

receivedby the MCC, but insufficientdata was availableon the fuel fabrica-

tion specificationsof seven of the rods tc includethem as part of ATM-lO4.

• The MCC spent fuel ATMS were selectedto representthe typical end-of-

life (EOL) fuel conditions,potentialextremes in EOL spent fuel conditions,

or differencesbetweenPWR and BWR :,pentfuel from United States commercial

nuclear reactors. The ATM-lO4 spent 1_uel,with moderately high burnup and low

fissiongas release,is representativeof one type of spent fuel conditionfor

(a) Operated for the U,S. Department of Energy by Battelle Memorial
Institute under Contract DE-ACO6-76RLO1830.
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TABLE 1.1. Summaryof Spent Fuel ATMs Being Characterized by the MCC

III I IlI I I i III II II I IIII I IIII I

Fuel . Burnup Range, Range of Fission No. of
ATM _ "_ Reactor MWd/kqM(a) Gas Release, %(a) Rods

I01 PWR H.B. Robinson, 16-32 0.2-0.3 9 as
No. i 27 1.2-m '

(4-ft)
segments

103 PWR Calvert Cliffs, 13-33 0.25 176 full
No. ] Iength

104 PWR Calvert Cliffs, 20-44 0.4-1.1 128 full
No..I Iength

105 BWR Cooper 18-34 0.6-7.9 88 full
length

106 PWR Calvert Cliffs, 27-47 7.8-18 20 full
No. I Iength

108 BWR Cooper -12-28 -9 10 full
(est i mated) (est i mated) Iength

(a) Measured in the fuel rods examined to date. These ranges may expand
as more rods are examined.

III IIII IIII I I II III_ II I --

PWRreactors operating in the United States. ATM-]04 fuel has higher burnups

than accumulated in ATMs 101 and 103, but the rods from all three ATMs had low

fission gas release from the fuel. The examination of fuel with burnups over

40 MWD/kgM,such as in ATM-lO4, is important because discharge burnup has been

increased over the years and will be even higher in the future (Andrews and

Lobre 1988).

Characterization of the moderate burnup fuel from ATM-lO5 will provide

data for one type of spent fuel condition for boiling water reactors (BWR)

operating in the United States. These data will also be useful for comparing

any differences between the conditions of irradiated PWRand BWRfuel rods.

ATM-]06 (moderately high burnup, high fission gas release) will provide

characterization data on spent fuel where operating conditions have caused

1.2



significantchanges in the fuel condition,such as fuel grain growth and

redistributionof volatile fissionproducts.

This reportdescribesthe characterizationscompletedto date for Rods

MKP028,MKP059,MKP063,MKP070, MKPI06,and MKPI09 of ATM-lO4. Rod MKPI09 is

the only ATM-lO4 rod for which detaileddestructiveexaminationsare avail-

able. All of the characterizationshave been conductedat DOE's Hanford Site

near Richland,Washington. A portionof an ATM-lO4 characterizedfuel rod has

been made availableto the Yucca MountainSite CnaracterizationProject (YMP)

for spent fuel testing. Additionalquantitiesof ATM-lO4 are availablefor

distributionto experimenters.

This report presentsthe resultsof the characterizationof ATM-lO4

spent fuel includingfuel rod and assemblydesigns, the irradiationhistory,

postirradiationhandlingand transportation,and a varietyof destructiveand

nondestructiveexaminationsconductedon Rod MKPI09 from ATM-lO4. Information

is provided in Section3.0 on the fabricatedfuel design, irradiationhis-

tories,and subsequentstorage and handlingof the 12B fuel rods in Assembly

D047 that compriseATM-lO4. A characterizationplan vrasdevelopedfor all of

the MCC ATMs (Barner1984) and is describedin Section4.0 with specific

emphasison the characterizationsplannedfor ATM-lO4. Calculatednuclide

inventoriesand radioactivitiesin the fuel and cladding are discussedin

Section5.0 for later comparisonwith measured inventoriesin the fuel and

cladding.

The examinationsconductedon Rod MKPI09 includegamma scanning,fission

gas analyses,ceramographyof the fuel, metallographyof the cladding,elec-

tron probe microanalyses(EPMA)of the fuel, analyticaltransmissionelectron

microscopyof the fuel (AEM), fuel burnup analysis,and radiochemicalanalyses

of the fuel and cladding. Claddingcharacteristics,includingradiochemical

analyses and metallographicexaminations,are discussedin Section6.0. The

fuel burnup, bulk-averageinventoryof fissionproducts and actinidesin the

fuel, and their distributionacrossthe fuel radius are discussedin

Section 7.0. Data from fissiongas analyses,fuel ceramography,radiochemis-

'try,and AEM are drawn upon in Section8.0 to define the extent of fission

product redistributionand how it compareswith other spent fuel ATMs.
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2.0 SUMMARYAND CONCLUSIONS

Representative fuel rods from ATM-lO4 were selected for characterization

with the expectation that this fuel achieved a moderately high burnup of

42 MWd/kgM(assembly average) and fission gas release from the fuel of about

one percent (rod average). This level of burnup is now considered moderately

high because utilities are extending burnups to 50 to 55 MWd/kgMin future

discharged fuel compared with typical past burnups of 25 to 35 MWd/kgM.

Burnup is an ATM selection criteria because fission product and actinide

inventories in the fuel are proportional to burnup. Other characteristics,

such as the inventory of 14C max:, ,mum cladding oxide thickness, and cladding

hydriding, are also related to burnup. Fission gas release is a major cri-

teria for selecting spent fuel ATMs because the amount of fission gas release

is indicative of the microstructural changes and the amount of redistribution

of fission products in the fuel. Other experimenters have related the initial

release of cesium and other volatile fission products during leach testing to

fission gas release.

Based on the examinations conducted on the ATM-lO4 fuel rods and com-

parison with previous results for other ATMs, the following major conclusions

can be made regarding fuel burnup and characteristics related to fuel burnup"

• ATM-lO4 does have moderately high burnup. For Rod MKPI09, the rod-

average burnup was 39.6 MWd/kgM, which is 2.0% lower than predicted

by C-E. The pellet-average burnup in the peak-power region was

44.3 MWd/kgM. Comparison of measured fuel burnups and gammascan

data indicate that other ATM-lO4 rods had comparable burnups. EPMA

of fuel from the peak-power region of Rod MKPI09 indicated that the

burnup increased from -42 MWd/kgMat the pellet center to -70

MWd/kgMat the fuel edge. (See Sections 7.1 and 7.3.2.)

• The inventory of radionuclides measured in the fuel is a function

of fuel burnup, as expected. Measured values for 243Cmplus 244Cm,

135Cs, 137Cs, 90Sr, 99Tc, 238pu, 239pu, 240pu, 241Am, 241pu, 242pu,

234U, 235U, 236U, and 238U agreed within about ±10% of the ORIGEN2

predictions. The 79Se and 126Sn measured values were about 15% and
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22% of their respectivevalues predictedby ORIGEN2; similar

resultswere obtained for fuel from all of the MCC ATMs. (See

Sections 7.1 and 7.2.)

• The 14C inventoryin the fuel rod increaseswith burnup and initial

nitrogencontent. There are insignificantamountsof 14C in the

gas, while about 75% of the 14C inventoryin the rod is contained

in the fuel with the balancein the cladding. Based on these

results from PWR and BWR rods with 15 to 44 MWd/kgM burnup, it is

possible to estimatethe upper bound for the 14C inventoryin the

fuel and claddingfrom a range of fuel types. (See Sections6.1.2,

7.2, and 8.1.1.)

• The maximumoxide thicknesseson the exterior surfacesof cladding

frnm ATMs 103, 104, and 106 are in agreementwith extensivedata

for other C-E rods with equivalentor higher burnups. The oxide

thicknesson the exterior surfaceof the cladding increasedfrom 2

to 4 _m at the bottom of Rod MKPI09 to a maximum of 21 _m near the

top of the rod, which is consistentwith the coolantand fuel

operatingtemperatures. In comparisonto the other ATMs, the oxide

thicknessis reasonablyconsistentwith exposure times. (See

Section6.2.1.)

• The hydridingand hydrogen contentof the claddingfollowedthe

trend of measuredoxide thicknesses. Photomicrographyindicated

that the numberof circumferentiallyorientedhydrides in cladding

increasedfrom the bottom to the top of fuel rods. The hydrogen

level was found to vary linearlywith oxide thickness,as expected,

and peaked at about 120 ppm, which is well below potentiallevels

in high burnupsfuels. Given sufficientdata, the linear relation-

ship betweenhydrogencontent and oxide thicknesscould be used to

relate hydrogencontent to burnup. (See Sections6.1.3 and 6.2.1.)

• The radial distributionsof fissionproductsand actinides in ATM-

104 were typicalof spent fuel with moderatelyhigh burnup and low

fissiongas releasebased on comparisonswith ATM-lO3 (moderate

burnup,low fissiongas release),ATM-lO6 (moderatelyhigh burnup,
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high fissiongas release),and dr_tafor other fuels. Autoradio-

graphy indicatedpreferentialproductionof alpha-emittingmaterial

near the fuel edge and no redistributionof volatilefission

products. EPMA indicatedthat the concentrationsof neodymium,

plutonium,americium,cesium,and rutheniumwere all relatively

constant across the fuel radiusto within a few hundredmicrometers

of the fuel edge, after which the corlcentrationsincreasedin

concertwith the variationin local burnup across the fuel radius.

Iodinewas below detectionlimits,and technetiumwas relatively

constantexcept for a possibledecrease near the fuel edge.

Uraniumconcentrationsdecreasednear the fuel edge inversely

proportionalto thechange in burnup across the fuel pellet. (See

Section7.3.2.)

• Xenon concentrationsdeterminedby EPMA appearedto decrease near

the fuel edge, contraryto the burnup profile. This decrease in

xenon concentrationwas similarto that for ATM-lO6 fuel with

burnupscomparableto ATM-lO4. On the other hand, xenon levels

increasednear the edge of ATM-lO3 fuel with 33 MWd/kgMburnup.

The region with an apparentloss of xenon includesfuel with a high

densityof I- to 2-_m pores. These resultsare consistentwith

work by other experimenterswho attributedenhancedfissiongas

release in fuels with burnupsabove 40 MWd/kgMto gas release from

the porous fuel rim. (SeeSection 7.3.2.)

Similarly,based on the examinationsconductedon the ATM-lO4 Fuel rods,

the followingmajor conclusionscan be made regardingfissiongas release and

characteristicsrelatedto fissiongas release'

• As expected,ATM-lO4 fuel does have low fissiongas release, The

fissiongas releasesranged from 0.38 to 1.1% for three ATM-lO4

rods. Gas analysesfor three other rods indicatedcomparable

releasesof xenon and krypton. Based on EPMA, xenon concentrations

were nearly constantand equivalentto expected levels across the

center of ATM-lO4 fuel, indicatingminimal fissiongas release.

(See Sections8.1.2 and 7.3.2.)
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• The xenon/kryptonratios determinedfor gas samplesfrom the

ATM-lO4rods tend to supportthe decrease in xenon from the porous

rim of the fuel observedby EPMA. The xenon/kryptonratiosof gas

samples averaged 11.4 for the six ATM-lO4 rods comparedwith a

predictedratio of 9.9. Becausethe xenon/kryptonratios from

plutoniumfissionsare about twice that from uraniumfissions,

releaseof fissiongas from the porous rim where more plutonium

fissionsoccur would cause higherthan expectedxenon/krypton

ratios in rods with littlegas release from the fuel center.

(See Section8.1.1.)

• The microst_ucturesof the ATM-lO4fuel were typicalof fuel with

low fissiongas release. Fuel grain growth, the amount by which

the grains grow, was 30% or Irss in the peak-powerregion. Only a

few grain boundary bubblescharacteristicof fissiongas were

observed in the center of peak-powerpelletsand metallic i_gots

were too small to be seen by opticalmicroscopy. (See

Sections8.2.1 and 8.2.2.)

• The amountof cesium and iodinedepositedon the interiorsurface

of the cladding can be relatedto the maximum fuel grain growth in

the fuel or the rod-averagefissiongas release. The preferential

releaseof cesium and iodineobservedduring leach tests on spent

fuel have been relatedby other experimentersto the rod-average

fissiongas release. Examinationof MCC fuels indicatesthat the

cesium and iodine inventoriesdepositedon the claddinginterior

surfaceapproacha 1"I relationshipwith fissiongas releaseat

higher releaselevels. Leach testingof spent fuel will be

necessaryto determinehow much of the gap inventorycomes from

cesium and iodine depositedon the interiorsurfaceof the

cladding. (See Section8.3.2.)

• Except for molybdenum,ruthenium,technetium,rhodium,and

palladiumin the metallic (-phaseand the fissiongases xenon and

krypton,the fissionproductsremain finely dispersedin the UO2

matrix. AEM on ATM-lO4 and other fuels with low fissiongas
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releasehas consistentlyindicatedthis absenceof detectable

fissionproductaggregatesother than the f-phaseand xenon plus

krypton_. As in the other ATMs with low fissiongas release,some

of the xenon and kryptonnear the fuel center is concentratedunder

high local pressureat large f-phaseparticles. Particlesize

generally increasestoward the fuel center from the fuel edge and

very small bubblesappear to form on the grain boundariesat the

fuel mid-radius. (See Section 8.4.2.)
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3.0 .FABRICATION_IRRADIATION, ANDHANDLINGHISTORYFORA_TM-I04

The characteristics of spent fuel prior to emplacement in a geologic

repository are determined by the combined effects of fuel rod design,

fabrication, irradiation, handling, and decay time. During the fabrication of

the ftlel rods, the cladding and fuel materials are selected, cladding

dimensions and fuel enrichments are established, and concentrations of

impurity elements such as nitrogen are set. During irradiation, the fuel

assemblies are repositioned within the reactor core to maximize fuel burnup

and operating conditions. Operatingpower during the life of the fuel

determines the final burnup and inventory of actinides, fission products, and

activation products. During irradiation, fuel temperatures and fission gas

release combine to define the as-irradiated characteristics of the fuel rods,

such as fuel grain growth and redistribution of volatile fission products.

After irradiation, spent fuel is typically stored in water pools at the

reactor site with generally benign effects on the spent fuel rods (Van Luik

et al. 1987). Sume spent fuel is scheduled for dry storage or other post-

irradiation activities, such as shipment to interim storage facilities. The

handling operations conducted on the spent fuel assemblies can affect the

integrity of the cladding, although the frequency of significant occurrences

has been low (Bailey and Johnson 1983). The remainder of this section

describes the fabrication data for ATM-lO4 fuel rods and their irradiation and

handling history as provided by C-E to the MCC.

3.1 ASSEMBLYAND FUEL RODDESCRIPTIONS

ATM-lO4 consists of part of one fuel a_sembly (D047) that was fabricated

by C-E 'J irradiated during four cycles in the CC-I PWRoperated by BG&Enear

Lusby, Maryland. The assembly was fabricated in the mid 1970s and irradiated

from March of 1977 until it was discharged from the reactor in April 1982.

The fuel assembly was transported from the reactor cooling basin to PNL in

September 1985.

Assembly D047 is a standard C-E 14 x 14 fuel assembly that contained

176 fuel rods during irradiation. The fuel assembly is constructed with five
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guide tubes, upper and lower end fittings,and eight spacer grids to form a

structuralcage to supportthe fuel rods (Figure3.1). All structural

componentsexcept the lower Inconelgrid and the stainlesssteel upper and

lower end fittings are fabricatedfrom Zircaloy-4.

The 176 fuel rods in the standard14 x 14 fuel assembly rest on the flow
, .'

plate,which is part of the lower end fitting. Zircaloy-4grid stripswith

integral springsalign the rods with each other and provide axial, lateral,

and rotationalrestraintagainstfuel rod motion during operation. Combus-

tion Engineering'sstandardfuel assembly is reconstitutable. Any or all fuel

rods can be easily removedand replacedusing the properremote handling

tools.

The ATM-lO4 fuel rod and pellet dimensionsare shown in Figure 3.2. The

pellets have the same geometricdesign as that used for the ATM-lO3 fuel,

which achievedmoderate burnup (Guentheret al. 1988a). The fuel pellets in

the ATM-lO4 rods are about two thirds the length of the pellets in ATM-lO6

rods, which achievedcomparableEOL burnupsbut had higher fissiongas release

than the ATM-lO4 rods (Guentheret al. 1988b). The fuel pellet certification

data for Assembly D047 are provided in Table 3.1. All of the fuel pellets

were fabricatedusing a standardcold-pressingand sinteringprocess. The

128 ATM-lO4 rods were fabricatedfrom Fuel Lot B-71-GB;the seven rods not

includedin ATM-lO4 (NBDO05,NBD067,NBD112,AHS040, AHS044,AHS060, and

AHS077) were made from other fuel lots and will not be used for testing.

All ATM-lO4 rods are clad with Zircaloy-4tubing (LotNumbers 5GD12,

5GD31, and 5FP65) fabricatedby SandvikSpecialMetals. Cladding certifica-

tion data are listed in Table 3.2.

In fabricatingthe fuel rods, the pellet stackswere laid out on a

V-trough. The stackswere weighed and the stack lengthsmeasured. The pellet

stacks were then dried in a vacuum furnace and cooled in a flowinghelium

atmosphere. An Al203 spacer was added to each stack at the top and bottom,

and the stackswere loaded into the Zircaloy-4tubes with bottom end caps

alreadywelded on. The tubes were then closed with temporarycaps to minimize

exposureto the environmentprior to welding the upper end caps. The
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TABLE3.1. ATM-lO4 Fuel Pellet Certification Data

I IIII

Fuel Lot B-71-GB
Chemical Attribute Analysis Results

Total uranium, wt% 88.15 88.148 88.146 88.129

Carbon, ppm 23 22 15 <10

Nitrogen, ppm 21 14 34 24

Fluorine, ppm <5 <5 <5 <5

Chlorine & fluorine, ppm <10 <10 <I0 <10

Iron, ppm <45 <45 <45 <45

Silver, ppm <I <I <I <I

Calcium, ppm '}

Aluminum, ppm <97 <115 <115 <115

Silicon, ppm

O:U ratio 2.000 2.000 2.000 2.003

Nickel, ppm <25 <25 <25 <25

Mass spec. analysis 3.038 wt% U-235

Density 10.36-10.48 g/cm3

Grain size _5 ;m

III I

plenum springs and permanent upper end caps were inserted, the rods were

pressurized with helium to 3.1 MPa (450 psi), and the end caps were welded

into place. The end cap welds were made using a magnetic force welding

machine, which provides for pressurizing the rods to the required level.

In July 1985, some rods were removed from Assembly D047 at the reactor

pool and rods from another assembly were inserted before Assembly D047 was

shipped to PNL. Forty-one of the 176 original rods were removed; and 20 rods

selected from Assembly BT03 were inserted into 20 of the vacancies in Assembly

D047. The 20 rods from Assembly BT03 compose ATM-lO6 and were put in Assembly

D047 only to facilitate their shipment to PNL. Characterization data reported

to date on ATM-lO6 is described by Guenther et al. (1988b). The locations of

the ATM-lO4 rods, as shipped to PNL, are shown in Figure 3.3; the locations of
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TABLE3.2. ATM-lO4FuelRodCladdingCertificationData

l III III

Fuel Assembly: D047 ROD LOT: MKN ROD LOT: MKN/MKP ROD LOT: MKP
CLADDING LOT: 5GD12 CLADDING LOT: 5GD31 CLADDING LOT: 5FP65

Tensile Properties

Room UTS, psi 101300 102500 100900 102200 102000 98700
0.2% YS, psi 75200 75600 74100 75800 76400 74400
Elong. 2 in., % 24 24 18 24 26 26

750°F UTS, psi 54800 54400 54700 55300 57700 53200
0.2% YS, psi 41100 39200 41100 44500 40600 40200
Elong. 2 in., % 29 28 29 28 26 31

Burst Test (closedend with mandrel at room temperature)

Pressure,psi 17800 17700 17900 18000 17500 17400
Circ. Elong.,% 19 24 15 13 13 22

HYdride Orientation

OD 0.16 0.05 0.03 0.02 0.06 0.05
Fn Mid 0.01 0.04 0.02 0.05 0.07 0.10

ID 0.02 0.03 0.03 0.01 0.03 0.00

CorrosionTest (3 day, 750°F steam)

Etched Etched Etched
Sample wt/dm2 14.9 15.6 16.6 16 12.9 13.3

Color 2 Lustrous Black Lustrous Black Lustrous Black
Std. wt/dm 15.5 15.8 15.2 14.9 15.2 16.4 15.6 15.9 12.9
Std. No. C423(T) C437(C) C458(B) C407(T) C416(C) C448(B) C312(T) C348(C) C371(B)

Unetched Unetched Unetched
Sample wt/dm2 18.8 17.1 17.6 18.8 17.3 16.7

Color Slightly gray Slightly gray Slightly gray

Chemical Analysis, ppm

Hydrogen 13 13 17 16 11 11
Nitrogen 25 22 30 32 20 20
Oxygen 1135 1195 1200 1210 1100 1150
Carbon 102 119 ]02 102 125 142

Grain Size

Long. ASTM 12 17 11 12 12.5 12
Trans. ASTM 12 12 11 12 12 12.5

Recrystallization
Data 1100:F,45 min IIO0°F,45 min 1100°F,45 min

Surface Rouqhness

OD, RMS, microinch 18 18 18 20 18 18
ID, RMS, microinch 16 17 17 22 18 18

B III I i i i
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FIGURE 3.3. Location_ of 128 ATM-lO4 Rods in Assembly D047
(characterized rods denoted in highlighted boxes)

the seven rods not used for ATM-lO4 from Assembly D047 are also shown.

Rod MKPI09, the first ATM-lO4 rod to receive detailed characterization, was

located at position C7 approximately equidistant from three guide tube holes

and a fuel assembly edge.
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3.2 IRRADIATIONAND HANDLINGHISTORY

The position of AssemblyD047 in the core of CC-I during each cycle of

irradiationis shown in Figure3.4. Assembly D047 was irradiatedin Cycles 2,

3, 4, and 5 of operationof CC-I betweenMarch 22, 1977, and April 17, 1982

(Figure3.5). The core thermalpower rating at CC-I was 2560 MWt from

beginning-of-life(BOL) until midway throughCycle 2 (September9, 1977),when

a new licensewas issuedto increasethe power rating to 2700 MWt. Except for

a period of about 5 months at reduced power during reactorCycle 4, the

reactoroperated at essentiallyfull power during Cycles 2, 3, 4, and 5.

The CC-I reactorcontainsa total of 217 fuel assemblies. The linear

heat generationrates (LHGRs)given in Figure 3.5 are averagevalues for the

entirecore. The LHGRs for specificrods vary significantlyfrom core-

averageLHGRs. This is a typicaleffect of loading fresh fuel at the

beginningof each cycle and moving the fuel assembliesto differentcore

locationsto optimallyutilizethe fissilefuel and maintain the required

power distributionacross the reactorcore. As an example, the core-average

LHGR was relativelyconstantat about 20.3'kW/m (6.2 kW/ft)during Cycles 2,

3, 4, and 5. In comparisonwith the core-averageLHGRs, the steady-state,

averageLHGR for Rod MKPI04 decreasedfrom a high of about 24.1 kW/m

(7.4 kW/ft) at the beginningof Cycle 2 to a low of about 15.4 kW/m (4 kW/ft)

at the end oF Cycle5. Rod MKPI04 (cell 19 in Figure 3.3) was expectedto

have an EOL burnup equivalentto the assemblyaverageburnup accordingto

calculationsby C-E. 'Fhepower history for Rod MKPI04 in AssemblyD047 is

shown in Figure 3.6 and is listed in tabularform in Appendix A.

Followingdischarge,Assembly D047 was stored in the fuel storagebasin

at CC-1 until September1985, when it was loaded into a NationalAssurance

CorporationNLI-I/2cask and shippeddry to PNL. Since that time, it has been

stored in air in B-cell in the 324 Building. There have been no unusual

incidentsassociatedwith this fuel. Nine rods (seeTable 3.3) were removed

from the assembly in August 1986 and transferredto D-cell,324 Building,

where the intact fuel rods are stored in air at an ambientcell temperatureof

about 25°C. These rods are being characterizedby the MCC (see Sections6.0

through8.0) and are availablefor use in the repositorytestingprogram.
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in CalvertCliffs No. I for Cycles 2, 3, 4, and 5
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Cycle No. 2 3 4 5

Start/End of Cycle 3-22-77/1-22-78 4-3-78/4-20-79 7-10-79/10-18-80 1-11-81/4-17-82

Cycle Duration lOmonths 12.5 months 15 months 155 months

Cycle Burnup 10.06 10.90 1102 987
MWd/kgM

Cumulative Burnup, 10 06 20,96 31 98 41 85
MWd/kgM
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FIGURE3,6. PowerHistory for Rod MKPI04from Assembly 13047
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TABLE 3.3. InitialATM-lO4 Fuel Rods to be Characterized

I ' I IHIII I I I I

Rod (a)
Rod Number Location Comments

MKP028 G14 Fissiongas sampledonly to test system.

MKP054 C8 Not yet examined.

MKP059 F7 Gamma scan referencerod, gas sampled.

MKP063 B7 Gamma scannedand fission gas sampled.

MKP070 D7 Receivingdetailed characterization.

MKP081 A7 To be g_mma scannedand fissiongas
. sampledonly.

MKP087 D8 Not yet examined.

MKPI06 B8 Not yet examined.

MKPI09 C7 In-depthcharacterizationof this rod
describedin this report

(a) Locationsrefer to Figure3.3.

III I II
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4.0 CHARACTERIZATIONPLAN FOR ATM-lO4

The characterizationplan for ATM-lO4was.preparedby the MCC and

approvedby the repositoryproject. The plan describesstandardexaminations

that are performedon all rods and detailedexaminationsthat are expected to

be performedon a representativenumberof rods from each ATM. Informationis

provided below on the types of analysesconductedon rods receivingstandard

or detailedexaminations,the criteria for selectingrods for detailed charac-

terization,and an explanationof the sectioningof rods for detailed

examination.

4.1 STANDARD EXAMINATIONS r

Characterizationof the spent fuel rods can be separatedinto two cate-

gories, namely,standard (thoseMCC characterizationsapplicableto all fuel

rods) and detailed (thoseMCC characterizationsapplicableto samplesor

specimensfrom a few representativefuel rods). Standardexaminationsconsist

of gamma scanningand fissiongas sampling,the first two examinationslisted

in Figure 4.1.

The first step in the MCCIs characterizationof spent fuel ATMs is to

perform a full-lengthgamma scan on a selectionof fuel rods from the ATM.

Axial gamma scan data have been used along with measured fuel burnups to

develop correlationsfor predictingburnups in the samplesof sectionedrods

from ATM-lO1throughATM-lO8and to estimateburnups in fuel rods that were

not destructivelyanalyzedfrom these ATMs. The gamma scan data also provide

valuable informationun fissionproductmovement in the rod (such as cesium

migration)and on axial gaps or shifts,if any, in the fuel column.

After gamma scanning,each rod other than the rod used as a gamma scan

referenceis normallypuncturedand a gas sample is taken. Analysis of the-

gas providesan estimateof the fissiongas releasedfrom the fuel during

irradiation. The magnitudeof the fissiongas releaseis an indicationof the

extent of the microstructuralchangesthat have occurred in the fuel. These

microstructuralchangesmay be importantto the dissolutionof fuel in a

repository(Oversby1987a). The magnitudeof fissiongas release is also
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indicativeof the fractionof volatile fissionproducts,such as cesium and

iodine,that have migrated to the grain boundariesand the gap betweenthe

fuel and cladding (Johnsonet al. 1983). Quantifyingthe inventoryof fission

products in the gap and at the grain boundariesis important;after repository

waste packagebarriersare breached,fissionproductswill be releasedfrom

these locationsfirst and the releaserates will be independentof the

dissolutionrate of the matrix.

Thus, gamma scanning and fissiongas analyses,combinedwith limited

destructiveexaminations,can serve to define the variationin fuel burnups

and, possibly,the fissiongas releasealong the lengthof the rods if a

representativenumber of fuel rodsare examined. Gamma scanningand fission

gas data also facilitatethe selectlonof fuel rods for detailedexamina-

tions. Characteristicsof fuel rods receivingonly standardexaminations

(gamma scanningand fissiongas analyses)can be approximatedby correlations

expectedto be developedfrom detailedexaminationof a few selectedrods from

each ATM.

lt is plannedto gamma scan and fissiongas sample a number of ATM-lO4

rods to I) have a backlogof ATM-lO4materialthat can be made available

immediatelyupon request, 2) documentthe homogeneityof, or differences_

among, the ATM-lO4rods, and 3) provide a means of correlatingmeasured data

from fully characterizedfuel rods with the gamma scan and fissiongas release

data that will be obtainedfrom other ATM-lO4 fuel rods.

4°2 DETAILEDEXAMINATIONS

Detailed characterizations of spent fuel ATMs involve fuel examina-

tions, cladding examinations, or a combination of the two. Detailed charac-

terizations are conducted on a limited number of spent fuel rods from each

ATM, depending on the number of rods in the assembly and known or observed

variations in the characteristics of the fuel rods. Three rods were scheduled

for detailed characterization from each of ATMs-I03, -104, -105, and -106.

As shown in Figure 4.1, samples are taken from several locations along

the length of a rod receiving detailed characterization. Samples are

scheduled to be taken for radiochemical analysis of the fuel and cladding,
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metallographyof the cladding,ceramographyof the fuel, analysisof the

assemblyhardware,and specialexaminationsinvolvingspark-sourcemass spec-

trometry (SSMS),electronprobe microanalyses(EPMA),and analyticaltrans-

mission electronmicroscopy (AEM). The actual number and locationof samples

in a given rod or rods from an ATM may vary from the genericplan shown in

Figure 4.1 dependingon the results of the gamma scans, fissiongas analyses,

additionalrequestsfor samples,or other factors.

A principalpurpose of samplingthe fuel rod at differentlocationsis

to determinethe bi'!kinventoryof long-livedradionuc'lidesin fuel with

differentburnups. The fissionproducts,actinides,and activationproducts

of interestin assessmentsof geologicdisposal are analyzed. Samples are

taken from the peak-powerregion of the rod, which correspondswith the region

of maximumgamma activity,and from additionallocationsof lower power near

the rod ends. Generally,the radionuclideconcentrationsare obtained from

radiochemicalmeasurementsof dissolvedor, in the case of 14C, thermally

decomposedsamples. In additionto the radiochemicalmeasurements,thermal

ionizationand SSMS are being consideredfor obtainingthe bulk concentration

of selectedisetopesto supplementthe data obtained from radiochemical

methodsor as overcheckson the determinedvalues.

One major type of examinationinvolvesradiochemicalanalysesof the

bulk concentrationsof the radionuclidesof interestto geologicdisposal.

These results are comparedwith calculationsmade using the ORIGEN2computer

code. The ORIGEN2 calculationsare based on measured and estimaLedburnups

for samplesfrom the rods and a representativepower historyfor rods from the

ATM. Comparisonof the measured and predictedvalues serves to validatethe

OR,GEN2 code for use in predictingthe radionuclideinventoryin samples from

other locationsor other rods from the spent fuel ATMs at _ny decay time of

interest.

In additionto determiningthe bulk concentrationsof radionuclidesin

the fuel and c'ladding,characterizationis also directedtowardsobtaining

informationon the radionuclidedistributionin the fuel. Informationon the

nonuniformdistributionof radionuclideswill assist in providingan under-

standingof the preferentialreleaseof certain radionuclidesthat is observed
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in leachtestingof spent fuel (Oversbyand Wilson 1985). Specialemphasis is

being placedon determiningthe 14C distributionin the fuel, cladding,crud,

and assemblyhardwarebecause less is known about the actualconcentrationsof

this radionuclidethan most of the other radionuclides. Becauseof a similar

interestin tritiumdistributionin the fuel and cladding,techniquesare

being developedto analyzetritium in the MCC spent fuel rods. Sevel'al

mutually supportivetechniquesare being used to evaluatenonuniform

distribution,includingautoradiography,EPMA, AEM, SSMS of small radial

samplesfrom fuel pellets,and radiochemicalanalyses of materialchemically

stripped from the interiorcladding surfaces.

Anothermajor type of examinationconductedby the MCC involvesmetal-

lographyand ceramographyof samplesfrom the peak-powerand other lower-

power regionsof the fuel rod. Metallographyis conductedbecausecladding

corrosionvaries along the entire length of the rod under the influenceof

reactorcoolant temperaturesand the fuel operatingtemperatures. An under-

standingof claddingcharacteristicsis needed becausethe claddingmay serve

as an importantbarrierduring geologicdisposal. Cladding corrosionon both

the water side and fuel side is evaluated,along with hydriding,hydrogen

content, and any obviouscrud deposition. Ceramographyof the fuel is con-

ducted to evaluate I) the amount and locationof fuel grain growth,2) fission

gas bubble formationand distribution,3) the amount and distributionof fuel

pellet cracking,4) as-fabricatedporosityand changescaused during irradia-

tion, and 5) the formationof noble metal f_ssionproductagglomerates.

Ceramographyis used to determinethe fuel grain sizes and grain growth, a

parameterthat is importantto interpretingdifferencesin the behaviorof

fuel in leach tests and oxidationtests. Ceramographyis also importantin

establishingthe characteristicsof the individualspent fuel ATMs for com-

parisonwith the overall spent fuel population.

As indicatedin Figure 4.1, selectedsamplesfrom the spent fuel ATM

assembly hardwareare scheduledto be analyzedfor specific activation

products. To interpretthis information,it will also be necessaryto analyze

for the precursor isotopes(N, Ni, _o, Nb, and Eu). The inventoryof activa-

tion products in hardware is an importantpart of the evaluationof repository
=
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performance (Oversby 1987b); however_ work has not yet been initiated by the

MCCto analyze crud or hardware, although hardware samples from ATM-lO3 (PWR)

and ATM-lO5 (BWR) have been examined by Luksic et al. (1986).

Special examinations consisting of SSMS, EPMA, and AEMare planned for

selected samples from the rods that are receiving detailed characterization.

As previously noted, SSMSis being evaluated for use in confirming the bulk

measurements made by radiochemistry and providing measurements of nuclides for

which radiochemistry is not conducted. EPMAis used to determine the distri-

bution of elements across the fuel radius. AEMprovides a method for examin-

ing the fuel on a scale approaching the atomic level; it can identify phases

and structures that are not discernible in normal ceramography but are

important to understanding the distribution of fission products in the fuel.

4.3 SELECTIONOF RODSFORDETAILEDEXAMINATION

• Because all of the ATM-]04 rods had similar burnups according to data

_rovided by the vendor, it was desired to perform detailed examination on

ATM-lO4 rods that would adequately define the range in characteristics for

fuel rods in the assembly. Nine fuel rods were initially removed from the

assembly; detailed characterization was to be performed on three rods. Eight

of the ATM-lO4 rods removed from the assembly were in two rows positioned

about halfway between guide tubes (see Table 3.3 and Figure 3.3); one rod

(MKP028) from another part of the assembly was removed for use in testing the

fission gas collection system. Examination of these rods was expected to

o indicate whether there were any significant burnup and/or fission gas varia-

tions from the fuel assembly edge to the central guide tube. The rods were

withdrawn from the locations indicated in Figure 3.3 because almost all of the

rods originally irradiated in this portion of Assembly D047 were available for

examination, if necessary (41 of the original rods were removed by C-E and

fabrication data was insufficient for seven other rods). Removal of rods in a

row from the assembly edge to the central guide tube also follows the pattern

of examination for the ATM-lO3 rods irr'adiated to a moderate burnup in the

same reactor (Guenther et al. 1988a).
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Gamma scanningand fissiongas samplingwere used to confirmthe choice

of rods to receivedetailed characterization. Rod MKPI09 was proposed as the

first rod for detailed characterizationbecauseof its centrallocation

betweenthe guide tubes and the assemblyface (see Figure3.3). Results of

the gamma scanningdid not indicateany apparentcesiummovement in any of the

ATM-lO4 rods, which would have been indicativeof high fissiongas release.

Analyses of the gas samples from the ATM-lO4 rods confirmedthe expected low

fissiongas releases and the suitabilityof Rod MKPI09 for detailedchar-

acterization.

AdditionalATM-lO4 fuel rods will be gamma scannedand fission gas sam-

pled to selectthe remainingrods for detailedcharacterizationand to

establishthe rod-to-rodvariabilityamong the ATM-lO4fuel rods. The results

of the detailedexaminationsof Rod MKPI09 and the availableresults for lim-

ited examinationsconductedon Rods MKP028,MKP059 (the referencerod for

ATM-lO4),MKP063,MKP070, and MKPI06 are discussedin Sections6.0, 7.0,

and 8.0.

4.4 ROD SECTIONING

Once a rod has been gamma scanned,fissiongas sampled,and selected for

detailedcharacterization,a sectioningdiagram is developedbased on the

number of samplesrequired for MCC characterizationand any samplesrequested

by experimenters. Brief explanationsof the gamma scanningprocess and how

gamma scan plots are used to prepare a sectioningdiagramare provided below.

4.4.1 Gamma Scans

Each fuel rod was gamma scannedaxially using a germanium-lithiumgamma

ray detector. Details on the gamma scanningequipmentand procedureare pro-

vided in Appendix B. In general, the same countinggeometry,counting equip-

ment, analyzingequipment,and data storageequipmentwere used for each

measurement. During a few of the gamma scans (involvingRods MKP063 and

MKPI06), a temporary detector was used as described in Appendix B. The gamma

scanning system is the same one used to measure the gammaactivity in the

ATM-lO3, ATM-lO5, and ATM-i06 fuel rods. As in the gammascans for other MCC
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spent fuel rods, the gamma scans for standardrods in ATM-lO4 are precededand

followed by gamma scans of short portionsof a referencerod. The reference

rod for ATM-lO4 is MKP059.

Initial spectralcountingof the high-activityregionsof referenceRod

MKP059 showed significantgamma ray peaks at 605 keV (134Cs),662 keV (137Cs),

and 796 keV (134Cs),as was the case for previousATMs. The 137Cs activityof

the ATM-lO4 fuel was approximately30% higher than for ATM-lO3at the time of

gamma scanning. The higher radioactivityoccurredbecausethe ATM-lO4fuel

achieved a higher burnup and was out of the reactor2 years less than the

ATM-lO3 fuel. There was no difficultyin obtainingadequatecounting statis-

tics. A 60Co signal was also detected during scanningbecausea sampleof

this material was placed in the detectionsystem as a referencepoint. The

detailed resultsof the gamma scanningare provided in AppendixB for Rods

MKP059, MKP063,MKP070,MKPI06, and MKPI09.

An example of the 137Cs gamma activityalong the length of Rod MKPI09 is

shown in Figure 4.2. As was the case for ATM-lO3 spent fuel (moderateburnup

and low fissiongas release),the pellet/pelletinterfacesare readily

indicatedin the gamma scans by the sharp dips in the gamma activityon a

pitch equal to the pellet length of approximately1.14 cm (0.45 in.). The

137Cs gamma activityalso decreasedregularly(-5%) on intervalsequal to the

distance betweenthe grid spacers (47.9cm, 18.9 in.). There were no indica-

tions of fuel relocationin any of the rods that were gamma scanned;nor were

there any indicationsof cesium movement to the pellet-pelletinterfaces,

which is associatedwith high fuel temperaturesand fissiongas release. A

small portion of the gamma scan data near the center of Rod MKPI09 was deleted

because of an electronicshift during scanning (see AppendixB).

The gamma scanningprocedurerequiresthe measurementof the length of

the irradiatedfuel rod from one end cap to the other. The as-measuredfuel

rod lengthsare summarizedin Table 4.1 for the reportedATM-lO4 rods. The

rod lengthsare similarto the fuel rods in ATM-lO3and ATM-lO6 and may be

compared with the nominaldesign length of 3.73 m (147 in.). The permanent

axial strainsof about 0.5% fall in the range that is typical for these rods

(Andrews,Smith, and Shubert1988).
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FIGURE 4.2. Gamma Scan for 137Cs - Rod MKPI09

TABLE 4.1. Fuel Rod LengthsMeasured During Gamma Scanning
4

I I IIIIII

As-lrradiatedFuel
Fuel Rod Number Rod Lenqth,m (in.)

MKP059 3.758 ± 0.003 (148.0± 0.2)

MKP063 3.754 ± 0.003 (147.8± 0.2)

MKP070 3.75 avg(a) (147.9avg)(a)

MKPI06 3.762 ± 0.003 (148.1± 0.2)

MKPI09 3.757 ± 0.003 (147.9± 0.2)

(a) Assumed to be equal to averageof length
measurementsfor the other rods becauseof
technicaldifficultiesin the measurement
system.

--- I
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4.4.2 Rod Sectioningand Sample Selection

After gamma scanning and fissiongas sampling,a sectioningdiagram was

preparedfor Rod MKPI09, as will be done for ali spent fuel rods that are to

receivedetailedcharacterization. The sectioningwas based on the charac-

terizationplan, resultsof the 137Cs gamma scan of the entire length of the

rod, and requests by experimenters.

The sectionsused for radiochemical,ceramographic,and metallographic

analysiswere 0.63 to 2.54 cm (0.25 to 1.0 in.) in length. Each sample was

designatedwith an alpha-numericsymbol in order of sectioningfrom the top of

the fuel rod. Details on the sectioningprocess, descriptionsof each fuel

section,their lengths,and locationsin the rod are given in Appendix C. The

majority of the samples were taken for either ceramographic/metal'lographic

examinations (Figure 4.3) or radiochemical analyses (Figure 4.4).

Selected fuel samples were sectioned from Rod MKPI09 for ceramographic

examination of the irradiated fuel, metallographic examination of the irra-

diated cladding at the same location, and alpha and beta/gamma autoradi-

ography of each sample. These fuel samples were taken in coordination with

several other samples for radiochemistry, AEM, distribution to experimenters,

and archiving. As indicated in Figure 4.3, five transverse and three longi-

tudinal fuel sections were taken from Rod MKPI09 to provide detailed charac-

terization across the fuel radius and at fuel axial locations with a variety

of cladding temperatures and fuel burnups. The fuel rod sections taken from

the low-power regions of the fuel rod also provide information on

as-fabricated fuel data, such as grain size and porosity.

Similarly, as indicated in Figure 4.4, additional samples were taken at

several locations in Rod MKPI09 for radiochemical analyses. The analyses were

conducted primarily to verify or identify deficiencies in the results of the

ORIGEN2calculations. Secondaryreasonsfor radiochemicalanalyseswere to

I) characterizeradionuclidemigration(whichORIGEN2cannot predict),and

2) characterizeinventoriesof radionuclidesfor which input informationis

unknownor uncertain,such as 14C tritium or other activationproducts
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Thus, analyticalsampleswere taken from the rod at locationsrepresentative

of variousburnups and fuel and claddingoperatingtemperaturelevels. Two

pairs of fuel sampleswere taken from the upper half of Rod MKPI09, and three

sets of three fuel sectionswere taken from the lower half. The main differ-

ence betweenthe lower three sets and the upper pairs of specimensis the

inclusionof fuel samplesfor obtainingthe fuel burnup,the isotopesof

uranium and plutonium,and specificnuclides' 79Se, 90Sr 99Tc 126Sn 135Cso , , , ,

137Cs,237Np, 241Am, and 243Cm plus 244Cm.
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5.0 NUCLIDEINVENTORYANDRAD!O_ACT!VITyCALCU.LATIONS

Because of the large number of radionuclides and the long times con-

sidered for repository calculations, computer codes such as ORIGEN2(Croff

1980a, Croff 1980b) are used to predict the nuclide inventories and radio-

activities in fuel rods over a range of fuel burnups (exposures) and decay

times (times since discharge from the reactor). To compare radiochemically

measured concentrations in the fuel with values predicted by the ORIGEN2

computer code, burnup and decay calculations were made with the ORIGEN2

computer code(a) to estimate the nuclide inventories in the ATM-lO4 fuel and

cladding as a function of exposure and decay times (see Appendix D). The

comparison of measured and predicted values of radionuclides in the fuel and

cladding provides a means of cross checking the validity of the predictions as

well as the measurements. The input used for the ORIGEN2calculations is

explained below in Section 5.1. An evaluation of ORIGEN2libraries for

moderate and high burnup fuel is provided in Section 5.2.

5.1 INPUT DATA FORORIGEN2CALCULATIONS

The input data for making the ORIGEN2calculations for ATM-lO4, include

fuel composition, cladding composition, and power history. The fuel composi-

tion given in Table 5.1 was used as a basis for ORIGEN2input, lt is based on

information reported by C-E and reproduced in Section 3.1. The 234U content

was estimated by interpolating between published values for fuels of various

235U enrichments (Glasstone and Sesonske 1967; Garber 1984).

The cladding composition given in Table 5.2 was used as a basis for

ORIGEN2input, lt is also based on information provided by C-E and reported

in Section 3.1, plus nominal values assumed for the cladding. There are

4.514 grams of uranium for each gram of cladding over the UO2-bearing length
of the ATM-lO4 rod.

(a) The VAX version of the ORIGEN2code and the decay, photon, and cross-
section libraries (Croff, Haese, and Gove 1979; Croff et al. 1978) were
obtained from the Radiation Shielding Information Center (RSlC) at Oak
Ridge National Laboratory (ORNL) in July 1986.

5.1
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TABLE 5.1. Fuel Compositionof ATM-lO4Assumed
for ORIGEN2Calculations

II I il i IIII II

. Parameter Value(a)

Enrichment,wt% 3.038

234U, ppm 246(b)

Total Uranium,wt% 88.143

Oxygen,wt% 11.857

Carbon, ppm 18

Nitrogen,ppm 23

Fluorine,ppm 5

Chlorine,ppm 5

Iron, ppm 45

Silver, ppm I

Calcium,ppm 32

Aluminum,ppm 32

Silicon,ppm 32

Nickel 25

(a) Based on measuredvdlue unless
otherwisenoted (see Table 3.1).

(b) Based on other fuel enrichments.

I

The irradiationhistory for Rod MKPI04 shown in Figure 3.6 and tabulated

in Appendix A was used as the basis for ORIGEN2 input. Rod MKPI04 was located

in the center of the fuel assemblyand was expected to have had a rod-average

burnup of 41.9 MWd/kgM at discharo_ecomparedwith the expectedassembly-

averageburnup of 41.8 MWd/kgM. Rod MKPI09,the rod that receiveddetailed

characterization,was expected to have had a slightlylower dischargeburnup

of 40.4 MWd/kgM. The power densitiesfor Rod MKPI04 were normalizedto give

EOL burnup exposuresof 20, 25, 30, 35, 40, 45, and 50 MWd/kgMin order to

correctlypredictradionuclideinventoriesin fuel samplesthat achieved

differentdischargeburnups over the same time.
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TABLE 5.2. CladdingCompositionof ATM-lO4 Assumed
for ORIGEN2Calculations

ii II I III I II II I II III I II IIIIII - _ I

....Parameter Value (a)

Zirconium,wt% 98.0

Tin, wt% 1.5

Iron, wt% 0.2

Chromium 0.1

Aluminum,ppm 40

Hafnium,ppm 55

Silicon,ppm 80

Oxygen, ppm 1165(b)

Carbon,ppm 115(b)

Nitrogen,ppm 25(b)

Hydrogen,ppm 14(b)

(a) Nominal values unless otherwise noted.
(b) Average of measured values (see

Table 3.2).

I l IIIII III I I III I IIII I IIII

Nuclide inventories were calculated for decay times of 4, 6, 8, 10, 15,

20, and 1000 years after discharge from the reactor. These times bracket the

period during which experimenters may be evaluating this fuel and approximate

a commontime at which long-term repository calculations are made. Sample

inputs for irradiation and decay calculations are provided in Appendix D.

Appendix D contains extensive tables of ORIGEN2output for use in determining

the predicted values of radionuclide inventory for fuel and cladding samples

from Rod MKPI09.

5.2 EVALUATIONOF ORIGEN2LIBRARIES FORMODERATEAND HIGH BURNUPS

As explained above, the ORIGEN2computer code was used to calculate the

expected inventory of actinides, fission products, and activation products in

MCCspent fuels. Because the discharge burnups of the ATM-lO4 (and ATM-lO6)
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fuel rods are about 30% higher than the discharge burnup of ATM-lO1 and

ATM-lO3 fuel, it is reasonable to consider using the ORIGEN2libraries

associated with high burnup fuel for ATM-lO4 calculations instead of the

library associated with moderate burnup fuel. This question of which library

is best to use has been addressed by comparing the inventories predicted with

both libraries for the ATM-lO4 fuel samples that had measured burnups up to

44 MWd/kgM.

The ORIGEN2code package obtained from ORNL/RSlC in 1986 included

enriched uranium, PWRcross-section libraries for moderate burnup (PWRU)and

high burnup (PWRUD50). Characteristics of the libraries are summarized in

Table 5.3. The ORIGEN2calculations reported in the MCCseries of

characterization reports have used the PWRUlibrary.

The ORIGEN2libraries were designed to reproduce the quantities of the

major actinides at the burnups listed in Table 5.3. These burnups are typical

discharge burnups for the enrichments indicated in Table 5.3. Actinide

quantities at burnups less than "discharge burnup" should be reproducible

because ORIGEN2is encoded to change the cross sections for the major

actinides as a function of burnup in order to match detailed neutronics

calculations. The actinide quantities beyond "discharge burnup" are expected

to become less accurate with increasing burnup because the "discharge-burnup"

cross sections are used for all burnups beyond "discharge burnup."

Calculations made for three ATM-lO4 fuel samples(a) using the two cross-

section libraries assumed a postirradiation decay time of 5.08 years and an

initial enrichment of 3.038 wt% 235U. Results of the predictions are compared

against measured values in Figure 5.1 for Sample I04-MKPIOg-P with a burnup of

44.34 MWd/kgMand in Figure 5.2 for Sample I04-MKPIOg-LL with a burnup of

27.35 MWd/kgM. Results for Sample I04-MKPI09-CC with a burnup of 37.12

MWd/kgMare not shown, but the PWRUcross-section library also provided the

best overall predictions for this sample.

(a) Radiochemical analyses of these three samples are described in detail in
Section 7.0.
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FIGURE 5.1. Isotope Concentrations Predicted by ORIGEN2 Cross-Section
Libraries Compared with Values Measured in Sample I04-MKPIO9-P
with a Burnup of 44.34 MWd/kgM
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FIGURE 5.2. Isotope Concentrations Predicted by ORIGEN2 Cross-Section
Libraries Compared with Values Measured in Sample I04-MKPIO9-LL
with a Burnup of 27.35 MWd/kgM
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TABLE 5.3. ORIGEN2PWR Cross-SectionLibraries

I IlIII III I III II I I

Parameter Moderate Burnup (PWRU) Hiqh Burnup (PWRUDSO)

Enrichment,wt% 3.2 4.15

Burnup,MWd/kgM 33.0 50.0

Power Density, W/KgM 37.5 37.5

Boron Content, ppm 550,0 550.0

I Ii lllili III II II II IIIII

For the peak burnup sample (Figure5.1), one would expect the PWRUD50

libraryto do better than the PWRU librarybecauseof the high burnup. For

most isotopesthis was not the case. The actinideisotopicscalculatedwith

the PWRU libraryare in better agreementwith the measured isotopicsexcept

for 237Np, 242pu, and 243Cm plus 244Cm. The cause of the discrepanciesfor

the PWRUD50librarymay be due to the much higher initialenrichmentused to

generate the library than is actuallycontainedin the ATM-lO4 fuel samples.

lt was expected that the PWRU librarywould do better than the PWRUD50

library in predictingthe radionuclideinventoryfor Sample I04-MKPIOg-LL

(Figure5.2) because the measured burnup is 27.35 MWd/kgM. This is borne out

for most isotopes,especiallythe isotopesin greatestquantity (235U,238U,

239pu, and 241pu). The exceptionis 240pu;however,the discrepancyis not

very large.

The ratio of calculated-to-measuredvalues for the fissionproducts is

n_arly the same for the two librariesexcept for 135Cs. More 135Cs is formed

when using the PWRUD50librarythan with the PWRU librarybecausethe 135Xe

cross section is lower on the PWRUDSO librarythan on the PWRU library.

Consequently,the neutroncapture rate of 135Xe is lower and the rate of decay

to 135Cs is higher. The fissionproductsthat affectthe productionof 79Se,

90Sr, 99Tc, 126Sn, and 137Cs all have small cross sections;hence, the _mount

of each isotope is essentiallythe same using the two libraries.

Comparisonof the results using the two cross-sectionlibrariesfor

ORIGEN2 shows that the PWRU librarygives the best resultswhen comparing

measured and predictedinventoriesfor the ATM-lO4 fuel samples, lt may prove

5.7
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necessaryto use the PWRUD50librarywhen the MCC acquiresATMs with higher

initialenrichmentsand higher dischargeburnupsthan those in ATMs 101

through 108.

F/
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6.0 CLADDINGCHARACTERIZATION

The cladding can provide a barrier to release of fission products from

the fuel rod during irradiation and subsequent storage or disposal. The

extent to which the cladding provides this barrier depends on the condition of

the cladding as well as the environmental conditions to which the fuel rod is

exposed. During the disposal period in a nuclear waste repository, disposal

containers and/or overpacks will be relied upon to provide the primary barrier

against release to the environment. However, undefected or essentially intact

cladding could provide an additional barrier to release of many radionuclides

(Wilson and Shaw 1987).

In characterizing the cladding, the MCChas used both radiochemical and

metallographic examinations to determine the amount and distribution of

selected elements and isotopes that are important to the characteristics of

spent fuel rods. A schematic representation of these examinations is pre-

sented in Figure 6.1. Radiochemical examinations have been conducted on

cladding samples from several locations along Rod MKPI09 to determine the

distribution of cesium on the exterior and interior surfaces of the cladding,

the distribution of iodine on the interior surfaces of the cladding, total 14C

in the cladding (i.e., in the cladding as well as any deposits on the sur-

faces), and the hydrogen content in the cladding. Analyses are planned for

determining the amount of tritium, a radioisotope of interest during handling

operations at the repository, but these analyses have not yet been conducted.

Metallographic examinations have also been conducted on additional samples

from several locations along the fuel rod to provide a general view of the

deposits on the exterior' and interior surfaces, a means of determining the

thicknesses of these deposits, and the relative amount, distribution, and

orientation of hydrides. Results of the radiochemical and metallographic

examinations are presented in Sections 6.1 and 6.2, respectively.
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FIGURE 6.1. Schematicof Cladding Examinations

6.1 RADIOCHEMICALANALYSES

Radiochemical analyses of the cladding have consisted primarily of

measuring the cesium on the exterior and interior surfaces of the cladding,

iodine on the interior surfaces of the cladding, and the total amount of 14C

in the cladding. Rod MKPI09 from ATM-lO4 was the first MCCspent fuel to also

have the hydrogen content measured in cladding samples. Measurement of the

hydrogen content in the cladding was added to the list of analyses for com-

parison with photomicrographs of the etched cladding and correlation with the

measured oxide thicknesses on the cladding exterior surfaces. A brief

description of the procedures used to obtain these results is provided in
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Table 6.1. The results of these examinations are provided below, except for

the analyses of deposits of cesium and iodine on the cladding interior sur-

faces; results for the analysis of cesium and iodine on the cladding interior

surfaces are included with the description of fission product redistribution

in Section 8.

6.1.1 Cesium on the Claddinq Exterior Surface

The levels of 135Cs and 137Cs on the cladding exterior surface are of

interest in handling operations where large quantitites of dispersible radio-

activity could be an issue. These and other radionuclides that deposit on the

exterior surface of the cladding come from defected fuel rods or the corrosion

of assembly or reactor system hardware.

TABLE6.1. Description of Radiochemical Analysis Procedures
for Cladding Samples

' I ii i'ii iiii _1 il I illlil iilii i iiiiii ii ii iii i

Anal ys i s Descr i pt i on

14C The carbon in the cladding is evolved by total combus-
tion in pure oxygen, the CO collected, and the 14C
measured by liquid scintill2tion counting. Uncer-
tainty" +5.6%.

135Cs Interior and The cesium is leached from (interior or exterior)
Exterior Surfaces surface and separated from other elements by chromato-

graphic elution from a cation exchange column. Isotope
abundance of cesium isotopes is determined by mass
spectrometry. Uncertainty' +14%.

137Cs Interior and The cesium is leached from (interior or exterior)
Exterior Surfaces surface and determined by gammaray spectrometry on an

aliquot of the leachate. Uncertainty' +3.7%.

1291 Interior The cladding interior surface is leached in nitric
Surface acid. The iodine is separated from the nitric acid

leachate by distillation and precipitation as Agl.
lodine-129 is determined in a GeLi well detector.
LLncertainty" +_2.8%.

Hydrogen in A weighed cladding sample is melted under a flowing
Cladding inert cover gas and analyzed by gas chromotography.

Uncertainty' +_10%.

I III III I IIII I II III II II II I I IIIII1[ - I III
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Radiochemical analyses for cesium (and iodine) were obtained from 2.5-cm

(1.0-in.) cladding sections taken from five locations along the length of Rod

MKPI09 (see Figure 4.4). The fuel was removed from the cladding with a spe-

cially constructed punch, and the cladding interior surface was wiped four to

five times with fresh_ dry cotton to remove loose particles. The first cotton

swabs were black-streaked; thus, it may be inferred that some "loose" cesium

and iodine may have been removed by the swabs. After stoppering the open ends

of the cladding sample, it was immersed in 8N HNO3, and the resulting solution

was analyzed for 137Cs and 135Cs to obtain the exterior surface values for

cesium.

Results of the analyses for 135Cs and 137Cs on the cladding exterior

surface are provided in Table 6.2. The 137Cs concentrations on the exterior

surface of samples were relatively uniform over the full rod length and about

10% of the 137Cs deposited on the interior surface in the peak-power region

(see Table 8.9). The ratio of 135Cs and 137Cs activities are approximately as

expected from the predicted values listed in Appendix D. The amounts of these

two isotopes are somewhat similar in terms of grams, but the shorter half life

for 137Cs results in a much greater activity than for 135Cs. The amount of

cesium deposited on the exterior surface of the cladding is about 10 times

higher than that on the ATM-lO3 samples (Guenther et al. 1988a), possibly due

to the additional cycle of irradiation and/or slight contamination during hot

cell handling. The measured amounts of deposits on the ATM-lO4 exterior clad-

ding surface are comparable to those measured on ATM-lO6 cladding (Guenther

et aq. 1988b). Longer irradiation allows greater time for deposits of radio-

nuclides to accumulate on the cladding exterior surface. This possible

explanation is suggested by the oxide thickness being roughly twice as thick

on ATM-lO4 cladding as observed for the ATM-lO3 cladding (see below).

Analyses of the cesium deposits on the cladding exterior surfaces will be

discontinued for subsequent rods because of similar results for all of the MCC

ATMs (Guenther et al. 1988a, Guenther et al. 1988b, Guenther et al. 1990).
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TABLE 6.2. RadiochemicalAnalysesof Cesium on
the CladdingExteriorSurface

lI lIll I II I II I IIII II IUl

.....Activity, _Ci/cm 2

Sample No. (a) 137Cs 135Cs

I04-MKPIO9-D 12.8 7.25 x 10.5
I04-MKPI09-1 16.4 7.61 x 10.5
I04-MKPIOg-T 13.1 5.99 x 10.5
I04-MKPIO9-FF 13.8 7.21 x I0 -S
I04-MKPI09-O0 10.9 7,21 x I0 -s

(a) See Figure 4.4 for sample location.

J I II Illi ] I I I I III I II II I I IIII IIIII III I I ;

6.1.2 Carbon-14 In the Cladding

Carbon-14 is of interest in repository performance evaluations even for

undefected cladding beca_Ise 14Crelease has been observed in heated storage

tests where 14Con the cladding exterior surface was oxidized and released as

a gas (Van Konynenburg et al. 1987). Both the Environmental Protection Agency

(EPA 1985) (a) and the Nuclear Regulatory Commission (NRC1983) limit I4C

release from the proposed repository to the environment. Carbon-14 released

from the fuel may migrate as CO2 because the proposed repository site will be

located above the water table in the unsaturated zone (Van Konynenburg et al.

1987; Ross 1988). With a 5730-yr half life, 14Ccontributes less than 0.1% of

the total lO00-yr inventory in a PWRspent fuel assembly (Wilson and Oversby

1985). The significance of the 14Cinventory in the cladding will depend on

the distribution and release of the radionuclide after the containment period.

Carbon-14 in the cladding results primarily from the activation of 14N,

although very small amounts of 14Ccome from n-e reactions with i_0 and n-y

reactions with 13C (Van Konynenburg et al. 1987). The nitrogen content in the

MCCATMs varies over a range of values; the nitrogen content averages 24.8 -±

5.1 ppm in the as-fabricated ATM-lO4 cladding (see Fable 3,2), The 14C in the

cladding constitutes about 25% of the total 14C in the irradiated fuel rod.

(a) EPA 1985 references a regulation that has been remanded for
repromulgation.
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Analyses were performed on five samples from Rod MKPI09 to determine the

14Ccontent in cladding sections taken from locations along the length of the

rod (see Figure 4.3). The fuel was removed from these 1-cm (O.5-in.) samples,

and the cladding was broken into two portions that were analyzed separately.

The analyticalresultsare comparedwith ORIGEN2predictionsin Table 6.3.

The averageconcentratiol_sof 14Care consistentwith the levels pre-

dicted by ORIGEN2 using an initialnitrogenlevel of 25 ppm. The amount of

14Cin the ATM-lO4cladding is comparableto the values reported by Barner

(1985)for ATM-lO1 claddingand by Van Konynenburget al. (1987)for Turkey

Point cladding. The ATM-lO4cladding,with an initialnitrogencontentonly

5 ppm less than in the ATM-lO3cladding,had 14Clevels very similarto those

in ATM-lO3 claddingwith a peak burnup of about 33 MWd/kgM. The amount of 14C

measured in ATM-lO4 claddingranged between69% and 98% of the predicted

values. In comparison, the amount of IAC measured in the cladding from ATM-

103 and ATM-lO6 samples averaged about 65% and 120%, respectively, of the

predicted levels for these two ATMs.

Carbon-14 levels should increase with burnup and initial nitrogen con-

tent as is indicated in Figure 6.2 where data are presented for cladding from

the first rod characterized from each of ATM-lO3, ATM-lO4, and ATM-lO6. The

increase in 14Ccontent with increasing burnup is readily seen from the data

for each of the three rods in Figure 6.2. The ATM-lO6 rod had about twice the

initial nitrogen content as in the ATM-lO4 rod resulting in roughly twice as

much 14Ccontent in the ATM-lO6 rod at a given burnup.

The 14Clevels measured in the ATM-lO4 cladding varied about as much as

previously observed in the first rods from ATM-lO3 and ATM-lO6, although the

range of 14Cvalues in the peak-burnup region was greatest in the ATM-lO6 fuel

with 11% fission gas release. Someof the variation in measured 14Ccontent

may be explained by the range in initial nitrogen level, such as the 20% vari-

ance indicated in Table 3.2 for the ATM-lO4 cladding. The greater disparity

between measured and predicted values for the ATM-lO6 rod with high fission

gas release suggests that some of the 14Cin the hot fuel may have migrated to

the cladding, thus increasing the amount of 14Cmeasured, lt is possible that

some 14Cwas also released from the fuel center in the peak-burnup regions of
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TABLE 6.3. RadiochemicalAnalyses of Carbon-14in Cladding
and Comparisonwith ORIGEN2 Predictions

-- " ill I I III il II I lilill II IIIIIIII II I

Average Interpolated Ratio,
Analyzed of Analyzed ORIGEN2 Average
Activities, Activities, Activity, Analytical

_Ci/g _Ci/g _Ci/g Activity to
Sample No,; .Cladding(a)_ Cladding C1addinq(b) ORIGEN2

I04-MKPIO9-E 0.389, 0.378 0,384 0.52 0.74

104-MKPIO9-J 0.659, 0.334 0.497 0.72 0.69

I04-MKPIO9-U 0.955, 0.457 0.706 0.72 0.98

I04-MKPIO9-GG 0.521, 0.356 0.439 0.53 0.83

I04-MKPIO9-PP 0.392,, 0.147 0.270 0.29 0.93

(a) Each cladding samplewas separatedfor duplicateanalyses.
(b) InterpolatedORIGEN2 valuesobtained fro_Appendix D using estimated

burnup from equationin Section7.1 and la/Cs activityin Appendix C.

l II I III I III llil I II I IIIII III III I
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the ATM-lO4 fuel with low fission gas release; however, gas analyses indicate

no increase in 14C release to the void space in any of the rods with high

release. If 14C is released at operating temperatures, then it may form a

solid compound and deposit on the fuel and/or cladding surfaces and not be

present in the cover gas.

6.1.3 Claddinq Hydroqen Content

Hydrogen is an impurity typically found in low amounts in fabricated

cladding; the ATM-lO4 cladding had 13.5 +2.5 ppm hydrogen prior to irradiation

(see Table 3.2). As the cladding reacts with the reactor coolant, typically

less than 20% of the hydrogen liberated from the corrosion process is absorbed

into the cladding (Pyecha et al. 1985). The hydriding level in the cladding

is known to increase with increasing corrosion of the cladding exterior sur-

face, but hydriding also depends on neutron fluence, cladding prefilms, and

other factors (Lanning et. al. 1984; Johnson and Lanning 1985). Any residual

hydrogen in the fuel can also be released and absorbed in the cladding,

although hydrogen in the fuel is intentionally kept low. The nuclear indus-

try's desire to improve uranium utilization and increase plant efficiency is

leading to longer irradiation times, greater discharge burnups, highe_

operating temperatures, and increased LHGRs(Pyecha et al. 1985). Ali of

these factors can increase the oxidation of the cladding and result in higher

hydrogen levels in the fuel rods.

At reactor operating conditions, cladding temperatures (~300°C) are
i

sufficiently high for hydrogen to remain soluble in the cladding at con-

centrations up to aboul 200 ppm; however, zirconium hydrides precipitate at

hydrogen levels above 30 ppm and temperatures of about 250°C (Johnson,

Gilbert, and Guenther 1983). The increase in hydrogen levels combined with

radiation damage decreases the cladding ductility (Andrews and Lobre 1988),

although the hydride platelets are ductile at typical operating temperatures.

Design limits of about 500 ppm hydrogen at discharge have been suggested for

PWRs(Stehle et al. 1975).

Hydrogen concentrations were not originally scheduled to be determined

for the cladding samples. However, during metallographic examination of the

cladding (see Section 6.2), an apparently significant concentration of
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hydrides was observed with the concentrating increasing from the bottom to top

of rods in several ATMs (Guenther et al. 1988b, Guenther et al. 1990). Such

an increase in hydriding from the bottom to the top of PWRrods would be

consistent with increasing coolant temperatures that were typically 284°C at

the inlet and 312°C at the outlet of the Calvert Cliffs reactor core_ actual

cladding temperatures also depend on the oxide thickness and the fuel operat-

ing temperatures. Because of the apparent variation in hydrogen concentra-

tion along the fuel rod and the potential effect on cladding characteristics,

hydrogen analyses were made on five ATM-lO4 cladding samples previously

examined for cesium and iodine concentrations on the cladding surfaces.

Results of the hydrogen analyses for Rod MKPI09 are provided in Table 6.4.

The hydrogen concentrations in the cladding are plotted against axial

position along the rod along Figure 6.3. The hydrogen level increases from

about the as-fabricated value near the bottom of the rod to a peak of about

120 ppm towards the top of the rod after which the hydrogen level drops

slightly. The slight decrease at the top o_ the rod is consistent with data

from Pyecha et al. (1985) and is attributed to the maximumtime-averaged

temperature occurring near the second span From the top of the rods, i.e.,

between the 2nd and 3rd grid spacers. This results because the cladding

temperature at the top end of the rod decreases along with the fuel operating

temperatures, event though the coolant temperature peaks at the top of the rod.

The hydrogen levels in the cladding of the ATM-lO4 fuel rod are well

below the solubility limit during reactor operation, but essentially all of

the hydrogen has precipiated as zirconium hydrides at the examination tempera-

tures. The hydrogen may redissolve in the cladding once the fuel rod is

emplaced in a repository, but the hydrogen would probably reprecipitate and

exist as hydrides during most of the containment period in a repository

because the fuel temperatures are estimated to decrease to below I00°C after

several hundred years of disposal (Soo 1985).

6.2 METALLOGRAPHICEXAMINATIONS

The thickness of deposits on exterior and interior surfaces of the

cladding and hydride orientations within the cladding were evaluated from the
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TABLE 6.4. HydrogenConcentrationsMeasured in
Claddingfrom Rod MKPI09e

i lllil iiiI iliililill [ 'qll l

Axial Distance from

sample No. Rod Top(a),cm (in,) HydroqenContent(b),pDm

I04-MKPIO9-D 45.9 (18.1) 103, 122

I04-MKPI09-1 124.5 (49.0) 118, 126

I04-MKPIO9-T 214.0 (84.3) 72.9, 70.4, 82.1, 73,4

I04-MKPIO9-FF 349.4 (137.6) 16.6, 22.8

I04-MKPI09-O0 364.1 (143.3) 30.7, 29.8

(a) Distance is measured from the top end of the fuel rod to the
center of the sample.

(b) Duplicate analyseswere made for all samplesexcept for
quadruplicateanalyses in Sample I04-MKPIO9-T.
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FIGURE 6.3. Axial Variationof Hydrogen in Cladding from Rod MKPI09
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resultsof metallographicexaminationsconductedon cladding in the same

mounted samplesas those used for the fuel ceramographicexaminations(see

Figure 4.3). Resultsof these examinationsfor Rod MKPI09 are provided below.

Pllotographicdetailsof all metallographicsamplesexaminedare provided in

AppendixE.

6.2.1 C!addinq Oxide Examinations

The cladding is an important barrier to the release of radionuclides

during reactor operation and may serve as an additional barrier to the release

of radionuclides in a nuclear waste repository. The effective stress in the

cladding of fuel rods under internal pressurization increases as the cladding

is thinned by corrosion of either the exterior or interior surfaces. Infor-

mation on the exteriorzirconiumoxide layer is useful in evaluatingthe

amount of corrosionthat has occurredon the cladding surfaces. Analyses of

the oxide layer and any crud depositsare also useful in evaluatingthe

poter_tialfor airbornecontaminationduring handling operationsand potential

interactionswith the exteriorenvironmentduring disposal. As explained

above, it is also known that hydrogencontentcorrelateswith the thicknessof

the oxide layer formed on the exteriorsurfaceof the cladding (see Section

6.1.1). Oxide layers can also affect the heat transfercharacteristicsof the

fuel rod (Pyechaet al. 1985).

The interioroxide layer or deposits are of interestfor correlating

fissionproductdepositswith structuralchanges in the fuel, such as grain

growth. These correlationsare possibleclues to fissionproductredistribu-

tions. TFa claddingthicknessmay also be decreasedby oxidationof the

interiorsurfaceof the claddingwhere deposits are observed.

Films o_ ZrO2 are formed on the cladding exteriorsurfaceduring reactor

operation,although some claddinghas entered the reactorwith a thin prefilm.

Oxidationof the claddingcan also occur during wet or dry storage,depending

on the temperaturesandamount of availableoxidant. Zircaloyoxidationis

describedas involvingtwo phases: I) pretransition,where a black and highly

protectiveZr01.95forms under parabolicor cubic kinetics;and 2) post-

transition,where a less protectiveoxide forms that progressesfrom a dark

== 6.11
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(blackor mottledgray) to light (beigeor white) under linear kinetics

(Johnson,Gilbert,and Guenther 1983). Hillner (1977)describesequationsfor

these two regimesof claddingoxidation.

Work by Bryner (1979)has indicatedthat the oxidationof Zircaloy

cladding at reactor operatingtemperaturesconsistsof a seriesof cyclical

steps with initiallyfast oxidationfollowed by a decreasingcorrosionrate.

During each cycle, a protectivelayer forms at the metal-oxidesurfaceuntil a

criticalthicknessis reachedwhen the layer loses its protectivenature; this

is followedby anothercycle with an initiallyrapid oxidationrate. The

first cycle is equivalentto the pretransitionphase; the secondand subse-

quent cycles includethe post-transitionoxidationdescribedabove. Extensive

data and modeling by Claytonand Fischer (1985) supportthe cyclical nature of

the oxidationprocess.

ExteriorOxide

The oxide thicknesseswere initiallymeasured for three longitudinaland

one transversesamplestaken from Rod MKPI09. Phot._micrographsof both the

exterior and interiorsurfacesof the claddingfrom Samples I04-MKPIO9-JJfrom

a low-powerregion and I04-MKPIO9-Nfrom the high-powerregion are shown in

Figures6.4 and 6.5, respectively. Oxide thicknesseswere later measured for

Samples I04-MKPI09-C,I04-MKPIOg-H,and I04-MKPI09-Oin coordinationwith

other analyses. Photomicrographsof these three additionalsampleswere taken

at four equidistantlocationsaroundthe claddingcircumference,insteadof

the normal single location,to define any variationin the oxide/deposit

thicknesses,n the circumferentialdirection. Results of the measurementsof

the exteriorand interioroxides/depositsare listed in Table 6.5. A discus-

sion is providedbelow on I) the thicknessesof the oxide layerson the

exterior surfaceof the cladding,2) the change in the structureof the oxide

layers from the bottom to the top of the rod, and 3) the relationshipbetween

oxide thicknessesancithe amount of hydrogen in the cladding.

Oxide Thickness. The oxide layer on the claddingexterior surfaceof

Rod MKPI09 is consistentwith the relativecladding operatingtemperatures.

As shown in Table 6.5, the thicknessof the oxides on the claddingexterior

surface increasesfrom about 2 to 4 pm near the bottom of the rod (minimum
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cladding temperature) to a maximumof about 21 _m at Sample I04-MKPIO9-H taken

from the middle of span 3 (- maximumcladding temperature) (see Figures 3.1

and 4.3). The oxide thickness then decreases slightly in Sample I04-MKPI09-C

taken near the upper end of the rod (intermediate cladding temperature).

Examination of the photomicrographs taken around the cladding circumference

indicates that the exterior oxide layers are fairly consistent at a given

axial location in the rod, varying by about 10% or less in the samples

examined (Table 6.5).

The decrease in oxide thickness near the top end of the rod is not

unexpected because the cladding temperature is dictated by both the coolant

and fuel operating temperatures (Pyecha et al. 1985). The coolant tempera-

ture in CC-I increased about 30°C from the bottom to the top of the rod, but

the operating power near the end of the rod results in lower cladding

temperatures than in the peak-power region.

Comparison of oxide thickness data for ATM-lO4 with similar data for

ATMs-IOI, -103, and -106 in Figure 6.6 indicates that all the rods examined by

the MCChad oxide thicknesses that increased from the bottom to the tep of the

rods. The relative amounts of oxide on the cladding exterior surfaces of the

ATM-lO4 rods are reasonably consistent with exposure times for the various

ATMs. The ATM-lO3 fuel rods were in the reactor for 546 days less than the

ATM-lO4 rods, resulting in considerably thinner oxide layers. ATM-lO4 was in

the reactor for 1852 days compared with 2203 days for ATM-lO6, which had

slightly thinner oxides than in ATM-lO4 at peak power. The average reactor

power was higher during the life of the ATM-lO4 rods, which may explain why

the ATM-lO4 rods had somewhat thicker oxide layers than the ATM-lO6 rods. The

ATM-IOI cladding had oxide thicknesses comparable to those on the ATM-lO4

cladding, even though the exposure time was 690 days less for the ATM-lO4

rods. However, the ATM-IOI rods were irradiated in a different reactor where

coolant chemistry may have been different.

The maximumthicknesses of the oxide on the exterior surface of cladding

from the MCCATMs were estimated from the data shown in Figure 6.6 and are

reasonably consistent with data collected for other C-E rods (Anderson and

Lobre 1985) as indicated by the comparison in Figure 6.7. However, the MCC
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resultsare near the lower bound of the C-E data_ possiblypartiallydue to

differencesin measurementtechniques(the C-E data were obtainedby eddy

currentmeasurements).

Oxide Structure. The structureof the oxide layers on the cladding

exteriorsurfacealso changesalong the length of the fuel rod. Sample

I04-MKPIOg-N(see Figure6.5), from the peak-powerregion near the center of

the fuel rod, has a multilayeredexterioroxide about 17 pm thick. The

outermost3- to 4-1_mlayer of oxide is probably looselyheld to the inner

layers (Figure6.5a). The exterioroxide of Sample I04-MKPIOg-JJ(Figure

6.4a) from the low-powerregion near the bottom of the rod is a single solid

layer approximatelyone fourththe thicknessof the oxide in the peak-power

region. The formationof multiple layers on the cladding is consistentwith

the cyclicaloxidationprocessand describedby Bryner (1979)and Clayton and

Fischer (1985)and the resultsof examinationsof other C-E fuel rods by

Andrews and Lobre (1988). Based on the photomicrographstaken at four loca-

tions on the circumferenceof the cladding (seeTable 6.5), the oxides are

fairly uniformaround the claddingat a given axial location. However,the

thickeroxides occasionallyare partiallyremovedeither during the

examinationprocessor during handling.

The Oxide/Hvdroqen.Relationship_.The oxide thicknesson the exterior

surfaceof the cladding and the hydrogencontent in the cladding both increase

from the bottom to the top of the rod (see Figures6.3 and 6.6). The rela-

tionshipbetween hydrogencontentin the claddingand the oxide thicknesson

the exterior surfaceof the cladding is indicatedby the plot in Figure6.8.

The oxide thicknessfor Sample I04-MKP109-O0was estimatedto be 2.5 _m based

on its location and the data in Figure 6.6; there were no adjacentmetal-

lographicexaminationsin this region. The hydrogencontentfor Rod MKPI09

increasedapproximatelylinearlywith oxide thickness. Up to 11% of the

hydrogenevolvedduring the corrosionof the Zircaloyto ZrO2 was absorbed

into the cladding samplesbased on the hydrogenand oxide data for Sample 104-

MKPI09-1and an assumedoxide density of 5.6 g/cm3; but the average amount of

hydrogenabsorption in the claddingwas considerablyless than the peak

absorptionof 11%. Extrapolatingthe linear fit of the data in Figure 6.8 Lo
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zero oxide thickness, the initial hydrogen content was 7.9 ppm, which is in

fair agreement with the average as-fabricated value of 13.5 ppm reported by

C-E. However, some cladding for fuel rods of earlier designs had thin

prefilms prior to irradiation. If the as-fabricated hydrogen content was

13.5 ppm as indicated by C-E, then there may have been an oxide prefilm of

about I #in prior to irradiation based on the trend in Figure 6.8. These

results are fairly typical of PWRfuel rods (Pyecha et al. 1985; Johnson,

Gilbert, and Guenther 1983).

- Interior Deposits

Deposits on the cladding interior surface may result from oxidation of

the cladding wall or reaction with the UO2 and/or fission products released
during irradiation. The amount of these deposits can provide supporting

evidence for grain growth and fission gas release observed in fuel rods.

Work by Cubicciotti et al. (1976) provides relevant information on what

might be expected oil the interior surface of the cladding. They observed
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minimal deposits on cladding samples from H. B. Robinson fuel rods with

slightly lower peak burnups than ATM-lO1 rods, which were also irradiated in

the H. B. Robinson reactor. They also examined cladding from Maine Yankee

fuel rods that had high fission gas release (10 to 13%) while achieving a

burnup of only 13 MWd/kgM. Analyses of the cladding from Maine Yankee

revealed significant deposits of fission products on the cladding near the

locations where cracks formed in the fuel pellets during irradiation. The

deposits contained cesium, iodine, tellurium and other volatile fission

products along with uranium, zirconium, and oxygen, Particles of nearly pure

Csl and particles with high tellurium concentrations were observed along side

the deposits formed near the cracks. Fuel particles were occasionally stuck

to the cladding wall by a material composed of U-Cs..O. A similar material

apparently bonded fuel particles to the cladding wall of the H. B. Robinson

sample examined.

The deposits on the interior surface of the cladding from Rod MKPI09

were consistent with the range in fuel burnups and probable fission gas

release. Negligible oxide/deposits were observed on the interior surface of

samples from the upper and lower ends of the rods where the burnup and local

fission gas release were low; see, for example, the in]cerior surface of

Sample I04-MKPIO9-JJ (Figure 6.4b). The cladding interior surface of Sample

I04-MKPIOg-N from the peak-power region appeared to have localized oxide

"islands" that rapidly thinned at their ends (Figure 6.5b). However, examina-

tion of four photomicrographs of Sample I04-MKP109-O (see Appendix E) indi-

cated that the interior deposit was relatively uniform, which suggests that

the deposits on the interior surface of Sample I04-MKPIO9-N may have been more

uniform than apparent from the single photomicrograph.

The range in features on the cladding interior surface of the ATM-lO4

rod is consistent with previous results from MCCexaminations and work by

Cubicciotti et al. (1976). Peak-power samples examined from ATM-lO1 and

ATM-lO3 rods with low rod-average fission gas releases also had localized

regions where deposits were observed on the cladding. The Zircaloy cladding

was partially removed underneath some of the deposits in ATM-lO4 cladding (see

Figure 6.5a, in which the original cladding wall is marked). Samples from the
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peak-powerand lower-powerregionsof an ATM-lO6 rod with 11% rod-average

fissiongas release had relativelyuniformoxide/reactionproductdeposits on

the cladding interiorsurface,which is consistentwith the higher fissiongas

releaseand apparetethigher operatingtemperaturesin the ATM-lO6rods. In

general, the thicknessand extent of the depositson the interiorsurfaceof

the cladding have increasedwith increasinglocal burnupand apparent fuel

temperatures.

6.2.2 Cladding Hydride Examinations

The cladding was metallographically examined to determine the general

level of hydrides as well as the orientation of hydrides throughout the clad-

ding. Hydride orientations are important to the failure sensitivity of the

cladding because hydrides oriented in the radial direction with repect to the

cladding surfaces are detrimental to the cladding strength. Circumferen-

tially oriented hydrides do not decrease the cladding ductility. Based on the

Fn numbers(a) reported in Table 3.2, most of the hydrides observed in the as-

fabricated cladding were circumferentially oriented.

The Zircaloy-4 cladding was etched with 45% HN03, 45% glycerin, 10% HF
to reveal the cladding grain structure. This step was followed by etching

with a 45% HNO3, 45% H202, 10%HF solution to reveal the hydrides. A com-
parison is made in Figure 6.9 of hydriding in transverse samples taken from

the near the top, middle, and bottom regions of Rod MKPI09. The hydride

concentrations are greatest near the top of the rod, as observed in

Sample I04-MKPI09-C, and decrease to almost negligible amounts at the bottom

of the rod, as observed in Sample I04-MKPIOg-KK. Sample I04-MKPI09-O, taken

from near the middle of the rod, has an intermediate amount of hydriding.

Using the mean oxide thickness for Samples I04-MKPI09-C and -0 and an

estimated oxide thickness of 4.1 vm for Sample I04-MKPIOg-JJ, the relationship

between hydrogen and oxide thickness yields 112, 75, and 25 ppm of hydrogen in

these samples, respectively. Thus, the increased number of hydrides from the

(a) The Fn number is a measure of the number of hydride platelets oriented
within ±45° of the radial direction. A low Fn number indicates most of
the hydrides are tangentially oriented with respect to the cladding
radius, i.e., circumferentially oriented.
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bottom to the top of the rod compares well with the levels of hydrogen in the

cladding. As illu_trated in Figure 6.9, hydrides precipitate at room tempera-

ture at hydrogen levels as low as about 25 ppm.

For each sample examined from Rod MKPI09, the hydrides are oriented pri-

marily in the circumferential/longitudinal planes. These results are similar

to those obtained for samples examined from ATM-lO3 and ATM-lO6 rods, all of

which were made by C-E and irradiated in the same reactor.
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7.0 FUEL RADIONUCLIDEINVENTORy

lt is importantto define the inventoryand distributionof radionu-

clides in spent fuel so that modelerscan assessthe performanceof the

proposed repositoryand scientistscan evaluatetheir results from tests of

spent fuel. As mentionedpreviously,the NRC and EPA limit the amount of

radionuclidereleasethat will be allowed from the proposednuclear waste

repository,thus requiringan understandingof the radionuclideinventory(EPA

1985; NRC 1983). The quantitiesof radionuclideswithin the fuel are also

importantto evaluationsof spent fuel for transportationand handling

operationsprior to receiptat the repositorysite.

This section providesthe resultsfrom radiochemicalanalyses,autoradi-

ography,and EPMA that were conductedto define the inventoryand distribution

of the actinides,fissionproducts,and 14C in fuel samplesfrom Rod MKPI09 of

ATM-lO4. The radiochemicalanalyseswere conductedprimarilyto confirm the

expectedfuel burnup and determinehow well the measured concentrationsof

selectedisotopes comparedwith those predictedby the ORIGEN2code. Secon-

dary reasons for the radiochemicalanalyseswere to I) characterizeradio-

nuclidemigration (whichORIGEN2cannot do) as discussedin Sectien 8.0 and

2) characterizeinventoriesof radionuclidesfor which input informationis

unknownor uncertain,such as 14C or variousother activationproducts. Auto-

radiographyand EPMA were used to evaluatethe radialdistributionof the

actinidesand fissionproducts. Autoradiographyprovidesa qualitative

estimateof the distributionof isotopesthat emit either alpha particles

(alphaautoradiography)or beta particlesand/or gamma rays (beta/gamma

autoradiography). EPMA has been used to define the concentrationof elements

across the fuel radius and to providea means of determiningthe radial burnup

profile. Resultsof these examinationsare provided in discussionsof the

fuel burnup (Section7.1), comparisonsof the measuredand predictedamounts

of selectedradionuclides(Section7.2), and the distributionof actinidesand

fissionproducts across the fuel radius (Section7.3).
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7.1 FUEL BURNUP MEASUREMENTS

Burnup is the term used to define the amount of energy obtained from the

fuelduring the course of irradiationand is expressedas the amount of energy

producedper unit of fuel wei£ht, such as MWd/kgM,or as the percentageof

' initialfissileatoms consumedduring irradiation,atom% (at%). Becausefuel

burnup is related to the number of fissionevents, each of which produces

about 200 MeV of energy, the inventoryof radionuclidesand other fucl cnarac-

teristicsare often expressedas a functionof fuel burnup. This section

presents I) the resultsof burnupmeasurementsfor three samplesfrom Rod

MKPI09 and the developmentof a correlationbetweenfuel burnup and the 137Cs

activitymeasured during gamma scanningof the entire fuel rod, and 2) com-

parisonof measured and predic.odrod-averageburnups.

,Analyticalsamplesar_ taketlat locationsrepresentativeof various

burnupsand f_}_land claddingoperatingtemperaturesas shown previouslyin

Figure 4.4. ihe samplesused for burnup analyseswere obtainedfrom the lower

half of Rod MKPI09 in conjunctionwith analysesfor the isotopesof uranium

and plutoniumand other specificnuclides. Additionaldetails on these fuel

sections,as they relate to other specimenscut from Rod MKPI09, are provided

in Appendix C. The proceduresused in performiv'ugthe radiochemicalanalyses

are describedin Table 7.1.

7.1.1 Burnup Results and Correlationwith Gamma Scan

Burnup analyseswere completedon the fuel from Samples I04-MKPIOg-P,

I04-MKPI09-CC,and I04-MKPIOg-LLfrom the lower half of Rod MKPI09 (see

Figure4.4). Based on the 137Cs activityobtained from gamma scanningthe

entire lengthof Rod MKPI09,these sampleswere expectedto representburnups

from about 60% to 100% of the peak burnup in this rod. The measured burnup

values for these sampleshave been correlatedwith the 137Cs gamma scan

r_sultsto estimatethe burnup and radionuclidecontentof any particular

sample from ATM-lO4that might be providedto a repositoryexperimenter.

The resuIts of the burnup analysesare listed in Table 7.2. Values are

presentedfor bL,rnupsdeterminedfrom the amountsof 148Nd measured in the

samplesfrom Rod MKPI09. The 137Cs activitiesmeasured at the locationsof
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TABLE 7.1. Descriptionof RadiochemicalAnalysis Proceduresfor Fuel Samples

I lib III I I I I II II IIII I III III II IIIIII III IIII I

Analysis Description

Burnup Sample Welg.hed sample is dissolved in heated 12N HNO3 (+tracePreparation HF Solution is separated from cladding and made up to

100 mL. Al iquots ar@ai_aken_J for subsequent analyses.Uncertainty" +I.0%.

Burnup Fission product neodymium is chemically separated from
(including irradiated fuel and determined by isotopic dilution mass
U and Pu spectrometry. Enriched 150Nd is used as the neodymium
i;otopes) isotope diluent, and mass 142 is used to determine

natural neodymium contamination. Uranium and plutonium
are also determined by mass spectrometry. The method
uses a calibrated triple spike of 150Nd, 233U, and 242pu
per ANSI/ASTMStandard Test Method E321-79. Uncer-
tainty" Atom % burnup, +2.5%; Pu, +1.6%; U, +1.6%.

14C The carbon in a specially-crushed sample of the fuel is
evolved by combustion in pure oxygen. The CO2 is
collected and 14C is measured by liquid scint111ation
counting. Uncertainty' +5.6%.

- 79Se Selenium-79 is separated from other radioactive species
by passing the chemically-adjusted solution through a
cation plus anion exchange resin column. The selenium
in the column effluent is distilled from hydrobromic
acid and precipitated as metal by reducing it with
hydroxylamine hydrocllloride. The reduced metal is
dissolved in nitric acid, and the 79Se is measured using
liquid scintillation counting. Uncertainty" ±4.9%.

90Sr The 90Sr is separated from other radioactive species by
selective elution from a cation exchange resin using

th tic acid Following separatio'_ the growth2-me y ll ac
of 90_ is measured by beta counting. The 90Sr is then

= calculated based on the growth of the 90y daughter over
a specific time. Uncertainty' ±5.7%.

i

(a) Uncertainties are one relative standard deviation that is based on
experience in the PNL laboratory.

-

--" II I II Bl I I I I III I
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TABLE 7.1. (contd)

liII I I

Analysis Description

99Tc Technetiumis separatedfrom other radioactivespecies
by a processthat absorbsmost other specieson to a
cation exchange resin. The technetiumis extractedfrom
the effluent into hexoneas tetraphenylarsonium
pertechnetate. The technetiumactivity is then measured
by beta counting. Uncertainty'±3.5%.

1291 Iodine is separatedby distillationand precipitationas
AgI. Iodine-129is determi,,edin a GeLi well detector.
Uncertainty" ±2.2%.

126Sn Tin is separatedby a combinationof cation and anion
exchange resins. Tin is finallyeluted with dilute
nitric acid and measuredusing a GeLi gamma spectro-
meter. Uncertainty' ±I0.2%.

135Cs Cesium is separatedfrom other elements by chromato-
graphic elution from a cation exchaltgecolumn. Iso-
topic abundanceof the cesium isotopeis determinedby
mass spectrometry. Uncertainty" ±14%.

137Cs The cesium is determinedby gamma ray spectrometryon an
aliquot of the aqueoussolution. Uncertainty" ±3.5%.

237Np Neptunium-237is separatedfrom other radionuclides
speciesby extractioninto a mixture of tri-iso-octyl-
amine (TiOA) in xylene,strippedfrom the TiOA phase

with HCI and re-extractioninto a mixtureof thenoyl-
%rifluoracetone (TTA) in xylene for additional sepa-
ration. Neptunium-237 is measured by alpha counting. A
239Np tracer is added to the sample and gamma-counted to
determine a recovery factor. Uncertainty" ±I.9%.

241Am, 244Cm Americium and curium are separated using cation and
243Cm plus anion exchange and determined by alpha _ectrometryUncertainty" 241Am, ±4.9%; 243Cm plus _Cm, ±4.1%

IIII I II li



TABLE 7.2. Burnup Results for ATM-lO4 Fuel Samples(a)

................. III I II III III lllE II III I I

Measured

137C
Measured Burnup(b) Activity...... l

_SSampleNo. Atom% MWd/kqM Counts/sLuj Sample Location

I04-MKPIOg-P 4.642 44.34 2308 Typical peak burnup in
center portionof Rod
MKPI09.

I04-MKPI09-CC 3.889 37.12 1962 Representativeof -84% of
peak 137Cs activityin
bottom portion of Rod
MKPI09.

I04-MKPIOg-LL 2.869 27.35 1535 r,epresentativeof-63%
of peak 137Cs activity in
bottom portion of Rod
MKPI09.

(a) See sectioningdiagrams in Appendix C for sample locationswith
respectto gamma activity.

(b) Burnup analyseswere conductedin May 1987, 5.08 years after
discharge. The calculationprocedureused was ASTM Standard E-219,
"StandardTest Method for Atom PercentFissionin UraniumFuel
(RadiochemicalMethod)."

(ci Cesium-137activitiesare correctedas explainedin Appendix B.

I II I II IIII I I I II

these fuel samplesduring the full-lengthgamma scan of Rod MKPI09 are also

presentedin Table 7.2; these 137Cs activitieswere adjustedbased on burnup

analysesand gamma scans for Rod MKP070 and other ATM-lO4rods that are not

yet availablefor publication(seeAppendix B). The 137Cs activitiesobtained

for the burnup samplesduring gamma scanningof Rod MKPI09 are plotted in

Figure 7.1 againstmeasured burnup values, in units of MWd/kgMfor ease of

interpolatingbetweenthe values in the tables of AppendixD.

Becausethe 137Cs activityand the measured burnupform a reasonably

linear relationshipin the burnup range measured,an equationcan be derived

for estimatingthe burnup in other fuel samplesfrom Rod MKPI09. Using the

137Cs activityand burnup v=lues shown in Table 7.2 and similar resultsfor
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two samplesfrom Rod MKP070,the relationshipbetweenburnup and 137Cs

activityin a sample from an ATM-lO4rod is determinedto be as follows"

BU = 0.0222 A - 6.8 [I]

where BU = the burnup of the Fuel sample in question,MWd/kgM

A = the activitymeasured over the length of the fuel samplesin
question as of March 28, 1987 (see the sectioningdiagram in
AppendixC)

Equation [I] is valid for determiningthe burnup in ATM-lO4 fuel samples as

long as the appropriate137Cs activitiesare used; the equationis based on

137Cs measurementsof fuel with a 4.92-yeardischargetime, such as given for

Rod MKPI09 in Appendix C. The correlationbetween137Cs activityand burr,up

values can be used in conjunctionwith the radionuclideinventorycalculations
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in Appendix D and the gamma scans in Appendix C to estimatethe radioisotopic

inventoryfor a particularATM-lO4 samplethat might be used by an

experimenter•

When ATM-lO4fuel rods are gamma scanned in the future, a correctionfor

the 30 17-yearhalf life of 137Cs will_be incorporatedin comparisonsof gamma• i, i_

scan data, as was done in comparingdate.f_o_Rod,,MKP070with data for Rod

MKPI09. The expectedrate of decrease'_ti_'_ZCs_activity'_"is indicatedby the

plot of calculated137Cs activity shown in Figure 7.2. If there is no change

in the sensitivityof the gamma scanningsystemwith time, then the gamma

scanningdata need be correctedonly for the decay indicatedin Figure 7.2.

However,the sensitivityof the gamma scanningsystem is determinedby

detector efficiencies,geometriceffects,backgroundactivity,and 137Cs

decay, and may requirea slightlydifferentcorrectionfactor than for just

the decay of 137Cs alone• The overalldecrease in sensitivityof the gamma

scanning system for the ATM-lO4 rods has been slightlyless than the rate of

137Cs decay (seeAppendix B). Becauseof the small differencebetweenthe

expected and apparentdecrease in 137Cs activitymeasured with the gamma

scanningequipment,only the correctionfor 137Cs decay was used in determin-

ing the equation for fuel burnup• The gamma scan data for other ATM-lO4rods

can be correctedto March 28, 1987, for comparisonwith Rod MKPI09 by using

the scan dates indicatedon the respectivegraphs in AppendixB.

7.1•2 Rod-AverageBurn.ups

While the previousdiscussionof measured burnups provideda relation-

ship betweenlocal fuel burnups and local cesium activity,rod-averageburnups

are needed for many assessmentsof fuel performance. One of the reasonsthat

the ATM-lO4 rods were acquiredfor characterizationwas that the average

burnup of a rod from this ATM was expectedto be about 42 MWd/kgM. This

burnup level is consideredto be moderatelyhigh comparedwith previously

dischargedrods that have typicallyhad about 33 MWd/kgM burnup,although_

future PWR spent fuel may have averageburnupsof 50 to 55 MWd/kgM (Andrews

and Lobre 1988).

C-E calculatedthe rod-averageburnupsfor each of the rods in Assembly

D047 based on reactorcore neutronicsand thermal hydraulicsdata. Rods
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MKP059 and MKPI09 were expected to have rod-average burnups of 42.6 MWd/kgM

and 40.4 MWd/kgM, respectively. Characterization data obtained from burnup

analyses and gamma scanning may be used as described below to determine rod-

average burnups that can be compared with rod-average burnups calculated by

C-E.

The 137Cs activities measured during gamma _canning of Rods MKP059 and

MKPI09 and the relationship between 137Cs activity and burnup were used to

determine the rod-average burnups for these two rods. Rod-average burnups

were determined by numerically integrating under the cesium curves in the

respective gamma scan plots (Figures B.3 and B.7) and dividing by the appro-

priate fuel column length. The fuel column lengths were 351.0 cm for Rod

MKP059 and 349.4 cm for Rod MKPI09. Average 137Cs activities for Rods MKP059

and MKPI09 were 2,139 and 2089 counts/sec, respectively. Using Equation [I],

Rod MKP059 had a rod-average burnup of 40.7 MWd/kgM, which is about 4.4% lower

than predicted by C-E. Rod MKPIO9 had a rod-average burnup of 39.6 MWd/kgM,

which is 2.0% lower than predicted by C-E. Calculations by C-E indicated that
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the rod-averageburnup in Rod MKP059 would be 5.3% higherthan "inRod MKPI09;

our calculationsindicatethat Rod MKP059 had 2.8% higherburnup than in Rod

MKPI09. Consideringthe 2.5% uncertaintyin measuringburnup and small

uncertaintiesin determiningaveragecesium activities,the rod-average

burnupsdeterminedfor Rods MKP059 and MKPI09 agree very well with C-E values.

7.2 FUEL RADIOCH.EMICALANALYSES AND COMPARISONSWITH ORIGEN2 PREDICTIONS

Consideringthe vast number of elements and isotopesthat exist in spent

fuel, it 'ispracticalto measureonly a limited number of radionuclidesfor

comparisonwith predictedvalues. Oversby (1987b)has indicatedthat 17 or

fewer chemicalelementsmay be consideredimportantto meetingthe NRC and EPA

requirements,dependingon a number of assumptions. A list of elements and

radionuclidesimportantto repositoryperformancewas developedthrough dis-

cussionswith repositoryrepresentatives. The elementsand radionuclidesthat

have been, or may be, measured by the MCC includethe isotopeslisted pre-

viously in Table 7.1.(a) Tritium (3H) was not includedin the originallist

of isotopesof interestto the repositoryexperimenters,but will be included

in future analyses. The proceduresused in performingthe radiochemical

analysesand an estimate of the uncertainty,expressedas the relativestan-

dard deviation,are providedfor each analysis describedin Table 7.1.

Resultsof the radiochemicalanalysesare provided in Section7.2.1. Compari-

sons of the analysesof 14C and 1291 in the fuel are made againstresults from

other ATMs in Section 7.2.2.

7.2.1 Resultsof Fuel Radiochemistry

A total of 11 fuel samplesfrom Rod MKPIOg were submittedfor radio-

chemical analysesas indicatedin Figure 4.4 and AppendixC. The burnup

levels were estimatedfor the eight fuel samples being analyzedfor 14C or .d

1291 by using the gamma scan sectioningdiagram in AppendixC and Equation [I]

relating fuel burnup and 137Cs activity in Section 7.1.1. Actual burnup

(a) Note' The MCC has also been requestedto analyze93Zr, 226Ra, 243Am, and
245Cm in the ATM fuels. These analyses have not been performedon ATM-
104 becauseprocedureswere not in place in the analyticallaboratoryand
fundinglimitationspreventeddevelopingthe procedures.
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values were measured for the remaining three samples. The results of the

radiochemical analyses and comparisons with the ORIGEN2predictions are pro-

vided in Table 7.3.

Nearly all of the radiochemical results agreed with ORIGEN2predictions

within +10%. Exceptions to this generally good agreement between measured and

predicted values for the fuel radiochemistry occurred for 79Se, 12°Sn, and 14C.

The greatest exceptions are for 79Seand i_6Sn, for which, the measured values

were about 15%and 22% of their respective values predicted by ORIGEN2.

Previous results for fuel from ATM-lO1, ATM-lO3, ATM-lO5, and ATM-lO6 analyses

also indicated similar differences between the measured and predicted values

for 79Se and 126Sn (Guenther et al. 1989). The amount of _37Npmeasured in the

fuel samples was about 15% less than predicted. These data are being provided

to Oak Ridge National Laboratory for their validation work on the ORIGEN2code

(Roddy and Mailen 1987).

The variation in the analytical-to-predicted ratios for all of the

samples from the ATM-lO4 rod are compared graphically in Figure 7.3. The

triangles represent the mean values of the ratios and the bars represent one

standard deviation. Ali of the measured quantities of uranium and plutonium

isotopes, except for 241Pu, were within 5% of the predicted concentratiol_s.

While the measured amounts of 79Se and 126Sn were considerably less than

predicted, as explained above, the measured amounts were consistently lower

regardless of the sample burnup. The 14Cconcentrations averaged 36% higher

than predicted; possibly because the amount of nitrogen in the fuel was

actually higher than the assumed amount of 25 ppm. Fabrication data from C-E

indicates that there could have been 14 to 34 ppm initial nitrogen in the fuel

(see Table 3.1).

7.2.2 Comparison with Other ATMS

The variations in 14Cand 1291 contents in the fuel at different burnups

have been compared with results from other relevant ATMs. The 14Ccontent in

the fuel is of interest because very little data exists in the literature for

this radionuclide. The amount of 1291 in the fuel is necessary for evaluating

the release of iodine to the fuel/'cladding surfaces.
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TABLE 7.3, Fuel RadiochemicalAnalysesResultsand Comparisonswith
ORIGEN2 RadionuclideInventory

lilli ii li i ii li li i I i I ilil i II I Iii ii iiii liilil._ i Iii II i I

Sample Ratio,
ID and Burnup, (a) Analytical

Rad|onuclide _IWd/kgM _ Analytical Value _ OR.I...QEN2Va!.u..e(b) to ORIGEN2

_I04-MKPIO9-E
C-14 33.4 9.00 x 10.7 Ci/g fuel(c) 5.734 X 10.7 Ci/g fuel 1.57

104-MKP 109-J

C-14 44.3 9.31 x 10.7 Ci/g fuel(c) 8.105 x 10.7 Ci/g fuel 1.15

I04-MKPIO9-P

U-234 44.34 1.2 x 10"4 g/g,fuel 1.200 x 10.4 g/g,fuel 1.00U-235 3.54 x 10"_s 3.420 x 10"_ 1.04
U-236 3.69 X 10"_. " 3,599 X I0"5. " 1.03
U-238 8.249 x I0"! " 8.239 X I0"! " 1.00

PU-238 2.688 x 10"-4 " 2.688 X 10"4- " 1.00

PU.,239 4.357 x I0"_5 " 4,501 X I0"_5 " 0.97
PU-240 2.543 x 10"2 " 2.437 x I0"_5 " 1.04

PU-241 1.020 x 10"_ ' 1.099 X 10.5 " 0.93

PU'242 8.401 X 10.4- " 7.696 X 10.6- " 1.09

Np'237 3.31 X I0"_f Ci/g fuel 3.913 x I0"-f Ci/ fuel 0.85Am-241 1.31 x 10"_3 1,245 x IO"Zi _ 1.05
Crn-243& 244 6.40 x I0"-3 " 6.038 x 10.5_ " 1.06

Se-79 6.49 x I0"_8 " 4.695 x I0"_" " 0.14
Sr-90 6.58 x I0"_ " 6.667 x 10.2 " 0.99

Tc-99 1.35 x I0 "b_ i, 1.457 x 10.5_ " 0.93

. Sn-126 2.2 x I0"_7 " 9.916 x 10"Y " 0.22
Cs-135 4.95 x I0".f " 4.884 x 10"_" " 1.01
Cs-137 1.09 x 10"I " 1.059 x I0"1 " 1.03

I04-MKPI09-T

1-129 44.4 3.75 x 10.8 Ci/g fuel 3.816 x 10.8 Ci/g fuel 0.98

I04-MKPIO9-U

C-14 44.4 1.63 x 10-6 Ci/g fuel(c) 8.068 x 10.7 Ci/g fuel 2.02

I04-MKPI09.CC (c)

U-235 5 7 x 10 "3 g/g''fuel .111"317xX1010_ g/g,,fuel 1.011.06
U-236 3.53 x 10.3. " 3.479 x I0"3. " 1.01
U-238 8.327 x I0"! " 8.297 x 10"! " 1.00

Pu-238 1.893 x 10"_4 " 1.891 x 10"_4 " 1.00

Pu-239 4.357 x I0"_3 " 4.475 x 10"_3 " 0.97
: Pu-240 2.239 x 10.5. " 2.242 x I0"5 " 1.00

Pu-241 9.028 x I0"4. " 9.493 x 10.4 " 0.95
Pu-242 5.761 x 10"4_. " 5.419 x 10.4 " 1.06

Np-237 2.51 x I0"_f Ci/g fuel 3.193 x I0"_T Ci/g fuel 0.79
Am-241 1.18 x I0"Li " 1.104 x 10"_5 " 1.07
Cm-243 & 244 2.93 x I0"5_ ii 2.738 x 10.5_ " 1.07
Se-79 6.036 x 10.8 " 3.997 x 10"_7' " 0.15

Sr-90 5.90 x 10"2 " 5.877 x 10.2 " 1.00

Tc-99 1.23 X I0"b_ " 1.262 x 10.5. " 0.97
Sn-126 1.82 x I0"-f " 8.030 x I0"_( " 0.23

Cs-135 4.59 x I0"Y " 4.556 x 10.7 " 1.01

Cs-137 9.01 x 10-2 " 8.867 x 10-2 " 1.02
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TABLE7.3. Fuel Radiochemical Analyses Results and Comparisons with
ORIGEN2Radionuclide In_,entory (contd)

- IIII' I I III II I II I IIIII I

Sample Ratio,
ID and Burnup,la) Analytical

Radionuclide MWd/kgM _ Analyt!cal Value ORIOEN2Value(b) to ORIOEN2

104-MKPIO9-FF
1-129 34.9 3.39 x I0"8 Ci/g fuel 2.975 III0"8 Cl/g fuel 1.14

=

I04,MKP!O9-GQ

0-14 33.8 9.26 x 10-7 Ci/g fuellc) 5.977 x 10.7 CI/g fuel 1.55

,1,04-.MKP1D.9-LL
U-234 27.35 1.6 x 10.4 g/g fuel 1.502 x 10"4 g/g fuel 1.07
U-235 8.47 X I0"-s " B 467 x I0"__ " 1.00
0"236 3.14 X I0 "s. " 3:084 X 10"3. " 1.02
U-238 8.425 x I0"! " 8 371 X I0"I " 1.01
PU'238 1.012 X 10"-4 " 9:713 X 10".D " 1.04
PU-239 4.264 x I0"_s " 4 318 X I0"'I " 0.99
Pu-240 1.719 x 10.3, " 1:770 x 10"3. " 0.97
Pu-241 6.812 x 10".4 " 6.947 x 10"4- " 0.98
PU-242 2.886 X 10"_' " 2.771 x 10"4_ " 1.04
Np-237 1.89 x 10",( Ci/ fuel 2.137 x 10".( Ci/ fuel 0.88Am-2 l 8.56 lo 8.423 x I0"4, 1.02
Cm-243& 244 7.34 x 10-4_ " 6.539 x 10"4_ " 1.12
Be-79 4.55 x I0"-a " 3.014 x 10"_( " 0.15
Sr-90 4.59 x I0"_ " 4.657 x 10.2. " 0.99
Tc-99 9.59 x 10-6_ " 9.713 x IO'.b " 0.99
Sn-126 1.25 x I0"Y " 5.602x I0"_¢ " 0.22
0s-135 4.16 x I0"_( " 4.094 x 10"__ " 1.02
Cs-137 6.71 X 10"z " 6.526 X 10"_ " 1.03

104-MKP109-O0
]-129 22.7 2.10 x 10"8 Ci/g fuel 1.885 x 10"8 Ci/g fuel 1.11

I04-MKPIO9-PP
C-14 20.4 6.45 x 10.7 Ci/g fuellc) 3.223 x 10-7 Ci/g fc_el 2.00

la) Burnup valueswere measuredfor Samples I04-MKPIO9-P,I04-MKPI09-Cc3 and I04-MKPIO9-LL.Ali other
burnupsare estimatedusing the equation [I] in section7.1.1 and 1 7Cs activity inAppendixC for
specificsamples. Estimatedburnupsare probablyaccurateto about 20.5 MWd/kgM.

(b) _GEN2 valuesobtainedfrom Appendix D using burnupderivedwith equation [I] in Section7.1.1 and
"_'Cs activity inAppendix C, except for SamplesI04-MKPIO9-P,I04-MKPI09-CC,and I04-MKPIO9-LL,for
which these valueswere directly calculatedusing ORIGEN2and tileraeasuredsampleburnup. Values in

Appendix D were convertedfrom g/gU to g/g UO2. I g of unirradiatedUO2 is equivalentto I g of as-
irradiatedfuel with all fissionproducts.

lc) Average of two measurementsthat varied within less than 10%, except I04-MKPIOg-J,which varied225%.

II I 111111 I I II l
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FIGURE 7,3. Ratios of Measured-to-Predicted Values for

Nuclides in ATM-lO4 Fuel

The 14C values measured in fuel from ATM-lO1, ATM-lO3, ATM-lO5, and ATM-

106 are compared with the results for the ATM-lO4 fuel in Figure 7.4. There

is a distinct iricreasein 146 contentwith increasing,burnup in all the fuels,

even consideringthe range in 14C values for a given burnup in an ATM. The

initialnitrogencontent in the ATM-lO6fuel was about 80% higher than in

eitherATM-lO3 or ATM-lO4 fuel. The ATM-IOZ and ATM-lO5 rods are presumedto

have had initialnitrogen contents similarto those in the ATM-lO3 and ATM-lO4

• rods based on the radiochemicalanalyses. The effect of the higher initial

nitrogencontent in the ATM-lO6 rods is apparent by the higher 14C contents at

almost all burnups for the ATM-!06 rod. About 75% of the 14C inventoryin an

m
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FIGURE1.4. Comparisonof 14Cin the fuel from ATM-lO1, ATM-lO3,
ATM-104, ATM-105 and ATM-106.

ATM-lO4rod is containedwithinthe fuelbasedon the fuelweight,initial

nitrogencontent,and radiochemicalanalysesof the gas,fueland cladding

fromATM-104.

The amountsof 1291 in fuelfromATM-lO4and ATM-lO3arecomparedin

Figure7.5. This comParisonis madebetweenthesetwo ATMs becausetheyboth

consistof PWR fuelwith lowfissiongas release;fuelwith highfissiongas

release,suchas ATM-lO6,may havea measurableamountof iodinemigration

fromthe fuelto the claddinginteriorsurfaces.The amountof 1291in the

fuelin boththe ATM-lO3andATM-lO4rodsindicatesa fairlylinearrelation-

shipwithburnup,as is expected.The resultsplottedin Figure7.5 are from

threesamplesfrom Rod MLA098of ATM-lO3and threesamplesfromRod MKPI09of

ATM-lO4,all of whichweretakenfromthe lowerhalfof theirrespectiverod.
, ,
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I

The data fit a straightline reasonablyweil,consideringthepotentialerrors

in measuringthe burnup,the 137Cscontentof the fuel,the fuel location,and

the 1291content. The amountof iodineincreaseswith increasingburnupand

is closeto the expectedamountas indicatedby comparisonwith the predicted

amountof iodinein the ATM-lO4fuel. As additionaldata are received,

similarcomparisonswill be made of otherradiochemicalanalysesto determine

trendsin the contentand locationof fissionpruductsand othernuclidesof

interestin the fuelrods. , '

7.3 _RADIA.L D.ISTRIBUTIONOF FIS.S!ONPRODUCTSAND ACTINIDES

The distributionof fissionproductsand actinidesacrossthe fuel

radiusin theATM-lO4fuelwas evaluatedby autoradiographyand EPMA.
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Radiochemicalanalysesof the fuel providesvalues for the bulk inventoryof

radionuclides,but there is a distinct variationin the amount of fission

products and actinidesacross the fuel radius,even in fuel sampleswith only

moderate peak operatingtemperatures. This variationresultsfrom the thermal

neutron flux peakingnear the fuel edge and decreasingrapidlywithin a short

distance. The thermalflux remainsrelativelyconstant the remainingdistance

towards the fuel center. As a resul*,more fissionsand neutronabsorptions

occur near the fuel edge, acco,,paniedby an increase in fissionproducts (such

as xenon and cesium)and actinides(such as plutoniumand americium)(see

Figures7.10 and 7.11 as examples).

ThE radial distributionsof fissionproducts and actinidesare of

interestfor severalreasons. First,during radiochemicalanalyses,small

portionsof the fuel may be selectedfor analyses;the analyticalresults can

be biasedfrom the bulk averageby selectinga fuel sample from either the

fuel edge or the fuel center. Secondly,selectionof small samplesof fuel

for testingcan be guided by the known variationin fission productconcentra-

tions across the fuel radius. And thirdly,knowledgeof the radial distribu-

tion of importantnuclides is useful in evaluatingthe migrationof fission

products in fuel rods with a range of local fissiongas release;this informa-

tion can be used to evaluate the gap and grain boundary inventoryin spent

fuels. Resultsfrom autoradiographyand EPMA of ATM-lO4 fuel samplesare

provided in Section7.3.1 and 7.3.2, respectively.

7.3.1 autoradioqraphy

Autoradiographyprovides a qualitativeindicationof the radial distri-

bution of actinidesand fission productsin the fuel. There are two types of

autoradiography: I) alpha autoradiography,where the relativequantityof

alpha particlesemitted from the fuel is registered,and 2) beta/gammaauto-

radiography,where the relative quantityof beta and gamma radiationis

captured on film. Actinides generallydecay by alpha particleemission.

Fissionproductsare typicallybeta particleand/er gamma emitters. Kodak

Type LR115 (Type II) film and Kodak Type S0-343 film were used for the alpha

and beta/gammaradiographs,respectively. The radiographswere obtained by

direct contactexposure on film
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Alpha and beta/gammaradiographsof peak-powerfuel samples from Rod

MKPIO9 are given in Figures7.6 through 7.9. The sampleswere radiographed

after ion etching. The dark regions of the radiographsindicatehigher

relativeactivity (greaterexposure).

The alpha radiographsfor longitudinalSample I04-MKPIOg-Nand trans-

verse Sample I04-MKP109-Oare shown in Figures 7.6 and 7.8, respectively. The

dark rim at the pellet outer edge in the alpha radiographsindicatesthe

preferentialgenerationof alpha-emittingisotopes,such as plutonium,

americium,and curium. The alpha-richouter region appearsthinner in Sam-

ples I04-MKPIOg-JJand -KK (seeAppendix E), which is consistentwith the 30_

lower burnup in these samplesthan in the peak-powerATM-lO4 samples.

Comparisonof peak-powerATM-lO4 sampleswith peak-powerATM-lO3 samples

(I03-MLAOg8-Nand -0) suggeststhat the outer alpha-enrichedlayer is thicker

in the ATM-lO4 samples. The ATM-lO3 samples had about 35% lower burnup than

the comparablylocatedATM-lO4 samples. EPMA of peak-powerATM-lO4 and

ATM-lO3 samplesdiscussedbelow indicatesthat the peak level of plutoniumat

the edge is higher in the ATM-lO4 fuel than in the ATM-lO3 fuel, and the

region of above averageplutoniumconcentrationextendsabout 100 pm farther

towardsthe fuel center in ATM-lO4.

Beta/gammaautoradiographyof the ATM-lO4 fuel samples from the peak-

power region of Rod MKPI09 (Figures7.7 and 7.9) did not show any significant

radial variationsin activity. Similar resultswere obtained for peak-power

ATM-lO1 and ATM-lO3 samples (Barner1985; Guentheret al. 1988a). Slightly

higher productionof the fissionproductsdoes occur near the fuel edge, as is

the case for the actinides,but the higher productionof fission productsat

the edge is not noticeablein beta/gammaradiographsbecauseof the range and

geometriceffects of gamma radiationin the fuel. Becausebeta/gammaradia-

tion shines down the cracks,most fuel cracks appear dark in the beta/gamma

radiographs;this does not necessarilyindicate substantialfissionproduct

movement,especially if the intensityis uniformalong all the cracks.

Becausethe inventoryof fissionproducts is relativelyuniform across the

fuel radius, except close to the fuel edge, there should be a relatively

. uniform intensityfrom the beta and gamma rays. An exceptionwould be in fuel
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FIGURE 1.6. Alpha Autoradiographof LongitudinalSample I04-MKPIO9-Nfrom
Peak-PowerRegion (Neg. No. 5422)
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FIGURE 7.7. Beta/GammaAutoradiographof LongitudinalSample I04-MKPIOg-N
from Peak-PowerRegion (Neg. No. 5415)
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FIGURE7.8. Alpha Autoradiographof Transverse Sample
I04-MKPI09-O(Neg. No. 5416)

FIGURE 7.9. Beta/GammaAutoradiographof TransverseSample
I04-MKPI09-O(Neg. No. 5417)
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that operated at temperatureshigh enough to allow fissiongas release and

migrationof volatile fissionproducts,such as cesium. The apparent lack of

localizedfission productconcentrationsin the beta/gammaradiographsis

consistentwith the 1.4% fissiongas releasedeterminedfor this rod, the

minimal grain growth in the fuel, and minimaldepositsof cesium on the

cladding interiorsurfaces (see Section8).

The evaluationof alpha and beta/gammaradiographsfor Rod MKPI09

indicatedthe expectedpeak in alpha-emittingmaterialnear the fuel edge and

no unusualconcentrationsof fissionproducts in the ATM-lO4fuel. Because

the ATM-lO4rod had low fissiongas release, significantfissionproduct

migrationwas not expected. In comparison,the ATM-lO6fuel with 11% fission

gas release had significantmovementof some fissionproducts as indicatedby

the beta/gammaautoradiography;there were local accumulationsof beta/gamma

emitters along fuel cracks and a depletionof beta/gammaemitters in the

central region of the fuel column (Guentheret al. 1988b).

7.3.2 ElectronProbe Microanalyses

Electronprobe microprobewas conductedon Sample I04-MKPIO9-Hthat was

s_ctionedfrom the peak-powerregion in the upper half of Rod MKPI09 (see

Figure4.3). This type of analysiswas conductedto obtain more quantitative

informationon the distributionof selectedfissionproductsand actinides

across the fuel radius. An understandingof the radialdistributionof

fission productscan be importantto interpretingspent fuel test results.

The radial profilefor neodymiummay also be used to determinethe variation

in burnupacross the fuel pellet. Indicationsof fissiongas release from the

EPMA data may also be comparedwith the observedfuel structuralchanges.

Severalauthors have publisheddata on the concentrationof xenon, other

fission products,and the actinidesacross the fuel radius. Xenon concen-

trations across the fuel radius have been presentedby Kleykamp (1979);Pearce

(1984);Mogensen,Knudsen, and Walker (1987);and Pati, Garde, and Clink

(1988). Pearce (1984) has also reportedradial profilesfor cesium, iodine,

molybdenum,and zirconium. Forsyth,Mattssonand Schrire (1988)reported on

the distributionof strontium,xenon, cesium,and neodymiumacross fuel grains

at severallocationsacross the fuel radius. Manzel,Sontheimerand Wiirtz
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(1984)reportedthe radial concentrationsof xenon, 137Cs, 134Cs, 144Ce_ and

106Ru, althoughtheir work involvedmicro-gammascanningand micro sampling

the fuel. Thus, there are data againstwhich this work may be compared.

The shielded microprobeused for this work is describedin Appendix F.

Briefly,an electronbeam is used to generate characteristicx-rays from the

speciallypreparedsample. The x-rays are examined by wavelengthdispersive

spectrometry. Standardsare alsomeasured during the examinationsto obtain

quantitativeresults. Standardsused were elementalmetalsor oxides as

suppliedby the microprobemanufacturer,except for UO2 and PuO2 which were

added locally. The standardsused, the detectionlimits for each element, a

detailedlist of measureddata, and plots of the resultsfor each element are

provided in Appendix F.

Sample I04-MKPIOg-Hwas examinedto determinethe concentrationof nine

elements: cesium,uranium,xenon, technetium,plutonium,neodymium,

ruthenium,and iodine. Iodinecould not be detected above backgroundlevels.

Each elementof interestwas obtainedduring a radial scan that examined fuel

material from the the outer edge to the pellet center. The first five data

points are separatedby about 75 #m; with the remainingapproximately25 data

points separatedby about 180 _m.

The intensitiesof X-rays emittedfrom the sampleand an appropriate

standardare measured during EPMA. The sampleintensity divided by the

standard'sbeam intensityprovidesthe K ratio, which is relatedto the

element'sconcentrationin weight percent (wt%). The computercode MAGIC IV

was used to correctthe K ratios for atomic number, absorption,and

flourescence(Colby 1971). The measured concentrationsfor some of the

elements have also been adjusted for _light differences between the bulk

inventory based on the pellet-average burnup and the bulk inventory indicated

by EPMA(see Appendix F). Results of the EPMAof ATM-104 are provided below,

followed by a discussion of the xenon release observed at the fuel edge, and

estimation of the radial burnup profile in the fuel.
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General ResultsZ_om EPMA

Results of the EPMA are consistentwith data reportedby other experi-

menters. The radial concentrationsof all of the measurableelementswere

relativelyconstantfrom the fuel center to within a few hundredmicrometers

of the fuel edge. This was expected becausethe ATM-lO4 rod had only 1.4%

fissiongas releaseand fuel grain growth was only minimal even at the fuel

center. The radial profiles for plutonium,neodymium,cesium,and xenon are

shown in Figures7.10 through 7.13. The profilesfor additionalelementsare

shown in Appendix F.

The concentrationsof neodymium,plutonium,cesium, and rutheniumall

increasedwithin a few hundredmicrometersof the fuel edge as would be

expected based on the known trend in neutronflux, fissionevents, and neutron

absorptions. The rutheniumvalues appear to be about three times higherthan

would bG expectedfrom the bulk averageburnup for this sample (see

Figure F.8). However,even if the values were a third of those measured,the

edge concentrationof rutheniumwould be proportionallyhigherthan for other

elements,such as neodymium. Manzel,Sontheimerand W_irtz(1984)found what

they believedto be radialmovement of 106Ru from the fuel center to the edge

in a fuel with high burnup. However,there does not appear to be any loss ofi

rutheniumfrom the ATM-lO4fuel center, as the curve is relativelysmooth.

The americiumconcentration(see Figure F.6) appearsto increasenear the fuel

edge, but most of the measured concentrationsfor this elementare near the

detectionlimit. Pearce (1984) has also shown that the zirconium,molybdenum,

and iodine peak near the fuel edge, althoughiodinewas only observed in fuel

with high burnup (-50MWd/kgM).

The profilesfor uranium (see FigureF.5) and xenon (Figure7.12) indi-

cate a loss of these elements near the fuel edge. The decrease in uranium

concentrationis consistentwith the consumptionof uranium as more fissions

occur at higher burnups. Becausethe fissionevents and neutron absorptions

peak at the fuel edge, the uraniumconcentrationshould decrease slightlynear

the fuel edge. There also appearsto be a slightloss of technetiumnear the

fuel edge, but the measured concentrationsvary considerably(see Figure F.7).

The xenon releaseat the fuel edge is discussedbelow.
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XenonRelease.,from the.FuelEdge

In EPMAexaminationsof moderateburnupfuel,the xenonconcentrations

increasedneatthe fuel edgein a mannercomparableto the otherfission

products(Mogensen,Knudsen,andWalker1987;Pearce1984). Figure7.14is a

plotof the radialprofileof xenonin Sample103-MLAOg8-Hfromthe ATM-lO3

fuelwitha localburnupof 33 MWd/kgMand verylow fissiongas release;the

xenonconcentrationof thissamplefollowsthe expectedtrend.

In contrastto ATM-lO3,thereis a distinctdecreasein the indicated

xenonconcentrationwithinabout200 _m fromthe fueledge in theATM-lO4

sample. The relativeamountof apparentxenonlossfromthe fueledge in

SampleI04-MKPIOg-His indicatedby comparingthe measuredand predicted

curvesshownin Figure7.13. Thesetwo profilescan be usedto estimatethe

fissiongas releasefromthislocationin the fuelrod. lt is estimatedabout

4% localfissiongas releaseoccurredin SampleI04-MKPIOg-Hand thathalfto

threefourthsof the releaseoccurredfromthe fuelrim, if the apparent

releasethereis real.
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The decrease in xenon near the edge of the ATM-lO4 fuel samplehas been

attributedto athermalfissiongas releasein the porous rim of the fuel

pellet (Pati,Garde, and Clink 1988). They have examinedfissiongas release

data for a large number of fuel rods with rod-averageburnupsup to 56 MWd/kgM

and postulated that the xenon releasewas relatedto the porous rim that forms

near the fuel edge of rods with burnupsaveragingover 40 MWd/kgM.

The ATM-lO4 fuel does fit the criteria suggestedby Pati, Garde, and

Clink (1988). Rod MKPIOg had low fissiongas releaseof 1.4% (see Sec-

tion 8.1), and the porous fuel structureat the fuel edge was observed in two

peak-burnupsamples,particularlyin Sample I04-MKPIOg-Hused for EPMA (see

Section8.2.1 and Appendix E). The porous rim shown in Appendix E for the

EPMA sample (I04-MKPIOg-H)extendsabout 70 pm inwardsfrom the fuel edge, or

about half of the radial distanceover which the xenon appearsto have been

lost in Figure 7.13. Becausethe electronbeam is intentionallyplacedwithin

a grain to avoid porosity,it is possiblethat xenon in large pores or at the

grain boundarieswas not measuredby EPMA, dependingon how much xenon is in

pores and how the xenon was dispersed in the fuel matrix. Mogensen,Knudsen,

and Walker (1987)showed that there are grain boundary inventoriesof xenon

that are not observedby EPMA that can be determinedby using both EPMA and

x-ray flourescenceanalyses. However,their work did not show a decrease in

xenon near the pellet rim, probably becausethe fuel they examineddid not

have the 40 MWd/kgM burnup that Pati, Garde and Clink (1988)sugggest is

necessarybefore enhancedfissiongas releaseoccurs. Apparentxenon deple-

tion near the fuel edge and similar porous fuel structureshave also been

observed in ATM-lO6 sampleswith burnupscomparableto ATM-lO4 (Campbell,

Guenther,and Jenson 1990; Guenther et al. 19B9).

Becauseof the decreasingyield of kryptonas more fissionsoccur from

plutonium,a disproportionatereleaseof gas from the fuel edge would tend to

increasethe measuredxenon/kryptonratio in gas samplesfrom the entire rod.

The xenon/kryptonratios in ATM-lO4 rods were generallyhigher than in

previous fuel rods examined,averaging11.4 for the six ATM-lO4 rods examined

(see Section8.1.1). The expected xenon/kryptonratio was about 10 for a peak

burnup of 44 MWd/kgM. Ratios for ATM-lO6 averagedabout 9, probablybecause
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of the greater contributionof fissiongas release from the fuel centerwhere

the averageburnup is lower than fuel at the rim (Guentheret Bl. 1988b).

Thus, the fissiongas analysestend to supportthe case for fissiongas

release from the fuel edge of the ATM-lO4 rods, although the amount of xenon

releaseat the fuel _dge is probablyoverpredictedby EPMA. However,the

porous structurenear the fuel edge does exist, and may be importantto leach

rates of fuels with burnupsgreater than 40 MWd/kgM.

Radial Burnup Profile

The radial burnup profile can be useful in predictingthe concentration

of radionuclidesfor which analyseshave not been, or cannot be, conducted.

The measurementof neodymiumacross the fuel radius was used to obtain the

radial burnup profile. Neodymium-148is used to obtain the bulk average

burnupsmeasured by radiochemicalmethods. Forsyth,Mattsson,and Schrire

(1988) have shown that n_odymium is essentiallyunaffectedby fuel operating

temperaturesand remainsrelativelyconstant at a given radial position,even

across fuel grains.

The burnup profilewas determinedby integratingthe neodymiumcurve in

Figure 7.11 and comparingthe resultingpellet averageconcentratio;Jof

neodymiumwith the known burnup from radiochemicalmethods (see Equation [1]

in Section7.1.1). The resultingburnup profilefor Sample I04-MKPIOg-His

shown in Figure7.15. The burnup ranges from about 42 MWd/kgM at the fuel

center to 44 MWd/kgMwithin about I mm of the fuel edge. The burnupcontinues

to increasedramaticallyto the fuel edge where it is about 70 MWd/kgM, or 58%

higher than the pellet averageburnup.
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8.0 REDISTRIBUTIONOF FISSIONPRODUCTS

As discussedin Section 7.0, the fissionprocess and neutronabsorptions

define the locationswhere the various fissionproducts and actinidesare pro-

duced within the fuel. Xenon, krypton,and other volatilefissionproducts

can redistributeduring reactor operationas a result of fuel operating

temperaturesand conditions. Movement of fissionproductsto grain boundar-

ies, fuel surfaces,the cladding interiorsurface,or the fuel rod plenum

(void space) could be importantto the performanceassessmentof a nuclear

waste repository. Higher initialreleaserates to the repositoryenvironment

might occur from a breached fuel rod with significantfissionproductredis-

tributionthar_from a fuel rod in which essentiallyall of the fissionpro-

ducts are containedwithin the fuel matrix (Garisto,Johnsnn, and Hocking
I

1989; Wilson and Gray 1990).

At moderate burnupsand typical in-reactorfuel operatingtemperatures

below about 1300°C,less than about 2_ of the xenon and kryptongases are

released from the fuel to the rod void space (Manzel,Sontheimer,and Stehle

1985). As the fuel burnup and/or operatingtemperaturesincrease,additional

quantitiesof fissiongas are released from the fuel to the rod void space.

If temperaturesare high enough, then cesium and other volatile fission

products can be releasedfrom the hotter regionsof the fuel and migrate to

cooler locationswithin the fuel rod.

This sectionprovides the resultsof severalexaminationsmade to

evaluate the amount of fission productredistributionwithin the ATM-lO4 fuel

rods. Resultsare provided for the I) elementaland isotopicanalysesof the

fissiongases and 14C released from the fuel during reactoroperation

(Section8.I); 2) ceramographicexaminationsof the fuel to determinefuel

structure,includingany grain growth that may have resultedfrom fuel

operatingtemperatures(Section8.2); 3) evaluationof cesium and iodine

deposits on the interiorsurfaceof the cladding for comparisonwith fission

gas releaseand apparent fuel operatingconditions (Section8.3); and 4) AEM

of selected samplesof fuel from acrossthe fuel radius to evaluate

microscopicchanges in the fuel structureand fissionproductdistributions.
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8.1 GASES RELEASED FROM THE FUEL

Fissiongas releaseand the subsequentcompositionof the gas in the

fuel rod void space can appreciablyaffect the operatingtemperaturesin the

fuel. Xenon has a much lower thermal conductivitythan the helium used to

pressurizethe fuel rod prior to irradition. Operatingtemperatures,in turn,

can affectthe final characteristicsof the spent fuel by increasinggrain

size, promotingadditionalfissiongas release, and changingthe distribution

of fissionproductswithin the fuel. The extentof this effect dependson the

final burnup,gas compositionand pressure,power history,and initialfuel

characteristics.

The proceduresfor gas sampling,void volumemeasurement,and determina-

tiow_of the gas volume are describedin Appendix G. Results of the elemental

and isotopic_as analyses (Section8.1.1) and the calculatedfissiongas

releases (Section8.1.2) are discussedbelow.

8.1.1 Elementaland IsotopicGas Analyses

Analyseswere conductedon gas samples from six ATM-lO4 rods to deter-

mine the componentsof the gas in the rods, the amount of the 'iryptonand

xenon isotopes,and the amourltof 14C in the gas. Measurementof the levels

of xenon and kryptonallow the calculationof fissiongas releases,an

indicationof the fuel operatingtemperaturesduring reactoroperation.

Measurementsof the 14C content in the gas were desired for comparisonwith

the 14C inventoryin the fuel and the cladding. Carbon-14is of interestto

the repositorybecauseof its potentialfor migration in the repository

environment(Van Konynenburget al. 1987).

ElementalGas Anal.yses

Only small amountsof xenon and kryptongases were expected to be found

in the ATM-lO4gas samplesbecausethese rods were anticipatedto have low

fissiongas releases. The resultsof the elementalgas analyses for the rods

are listed in Table 8.1. These data were obtainedusing a mass spectrometer.

The primary componentsof the gas samplewere helium,the gas used to pressur-

ize the fuel rod during fabrication,_nd small amountsof xenon and krypton.

As indicatedin Table 8.1, a small amount of air was detected in two samples

(simultaneouslytaken) from Rod MKP028. This rod was used first to test the
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samgling system because Rod MKP028would not receive extensive characteriza-

tion. The gas sample from Rod MKP028contained about I% air due to a leak in

the gas sampling system; the air is not believed to have been in the fuel rod

during reactor operation or subsequent storage. Because the amount of air

contamination was small, no corrections were made in subsequent calculations.

None of the other gas samples indicated any leakage of air into the sample

bottles.

The xenon/krypton ratios ranged from !0.5 to 12.2, averaging 11.4 + 0.6

(1o) for the six ATM-lO4 rods examined. Assuming an average burnup of

42 MWd/kgMand a discharge time of 5.1 years, ORIGEN2calculations described

in Section 5 result in a xenon/krypton ratio of 9.9 (based on vol%). The

measured xenon/krypton ratios may be higher than predicted because of enhanced

fission gas release from the porous rim of the fuel. As previously discussed_

EPMAof Sample I04-MKPIOg-H indicated depletion of xenon within a few bur.tired

micrometers of the fuel edge> and there is evidence of a highly porous Yim in

ATM-lO4 and ATM-lO6 samples, as discussed later, lt is not certain how much

xenon depletion there really is near the fuel edge; as Mogensen_ Knudsen_ a_d

Walker (1987) explained_ EPMAcannot measure xenon located in large low-

pressure bubbles along the grain boundaries or porosity in the fuel grains

with diameters greater than -0.1 _m. However_ Pati, Garde, and Clink (1988)

attributed the enhanced fission gas release in rods with fission gas releases

of less than 2% and burnups above about 40 MWd/kgMto the depletion of xenon

from the porous rim of the fuel.

TABLE8.1. Gas Composition for ATM-lO4 Fuel Rods

ii i ii i i lilil i ' i i

VoLume Percentage ×e/Kt

_" Rod No. He Xe Kr Ar H2__ C02_ CO __NN2__ 02__ urganics Ratio

MKP028 97.7 1.09 0,09 0.02 <0.01 <0.01 <0.01 0.94 0.18 <0.01 12.1

MKP028 97.8 1.21 0.115 0.02 <_.01 0.01 <0 01 0.69 0.17 <0.01 10.5

MKP059 97.8 2.02 0_18 <0.01 <0.01 <0.01 ,,,001 <0.01 <0.01 <0.01 11.2

MKP063 98.5 1.40 0.13 <0.01 <0.01 <0.01 <0 01 <0.01 <0.01 <0 01 I0.8

MKP070 98.6 1,34 0.11 <0.01 <0.01 <0,01 <0 01 <0.01 <0.01 <0.01 12.2

MKPI06 98.5 1.35 0.12 <0.01 <0.01 <0.01 <0 01 <0.01 <0.01 <0.01 11.3

MKPI09 96,4 3.30 0.28 <0.01 <0.01 <0,01 <0 03 0.03 <0.01 <0.01 11.8

iil i I i I i li i Iii I ill II' lill I i i
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Enhancedfissiongas release fromnear the fuel edge could have resulted

in the xenon/kryptonratios being higher than predictedby ORIGEN2 using the

rod-averagefuel burnup. As explainedpreviously,the concentrationof

plutonium increasesconsiderablynear the fuel edge, roughlydoubling within

about 300 _m of the fuel edge. As burnup increases,more and more of the

fissionsresult from 23gPu and 241pu, particularlynear the fuel edge.

Becausethe yield of kryptonfrom a plutoniumfission is about half of that

from uraniumwhile the xenon yield remains relativelyconstantfor both

uraniumand plutoniumfissilematerial,higher xenon/kryptonratios result for

plutoniumfissionsthan for uranium fissions. If fissiongas release occurred

from the porous rim near the fuel edge of the ATM-lO4 rod with generallylow

fissiongas release,then the xenon/kryptonratio could be higher than

expectedbased on the rod-averageburnup.

The xenon/kryptonratios measured for the ATM-lO4 rods were also higher

than in either the ATM-lO3 and ATM-lO6 rods. Becauseof the higher rod-

averageburnup in the ATM-lO4 rods, the xenon/kryptonratio should be higher

than in the ATM-lO3 rod that had a rod-averageburnupof only 30 MWd/kgM

burnup and a xenon/kryptonratio of 9.2 (Guentheret al. 1988a). The xenon/

krypton ratio averaged9.2 for three ATM-lO6 rods, althoughone would expect

values similarto those for the ATM-lO4rods because of comparableburnups

(Guentheret al. Ig88b). However,higher operatingtemperaturesin the

ATM-lO6 rods caused over 100% grain growth and significantfissiongas release

from portions of those fuel rods. The high fissiongas releasefrom the fuel

center of ATM-lO6 samples, where the xenon/kryptonratio should be -10,

probablymasked any contributionof fissiongas releasefrom the fuel edge

becausemost of the fissions involveuranium at the fuel center.

Xenon and Krypton Isotopesin the Gas

The amountsof xenon and kryptongas recoveredfrom each rod were

evaluated in two ways. First, the volume percentagesof the total rod gas

were determinedfor xenon isotopesand krypton isotopes;the total rod gas

includesthe original fill gases plus any gases releasedto the rod void space

as shown in Table 8.1. Second, the relativeamountsof the various isotopes

that make up the total xenon or kryptongas were determinedand compared with

the calculatedvalues.
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The isotopicgas analysesfor xenon and kryptonas a percentageof the

total rod gas are given in Tables 8.2 and 8.3, respectively. The general

amountsof xenon and kryptongas in the total gas are consistentwith rods

with low fissiongas release,such as the ATM-lO3 rods.

TABLE B.2. Pe_centagesof Xenon Isotopesin Total Rod Gas

liili ii I ii III llliIII i_ iiiIii iIII i I ...............

Volume Percentaqe

Rod No. 128Xe 130Xe 131Xe 132Xe 134Xe 136Xe

MKP028 <0.01 <0.01 0.07 0.24 0.31 0.47

MKP028 <0.01 <0.01 0.09 0.26 0.34 0.52

MKP059 <0.01 <0.01 0.14 0.40 0.57 0.91

MKP063 <0.01 <0.01 0.10 0.31 0.40 0.59

MKP070 <0.01 <0.01 0.10 0.29 0.38 0.57

MKPI06 <0.01 <0.01 0.10 0.30 0.38 0.57

MKPI09 <0.01 <0.01 0.24 0.74 0.93 1.39
__ i i i i I i I ii i Ill i li I i

TABLE 8.3. Percentagesof Krypton Isotopesin Total Rod Gas

ii i I i I i il i i

Volume percentaqe

Rod No. 82Kr 83Kr 84Kr 85Kr 86Kr

MKP028 <0.01 0.01 0.03 <0.01 0.05

MKP028 <0.01 0.01 0.04 0.005 0.06

MKP059 <0.01 0.01 0.07 <0.01 0.10

MKP063 <0.01 0.02 0.04 <0.01 0.07

MKP070 <0.01 0.01 0.04 <0.01 0.06

MKPI06 <0.01 0.02 0.04 <0.01 0.06

MKPI09 <0.01 0.03 0.09 0.02 0.14
L I ,Iii I ii li .I ii i

/
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The relative amountsof the isotopesof xenon or kryptonmeasured in the

rod gas are given in Tables8.4 and 8.5, respectively. The relativeamounts

of the differentxenon and krypton isotopesestimatedby using the ORIGEN2

code (see Section 5 and Appendix D), assuming a dischargetimeof 5.1 years

and 42 MWd/kgM burnup,are also listed in Tables 8.4 and 8.5. In general,the

relativeamountsof xenon and krypton isotopesmeasured in the gas agree very

well with the relative amountspredictedby ORIGEN2.

Carbon-14in the Gas

The 14C contents in the gas removed from the six ATM-lO4 fuel rods were

, determinedby convertingall forms of carbon in the gas to CO2, trappingthe

CO2 in a caustic solution,and measuringthe 14C concentrationby beta-
scintillationanalysis. The amountsof 14C in the six ATM-lO4 fuel rods at

standardtemperature(O°C) and pressure (0.1 MPa, I Atm) (STP) are listed in
L

Table 8.6.

The gas samplesfrom Rods MKP059,MKP070, and MKPI09 were the only

sampleshaving 14C concentrationsgreaterthan detectionievels;the detection

level varies from rod to rod dependingprimarilyon the volume of the gas

sample and the measurementsystem backgroundlevel. If 0.016 nCi/cm3 from Rod

MKP028 is assumedto be the highest 14C level for ATM-lO4, then the 14C level

of ATM-lO4 is still comparableto the value measured for an ATM-lO3 rod

(Guentheret al. 1988a) and is only about I% of the averagemeasurementsfor

the nine ATM-lO1 fuel rods (Barner1985). The fill gas in the ATM-lO1fuel

rods is believedto have containeda small amountof residualnitrogenthat

was activatedto 14C, resultingin greater amountsof 14C in the ATM-lO1rods

than in ATM-lO4.

The amounts of 14C in the gas recoveredfrom the fuel rods are insig-

nificantcomparedwith the 14C inventoryin the fuel. Assuming there are

0.016 nCi/cm3 of 14C in a gas volume of 830 cm3, then the 14C inventoryin the

open void space of the rod is 13 nCi. This amountof 14C is extremelysmall

comparedwith the typical inventoryof 2,000,000nCi in a fuel rod with

moderate burnup and typicalinitialnitrogencontents. Whether the 14C

inventoryin the gas will remain insignificantwill depend on how the storage

temperaturesand the conditionof the fuel affect 14C release.
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TABLE8.4. Relative Amounts of Xenon Isotopes in Xenon Gas
i il I li I I ii i i i i Ill --

Relative Volume Percentaqe

Rod No. l_SXe 13°Xe 131Xe 132Xe 134Xe 136Xe

MKP028 (a) (a) 6 4 22.0 28 4 43 1

MKP028 (a) (a) 7 4 21.5 28 1 43 0

MKP059 (a) (a) 6 9 19.8 28 2 45 0

MKP063 (a) (a) 7 1 22.1 28 6 42 1

MKP070 (a) (a) 7 5 21.6 28 4 42 5

MKPI06 (a) (a) 7 4 22.2 28 1 42 2

MK_'I09 (a) (a) 7 3 22.4 28 2 42 1

Predicted (b) 0.1 0.3 7 4 22.0 27 6 42 6

(a) Assumed to be essentially zero for calculating relative
percentages of xenon (See Table 8.2).

(b) Relative amounts of xenon isotopes predicted by ORIGEN2
(See Appendix D) assuming a burnup of 42 MWd/kgMand
5.1 years discharge.

lBl II II llnl II II I I I I lift I Ilill I III ........

TABLE8.5. Relative Amounts of Krypton Isotopes in Krypton Gas
i I i I ilii lllii i i ii Ii. iili i 'II I i

Relative Vo]ume Percentage

Rod No. 82Kr _ _3Kr 84Kr 85Kr 8GKr

MKP028 (a) 11.1 33 3 (a) 55 5

MKP028 (a) 8.7 34 8 4.3 52 2

MKP059 (_) 5.5 38 9 (a) 55 5

MKP063 (a) 15.4 30 8 (a) 53 8

MKP070 (a) 9.1 36 4 (a) 54 5

MKPI06 (a) 16.7 33 3 (a) 50 0

MKPI09 (a) 10.7 32 1 7.1 50 0

Predicted (b) 0.4 10.6 33 2 4.3 51 5

(a) Assumed to be essentially zero for calculating relative
percentages of xenon (See Table 8.3).

(b) Relative amounts of xenon isotopes predicted by ORIGEN2
(See Appendix D) assuming a burnup of 42 MWd/kgMand
5.1 years discharge.

ir i i Rill '11 i ii _ i iii i
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TABLE 8.6. Concentrationof 14C in Gas Samples
from ATM-104Rods

I II IIII i

.RodNo. _14C_nCi/cm3 at STP (a)

MKP028 <0.016

MKP028 <0.014

MKP059 0.0012

MKP063 <0.00006

MKI_070 0.0010

MKPI06 0.0019

MKPI09 0.0003

(a) Detection level varies from sampleto
sample dependingprimarilyon the volume
of the gas sample and the measurement
system background.

I r I

8.1.2 FissionGas Release

Resultsfrom the gas analysesof three of the six ATM-lO4rods have been

used to calculatefissiongas releases. All of the ATM-lO4rods were expected

to have about I% or less gas release based on data provide by C-E. Based on

the gas sampling, fission gas releases in the ATM-lO4 rods were estimated to

range from 0.38% to 1.06% (see Table 8.7). These values were obtained assum-

ing i) 31.0 cm3 of fission gas at STP was generated for each MWdof energy

produced (SSA 1982); 2) data in Table 8.7; and 3) the rod-average burnups

provided by C-E for each ATM-lO4 rod. Additional data used to estimate the

fission gas release from the ATM-lO4 fuel rods are provided in Table 8.7.

The rod void volumes were determined by the sampling described in
i

Appendix G and varied from 18.0 to 19.4 cm3. The initial void volume was

estimated to be 35 cm3 based on fabricated dimensions._ Fuel swelling and

cladding creepdown during irradiation cause a decrease in the free void space.

Any uncertainty in void volumes determined by gas sampling contributes little

to the error in estimating fission gas release because the fuel rod void

volume is a small fraction of the total gas volume collected at STP.



TABLE8.7. FissionGas Release Informationfor ATM-lO4 Fuel Rods(a)

II I ili I I IIII I I IIII I I I III I I

Total Volume
Recovered of Xe + Rod-Average Estimated

Rod Gas at Xe + Kr, Kr at Burnup, FissionGas. FissionGas
NumbeK sTP,Lcm3 % STP, cm3 MWd/kqM Produced,cm_ Released,%

MKP028 829 1.25(b) 10.4 40.26 2763 0.38

MKP059 829 2.20 18.2 42.56 2921 0.62

MKPI09 852 3.58 30.5 40.40 2773 1.10

(a) Fuel weight in each rod was 2.214 kgM (nominal).
(b) Average of two samples.

I I III I III I IIIII

The fissiongas releasesdeterminedfrom the gas sampling indicatedthe

expected levels of release from the ATM-lO4 rods. The ATM-lO4 rods had

fissiongas releases slightlyhigher than those for either the ATM-lO1or

ATM-lO3 rods with moderate burnup,but the releasevalues for the ATM-lO4rods

are still consideredto be low. The fissiongas releases in the ATM 104 rods

were significantlylower than in most of the ATM-lO6 rods, some of which had

releasesgreater than 10%. Again, these resultswere anticipatedbased on the

power history and other informationprovided by C-E.

As mentioned in this section, the amount of xenon and kryptonproduced

during irradiationis assumedto be 31 cm3/MWd at STP. This is a standard

value used to calculatefissiongas productionwithoutdetailedcalculations

and can be comparedwith the value that ORIGEN2predicts for an ATM-lO4 fuel

rod with its specificpower history. Using the data for xenon and krypton

isotopesin Appendix D, one can calculatethe expectedamount of xenon and

kryptonproduced. From the values in AppendixD, there are 5.04 x 10-6 moles

of krypton and 5.02 x 10.5 moles of xenon in an ATM-lO4 rod with 2.214 kgM of

fuel irradiatedto an averageburnup of 42 MWd/kgM. Using these predicted

quantitiesof xenon and krypton in the ideal gas equation results in 251 cm3

of krypton and 2487 cm3 of xenon gas at STP. Combiningthese two values

yields a total fissiongas producedof 2738 cm3 comparedwith 2773 cm3 using
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the assumedyield of 31 cm3/MWd. Thus, the assumedyield for the fission

gases and the yield predictedby ORIGEN2 agree within about I%.

8.2 CERAM.OGRAPHICEXAMINATIONS

The fuel samplesobtainedfrom Rod MKPI09 were used to characterize

porosityand microstructuralvariationsas a functionof radial positionand

axial location. Such informationis helpful in evaluatingthe variationin

fissionproducts and actinidesin the fuel after irradiation. Evaluationsof

the fuel were made after sample preparationin one of two conditions,polished

or etched.

In the polishedtransverseand longitudinalsamples,the general crack-

ing pattern, porosityin the fuel, wedgingof small fuel particles between

fuel fragmentsbetweenthe fuel and cladding,and as-irradiatedgap width are

of interestand can be observed. The cracking patternand gap width affect

in-reactortemperatures. The number of fuel fragmentsand their sizes can be

used to estimate the surfacearea of the fuel, a usefulparameter for studies

of fuel leaching.

The etched fuel samplecan be used to examinefissiongas bubble size

and distribution,metallic ingots,and grain size variations,which are also

of interest. The number and size of fissiongas bubblesis best observedwith

the fuel sample in the polishedcondition;however,etching is useful in

determiningthe locationof fissiongas bubblesrelativeto grain boundaries.

Etchingis requiredto examinethe grains and deterrb_inethe grain sizes. The

formationof fissiongas bubblesand grain growth generallycorrelatewith

higher fuel temperaturesand migrationof fissionproducts. Metallic ingots

(alsocalled five-metalor c-rutheniumparticles)are typicallyseen only near

the fuel center using opticalmicroscopy,if at all, in fuel with moderate to

high operatingtemperatures. Details are given below for the photomacrography

and photomicrographyof the fuel in the polished and etched conditions.

8.2.1 Polished Fuel Condition

The transverseand longitudinalfuel samplesfor Rod MKPI09 (see Fig-

ure 4.3) were prepared for examinationby placingthem in prelabeledmounts

followedby vacuum impregnationwith polyesterresin. Each mount includeda
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referencenotch so that photographsof the polishedand etched samplescould

be taken along approximatelythe same radial line. After the mounted fuel

sampleswere ground with up to a 600 grit in a water-base lubricant,they were

polishedwith a 1-#m diamond paste using kerosene. A final polishwas then

made in a O.3-#m A1203 aqueoussuspension.

Several featuresof interestwere investigatedusing the polished fuel

samples: I) crack patterns,2) fuel-claddinggap and dish closure,3) varia-

i_ionsin porosityof the fuel, and 4) metallic ingot formation. These

featuresare discussedbelow. Estimatesof the fuel particlesizes have not

yet been made.

Crack Patterns

The polishedtransverseand longitudinalsamplesof fuel Sectionedfrom

the peak-powerregion of Rod MKPI09 are shown in 'Figures8.1 and 8.2, respec-

tively. TransverseSample 104-MKP1090 has six major cracks that originateat

the approximatecenter of the fuel and extend to the outer pellet edge. At

the outer edge of the fue'_,these cracks are approximatelynormal to the fuel

surface. Severalshort fine-gappedcracks intersectthe major cracks and

outer edge of the fuel at random angles.

LongitudinalSample I04-MKPIOg-N,which was also taken at the peak-

power region adjacentto the previouslydescribedtransversesection,has a

crack observablealong the full lengthOf the center axis of the polished

sample. Four to six fine-gappedtransversecracks can be seen intersecting

normal to both the center axis crack and the outer edge of the fuel. A few

additionalcracks are approximatelyparallelto the central crack and are

about one-halfof a pellet length. A larger number of cracks are observed in

the peak-powerS -ples I04-MKPIOg-Nand -0 than in the lower-powerSamples

I04-MKPIOg-KKand -JJ (Figures8.3 and 8.4). The increase in the number of

cracks with increasingoperatingpower/temperaturewas also evident in

previousexaminationsof fuel from ATM-lO3 (Guentheret al. 1988a)and ATM-

106 (Guentheret al. 1988b). The increase in operatingtemperaturecauses

greaterthermal stressesin fuel sampleslocated in the peak-powerlocations.

Negligiblenumbers of fuel particlesrelncatedinto the dish region.
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The centerlinecracks observed in the ATM-lO4 fuel pelletsare more

distinct than in the ATM-lO6 fuel pelletswith s_.nilarburnups. Centerline

cracks similarto those in ATM-lO4were observed in the ATM-lO3pellets, but

the centerlinecracks in the ATM-lO6 fuel appear more broken and random than
J

in the ATM-lO4or ATM-lO3 fuel pellets. Less cracking in the ATM-lO4and ATM-

103 fuel pelletsprobably resultedfrom the lower ratio betweenthe pellet

length (L) and the pellet diameter (D) than in the ATM-lO6pellets. The L/D

was lowered from 1.7 in the ATM-lO6fuel to 1.2 in the ATM-lO4 and ATM-lO3

fuels; this common practiceby fuel vendorswas part of the fuel redesign,to

mitigate fuel-cladding-interaction(Baileyet al. 1977).

The net effectsof the cracking patternare fewer fuel fragmentsin the

ATM-lO4 fuel than in the ATM-lO6 fuel. While the surfacearea of the ATM-lO4

fuel was not determined,the lower numberof major cracks Indicateslarger

fuel fragmentsand a lower surface area, even though the ATM-lO4 and ATM-lO6

fuel had comparableburnups. Possiblesurfacearea differencesbetweenthe

various ATMs may be a considerationin evaluatingleach test results.

FIGURE 8.1. Photomacrographof PolishedTransverseSample
I04-MKPIO9-Ofrom the Peak-PowerRegion (~8x)
(Neg. No. 8704675-13)(Note: Photo taken at an
oblique angle to fuel surface.)
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FIGURE 8.2. Photomacrographof PolishedLongitudinalSample
I04-MKPIOg-Nfrom the Peak-PowerRegion (-1Ox)
(Neg. No. 8704675-3) (Note"Photo taken at _n
obliqueanole to fuel surface.)
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FIGURE 8.3. Photomacrographof PolishedTransverseSample
I04-MKPIOg-KKfrom a Region at Approximately68%
of Peak Power (-8x) (Neg. No. 8704675-22)
(Note: Photo taken at an obliqueangle to fuel
surface.)

Fuel-CladdinqGap and Dish Closure

After an initialdensificationstage at relativelylow burnup levels,

void volume in the fuel rod decreasesas the fuel densitydecreases (the fuel

swells)with increasingburnup. Creepdownof the claddingcan also eliminate

void volume in the fuel rod during irradiationbut is limited by the fuel rod

pressurizationlevel. Radial swellingcan be accommodatedby closure of the

fuel-claddinggap, porosity in the fuel, and existingcracks in the fuel;

axial swelling is accommodatedby similarvoids and closureof the pellet-to-

pelletdish volume.

Comparisonof peak-power/peak-burnupSamples I04-MKPIOg-Nand -0 to

those of ATM-lO3Samples 103-MLA98-Nand -0 (Guentheret al. 1988a) shows the

latter sampleshad relativelyopen cracks with visible pellet-to-cladding

gaps, whereas the ATM-lO4peak-powersamples have relativelyfine-gapped

cracks and a narrow fuel-claddinggap. The fabricateddimensionsof the
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FIGURE 8.4. Photomacrograph of Polished Longitudinal Sample
I04-MKPIO9-JJ from a Region at Approximately 72%
of Peak Power (-1Ox) (Neg. No. 8704675-18) (Note:
Photo taken at an oblique angle to fuel surface.)
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ATM-lO3 and ATM-lO4 fuel pelletsand claddingwere identical. A greater

amount of radial swellingof the higher burnupATM-lO4 fuel may explain the

observeddifferences,althoughpotential increasesin claddingcreepdownwith

longer irradiationmight also contribute. Observationsof photomacrographsof

Samples I04-MKPIOg-KKand -JJ (Figures8.3 and 8.4) with moderate-power/

moderate-burnupshow relativelywide-gappedcracks and visible fuel-cladding

gaps, suggestingless fuel swelling. Evaluationof the distance betweentwo

adjacent pe'lletsindicatesthat there was negligibleclosure of the fabricated

pellet-pelletgap in the ATM-lO4 fuel.
,

PorosityVariation

Porosity in the fuel consists of macropores,which are generallygreater

than 30 pm in diameter,and micropores,generallylessthan 5 pm in diameter.

The macroporosity,observableunder low magnification,is formed during fuel

fabrication. Microporosityresults from fuel fabricationand irradiationand

is observable in photographstaken of the fuelunder high magnification.

Detailed informationon the macroporosityand microporosityfor the ATM-lO4

fuel is given in the followingparagraphsbased on the photomacrographstaken

of the fuel sectionsand photomicrographstaken at four radial locations

across the polishedfuel samples.

The macroporosityconcentrationand size distributionof the peak-power

samplesfrom Rod MKPI09 (Figures8.1 and 8.2) appear similarto those of other

samplesexamined from the upper and lower ends of ATM-lO4, as well as samples

examined from Rod MLA098 of ATM-lO3. The ATM-lO4 sampleshave a significantly

higher concentrationof macroporesthan observedin ATM-lO6 Rod NBDI07;this

might be explainedby the probable use of pore formersin the ATM-lO3 and

ATM-lO4 fuel. In contrast,pore formersmay not have been used in the ATM-lO6

fuel becausethe ATM-lO6 rods began irradiationin 1974, which is about the

time manufacturersbegan using pore formers.

Photomicrographswere taken of transverseand longitudinalfuel samples

at four radial positionsto determinethe variationin porosity from center to

edge at a given axial location and as a functionof axial position. Compar-

_ ison of these photomicrographsprovides a means of detectingchanges in
-

fissiongas bubble size, porosityconcentrationand distribution,and the

8.16



: agglomerationof fissionproducts. These featuresare affectedby operating
fuel temperaturesthat increasefrom the edge towardsthe center of the fuel

pellet.

Comparisonswere made betweenthe polishedsamplesfrom regions of the

rod operatedat approximately68% of the peak power (Figure8.5), approxi-

mately 72% of the peak power (Figure8.6), and peak-power(Figures8.7 and

8.8). Sample I04-MKPIOg-KKfrom the low-powerregion has a relativelylow

concentrationof small roundedpores (up to about 4 _m in diameter) from the

fuel center to approximately2/3 radius (Figure8.5). A few macropores (up to

about 50 pm in diameter)are observedin Sample I04-MKPIO9-KKand are probably

the result of the additionof a pore former during fuel fabrication. The

porosityconcentrationand size distributionare similarin adjacent longitu-

dinal sample I04-MKPIOg-JJ(Figure8.6).

Micrographsof peak-powerSamples I04-MKPI09-Oand I04-MKPIO9-Nin Fig-

ures 8.7 and 8.8, respectively,reveal a much higher concentrationof small

roundedpores (-2 to 4 pm) from center to I/3 radius. Angularpores, primar-

ily concentratedat the pellet edge to the 2/3 radius region,are apparentand

are probablydue to grain pulloutduring sample preparation. A large amount

of grain pullout appearsto have occurred in the peak-powersamples.

In additionto the roundedporosity locatedin the center to I/3 radius

regionsof these samples,there is a relativelyhigh concentrationof small (I

to 2 pm) pores within a few hundredmicrometersfrom the fuel edge (Fig-

ures 8.7d and 8.8d). This increasein porosity at the fuel edge, or rim, has

been noted by Pati, Garde, and Clink (1988) as a possibleexplanationfor the

enhanced releaseof fissiongas from fuel with rod averageburnupsgreater

than 40 MWd/kgM. The formationof a porous rim coincideswith the signifi-

cantly higher fissionrate near the fuel edge as discussedin Section 7.3.2.

For the peak-powersamplesfrom Rod MKP!09 with pellet-averageburnupsof

-44 MWd/kgM, the outer rim has a burnup of 60 MWd/kgMor higher based on EPMA

measurementsof neodymium(see Figure 7.15). EPMA of the ATM-lO4 fuel also

indicateddepletionof xenon in the porous rim region similarto that observed

by Pati, Garde, and Clink (1988). The existenceof this thin, porous outer

rim may be importantto radionuclidereleases from high-burnupfuel under
,l

repositoryconditions.
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a) Center (Neg. No. P-2789) b) I/3 Radius (Neg. No. P-2788)

• _ . * ,# ¢"% , " . _,
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c) 2/3 Radius (Neg. No. P-2787) d) Edge (Neg. No. P-2786)

FIGURE8.6. Photomicrographsof PolishedLongitudinalSample
I04-MKPI09JJ froma Regionat Approximately72%
of PeakPower
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FIGURE 8.7. Photomicrographsof PolishedTransverseSample
104-MKP109-Ofrom the Peak-PowerRegion
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FIGURE 8.8. Photomicrographs of Polished Longitudinal Sample
I04-MKPIOg-N from the Peak-Power Region
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Metallic Ingot Formation

If sufficientburnup and fuel temperaturesare attained,metallic ingots

observable by opticalmicroscopycan form in the fuel. The metallic ingots

(also called five-metalparticles)are made of the (-rutheniumphase that

containsmolybdenum,ruthenium,technetium,palladium,and rhodium. The

ingots appear as bright white spots near the fuel center.

There were very few metal ingotsvisible in the photographstaken at

500x magnificationof samplesfrom Rod MKPI09 of ATM-lO4. This is consistent

with the low fissiongas releaseand low, apparent operatingtemperatures

indicatedby minimal fuel grain growth in this rod. In comparison,ATM-lO6

rods with ten times higher fissiongas release had significantlymore visible

metallic ingots (Guentheret al. 1988b).

8.2.2 Etched Fuel Condition

Fuel samplesFrom Rod MKPI09 were etched using argon ions in a cathode

vacuum etcher to determineany variationin grain size with radial position

and to determineif porositywas preferentiallylocated at selectedsites,

such as at grain boundariesor within the grain interiors. Examplesof the

etched fuel are providedfor a transversesample from a regionof the rod

operatedat approximately68% of the peak power (Figure8.9), a longitudinal

sample from approximately72% of the peak power (Figure8.10), a peak-power

transversesample (Figure8.11), and a peak-powerlongitudinalsample (Fig-

ure 8.12). These photomicrographsand similarones for other fuel samp'les(in

AppendixE) were used to evaluatethe grain size of the fuel as fabricatedand

the variationin grain size and porosityof the fuel in Rod MKPI09.

Grain Size

Fuel grain sizes were determinedusing the interceptmethod (ASTM 1980)

on 250x photomicrographs;the resultsare presentedin Table 8.8. The true

grain sizes(a) are listed in Table 8.8. Grain sizes as a functionof distance

from the fuel center are plottedfor the transverseand longitudinalsamples

in Figures8.13 and 8.14, respectively.

(a) True grain sizes equal the interceptgrain size multipliedby I 57. This
correctsthe measured grain size for grains cut above or below i_hemiddle
of the grain during ceramography.
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a)Center (Neg.No. P-2916) b) I/3Radius(Neg.No. P-2915)
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TABLE 8.8_ Resultsof ATM-lO4 Fuel Grain Size Measurements

I III.. I I I II II II I

Gra!.n Size, _m

Centerline I/3 Radius 2/3 Radius . Edge
SampLe No. .Intercept Trued Intercept Trued Interce_p___ Trued Intercept True_

I04-MKPI09-C 7.0±0.6 11.0±0.9 7.0±0.6 11.0±0.9 7.4±0.2 11.6±0.3 7.2±0.3 11.3±0.5

104-MKP109-H 6.9±0,6 10,8±0.9 6.6±0.5 10.4±0 8 6.3±0.6 9.9±0.9 6 9±0.5 10.8±0.8

I04-MKPIOg-N 8.7±1.0 13.7±1.6 7,3±0.6 _1.5±0 9 7.0±1.1 11.0±1.7 6 6±0,9 10.4±1.4

104-MKPI09-O 8.0±0.7 12.6±1.1 7.5±0.9 11.8±I 4 6.6±0.4 10.4±0.6 6 I±0.7 9,6±1.1

I04-MKPIO9-AA 6.5±0.3 10.2±0,5 7.0±0.1 11.0±0 2 6,7±0.5 10.5±0.8 6 3±0.2 9.9±0.3

104-MKPIO9-BB 7.2±0.3 11.3±0.5 6.6±0.6 10.4±0 9 7.2±I,2 11.3±1.9 5 7±0.4 10.5±0.6

I04-MKPIO9-JJ 7.5±0.8 11.8±1.3 7.0±0.9 11.0±I 4 6.0±0.5 9,4±0.8 6 9±0.5 10.8±0,8

I04-MKPIO9-KK 7.6±0.3 11.9±0._ 6.5±0.4 10.2±0 6 6.6±0,4 10.4±0.6 6 6_0.3 10.4±0.5

Average ± la 7.4±0.7 11.6±1.1 6.9±0.4 10.8±0 6 6.7±0.5 10.5±0.8 6 7±0.4 10.5±0.6

(a) The true grain size equals the intercept grain size multiplied by 1.57. Standard deviation for each

sample is estimated from range in grain sizes determined from three or more intercept lines used to
calculate the grain size for each sample.

I I lille II I T I

14

0

"_ KK

._N BB

.g

g H
"10

L

104-MKP 109

_ Frocfional Disfonce from Center

FIGURE8.13. Variation in True Grain Size Across the Radius
of Transverse Fuel Samples from Rod MKPI09
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FIGURE 8.14. Variationin True Grain Size Across the Radius
of LongitudinalFuel Samples from Rod MKPI09

Based on these examinations,the fabricatedgrain size was -10 pm; the

design specifiedgrainsZ5 _m. Negligiblegrain growth occurred in the top

third of the fuel rod in Samples I04-MKPI09-Cand -H. The grains in Samples

104-MKP109-Oand I04-MKPIO9-Nfrom the peak-powerregion in the middle of the

rod were approximately30% larger at the center than near the pellet edge,

indicatingthat the fuel temperatureswere high enough to cause detectable

grain growth near the center of the pellets (see Figures8.11 and 8.12).

Examinationof the microstructurefor Samples I04-MKPIO9-JJand I04-MKPIO9-KK

from the lower-powerregion at the bottom of the rod indicatedthat the fuel

grains at the pellet centermay have grown by up to -15%; there is some

variabilityin the as-fabricatedgrain size as suggestedby the data in

Figures8.13 and 8.14. The overallresults are consistentwith the expected

axial temperatureprofileof the fuel rod during in-reactoroperation,when

the extreme ends of the rods operate at lower power and achievelower burnups.
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Porosity

As indicatedpreviously in the discussionof porosity in polished fuel

samples,-2 to 4 pm diameter pores were observed from the center to I/3 radius

of peak-powerSamples 104-MKP109-Oand I04-MKPIOg-N. Based on photomicro-

graphs of the etched samples, these pores are primarilylocatedat grain

boundariesand grain boundary intersections(Figures8.11 and 8.12). The

grain growth and grain boundarybubblesare clearly evident in Figure 8.12 for

Sample I04-MKPIOg'N. The accumulationof porosity at the grain boundariesis

indicativeof fissiongas redistributionfrom the grains to the grain

boundaries. Lower-powerSamples 104-MKPIO9-KKand -JJ have significantly

lower concentrationsof similar sized pores at the grain boundaries(see

Figures8.9 and 8.10).

These variationsin fissiongas bubbles along the grain boundariesof

samplesfrom ATM-lO4 are consistentwith the differencesin grain growth

indicatedin Table 8.8, as well as the measured fissiongas releasesand grain

gFowths for other ATMs. In the peak-powerregion of Rod MLA098 of ATM-lO3,

which hod a burnup approximately30% lower than in a comparablepeak-power

location in Rod MKPI09, most of the smallerporosity is locatedwithin the

grains and not at the grain boundaries. There was essentiallyno grain growth

in the ATM-lO3samples,and the fissiongas releasefrom Rod MLA098 was about

one fourthof that for Rod MKPI09 from ATM-lO4. Consideringthe limited grain

growth throughoutthe ATM-lO4 fuel rod, the 30% higher burnup in 'theATM-lO4

rod than in the ATM-lO3 rod, the high rim porosity,and apparentdepletionof

xenon near the fuel edge in peak-powerregion,a significantportion of the

fissiongas release in the ATM-lO4may have resulted from athermalreleaseof

xenon and kryptonfrom the fuel rim in Rod MKPI09.

Peak-powersamplesfrom Rod NBDI07 of ATM-lO6,with burnupscomparable

to the ATM-lO4samples, had significantlymore and larger fissionbubbles,

which can be attributedto higher operatingtemperaturesindicatedby 11%

fissiongas releaseand grain growths in excess of 100% (Guerltheret al.

1988b). While xenon depletionhas also been indicatedin the rim of'the

peak-powerfuel samplesfrom ATM-lO6 (Campbell,Guenther,and Jenson 1990),

most of the fissiongas releaseand grain growth are relatedto higher fuel
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operatingtemperatures. Thus, the porosityand grain growth of the ATM-lO4

fuel rod is consistentwith moderatelyhigh burnup and low fissiongas

release.

8.3 CESIUM AND IODINE PLATEOUTON INNER CLADDINGSURFACES

The rate at which radionuclideswill b_ released from spent fuel in the

event of contactwith water in a geologicrepositoryis a functionof the

radionuclidedistributionin the spent fuel. If the radionuclidesare bound

within the matrix of the UO2 grains,then their releasemay be expectedto be

congruentwith the UO2 matrix, However, in laboratoryleach tests it is found

that the releaserate of some radionuclides,such as cesium, strontium,

technetiumand iodine,greatlyexceedsthe UO2 releaserate, at least in the

initialstages of th,,!leach tests (Katayama1976; Johnson et al. 1983;

Johnson, Garisto,and Stroes-Gascoyne1985;_and Wilson and Gray 1990). The

rapid release is attributedto release of a portionof those radionuclides

that redistributedto grain boundaries,fuel surfacesand cracks,and the

pellet-claddinggap during reactor operation. This redistributionmakes them

more accessiblefor leaching than if they remainedwithin the UO2 matrix.

The inventoryof radionuclidesavailablefor rapid releasein leach

tests may come from grain boundaries,fuel surfaces,and/or the interior

surfaceof the cladding. A total of five claddingsampleswere taken from Rod

MKPI09 and analyzed for the amount of 1291, 135Cs,and 137Cs on the interior

surfaceof the cladding samplesto evaluatethe gap inventoryin ATM-lO4. The

analyses of these isotopeson the interiorcladdingsurface carJprovideuseful

informationon the relationshipbetweenfissionproduct release,possible

migration,and fuel operatingconditions. The radionuclideson the interior

cladding surfacemay representonly part of the total gap inventory,depend-

ing on the relative amount of the gap inventoryon the fuel surfacesand the

grain boundaries. Resultsof the measuredamountsof cesium and iodineon the

cladding interiorsurfacesare provided in Section8.3.1. These resultsare

compared in Section 8.3.2 with the depositsobservedon the claddingsurfaces

during metallography,fuel grain growth, and fissiongas release.
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8.3oi Results of Cesium and Iodine Measurements

Radiochemical analyses for cesium and iodine on the cladding interior

surfaces were obtained from 2.5-cm (l.O-in.) cladding sections taken from

locations along the length of the rod as indicated in Figure 4.4. The same

samples were used to measure the deposits of the cesium isotopes on the

exterior surface of the cladding (see Section 6.1.1). After removing the fuel

from the cladding, the interior cladding surface was wiped four to five times

with fresh, dry cotton to remove loose particles. The open ends of the

cladding sample were sealed with stoppers and the cladding was immersed in 8N

137Cs and 135Cs from the exterior surface. Then the stoppersHNO3 to remove

were removed before another 8N HNO3 treatment was made to remove cesium and
iodine from the interior surface for measurement.

The results of the cladding radiochemical analyses for cesium and iodine

are provided in Table 8.9. The 137Cs concentration on the interior cladding

surface ranged from 8.2 _Ci/cm 2 to 114 _Ci/cm 2. The level of 135Cs on the

cladding interior surface followed the trend in 137Cs but at a much lower

level that was roughly equal to the expected 135Cs/137Cs ratio of about 10.5 .

The amounts of these isotopes are somewhat similar in terms of grams, but the

shorter half life for 137Cs results in a much greater activity. As indicated

by the data in Table 8.9, the general trend of cesium activity along the

interior cladding surface correlates more with the power/burnup of the adja-

cent fuel, which is highest in the middle of the rod and low at both ends,

than with the interior cladding temperature, which increases by about 30°C

from the bottom to the top of the fuel rod during irradiation.

The values for 1291 on the interior cladding surface indicated a trend

that also approximates the variation of the power/burnup in the fuel. Because

the chemical form of iodine is expected to be the very stable Csl (Cubicciotti

et al. 1976), the similar patterns of deposition for iodine and cesium were

expected.

Measured amounts of both cesium and iodine were generally lower in the

ATM-lO4 fuel than in ATM-lO6 fuel, which had higher apparent operating temper-

tures (Guenther et al. 1988b). ATM-lO4 and ATM-lO3 (Guenther et al. 1988a)

had similar amounts and trends in the deposits of cesium and iodine on the

interior cladding surfaces in these fuels with low fission gas release.
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TABLE8.9. RadiochemicalAnalysesof Cesium and Iodine on Cladding
I,teriorSurfaces

IIII I II I

Activity,_Ci/cm2

Sample No. 137Cs 135Cs 1291

I04-MKPIOg-D 15.1 8.56 x 10-5 1.32 x 10-5

I04-MKPI09-1 47.3 21.5 x 10-5 4.68 x 10_5

I04-MKPIOg-T 114 51.4 x 10-5 5.27 x 10-5

I04-MKPIOg-FF 27.3 14.5 x 10-5 1.38 x 10.5

I04-MKPI09-O0 8.20 5.45 x 10-5 0.486 x 10-5

lm II IIII

8.3.2 Comparisonof Cesium and IodineDepositswith Other Fuel Features

The cesium and iodinedepositson the interiorsurfacesof the cladding

can be comparedwith I) the depositsobserved on the cladding interiorsurface

during metallography,2) measured fuel grain growth, and 3) rod-average

fissiongas release. Each of these comparisonsare made below.

As discussedin Section6.1.1, negligibleoxide/depositswere observed

on the interiorsurfaceof samplesfrom the upper and lower ends of the rods,

where the burnup and probablythe fissiongas releasewere low (Figure6.4b).

Localized"islands"that rapidlythinnedat their ends were observed in the

peak-powerregion (Figure6.5b). Cubicciottiet al. (1976)observed similar

differencesin two LWR fuels and found that the deposits containedcesium,

iodine,telluriumand other volatilefission productsalong with uranium,

zirconium,and oxygen. The radiochemicalanalysesof cesium and iodine on the

interiorsurfacesof ATM-lO4claddingalso indicatedincreasingamountsof

cesium and iodinewith increasingburnup of the adjacentfuel (seeTable 8.9).

Data for ATM-lO6 (Guentheret al. 1988b) and ATM-lO5 (Guentheret al. 1990)

indicatesimilarcomparisonsbetweenthe radiochemicaland metallographic

analysesof fuel rods.

The driving force for depositingcesium and iodineon the cladding

interiorsurface is the fuel temperatureduring reactoroperation. Because

there is no direct measurementof fuel operatingtemperatures,the maximum

fuel grain growth has been used as a relativemeasure of local operatingfuel
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temperatures, lt is possibleto have fissiongas releasewithoutgrain

growth; however,analysesof these ATMs have indicateda reasonablecorrela-

tion betweenthe amount of cesium and iodinedepositedon the claddingand the

maximum grain growth measured from ceramographicsamples (Campbell,Guenther,

and Jenson 1990).

The activitiesfrom 137Cs and 12gI depositedon the interiorsurfacesof

claddingsections from three PWR rods (ATM-lO3,ATM-lO4, and ATM-lO6) are

shown in Figures8.15 and 8.16, respectively. Grain growths used in these

figureswere from the nearestsample for which grain growth data are available

(-C, -H, -0, -BB, and -KK in the ATM-104 rod). The maximumgrain growthsused

in these figureswere obtainedassuming that the fuel grain size measured at

the edge of a given samplewas the fabricatedgrain size; there is obviously

some uncertaintyin making such an assumption. The grain growthsmeasured in

ATM-lO4 fuel sampleswere generallylow, but the measured amountsof cesium

and iodine on the claddingfall within a patternconsistentwith the data

shown in Figures8.15 and 8.16. The data for ATM-lO6are for a rod with 11%

fissiongas releaseand a significantrange in grain growth. As indicatedin

Figures8.15 and 8.16, there are increasinglygreateramountsof cesium and

iodine activityon the cladding adjacentto fuel with higher maximumgrain

growth.

Anotherway of showingthe relationshipbetweencladdingdeposits and

fuel operatingconditionsis to determinethe percentageof the inventory

producedin the fuel that has been releasedto the cladding;some of the

material released is expectedto remain on the fuel surfaceand/orgrain

boundaries. Using the fuel burnups in AppendixB, the activity/cm2 deposited

along the claddingwas convertedto a percentageof the inventoryof 137Cs or

12gI that was produced in the fuel over the same axial length, lt is assumed

that all the isotopesof the same element aredeposited at the same percentage

of total inventory. The percentageof the local inventoryof cesium and

iodine that deposits on the cladding interiorsurfaceis plottedagainstthe

maximum grain growth in Figures8.17 and 8.18, respectively. Data from two

ATM-lO5 BWR rods are also included in these figures (Guentheret al. 1990).
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A semilogarit.hmicplot has been used to providedetails of the trends at very

low release levels. The amount of the iodine releasedfrom the fuel to the

cladding ranged from 0.01 to 0.06% of the inventoryproduced in ATM-lO4 fuel

samples, Cesium deposits on the claddingwere consistentlylower, ranging

from 0.006 'to0.046% of the cesium inventoryproduced in the ATM-lO4 fuel.

While the data for just ATM-lO4would not be sufficientin themselves,

the combined data shown in Figures8.17 and 8.18 follow a reasonabletrend of

increasingdepositionwith increasingfuel grain growth and, presumably,fuel

temperatures'.In general, the percentageof the local inventoryof iodine

that reachesthe claddinginterior surface is higher than the percentageof

cesium,particularlyat higher grain growths;this has been observed in all of

the ATMs examined. Both cesium and iodinemay approach a saturationlevel

based on the trends in Figures8.17 and 8.18; data from Mogensen,Knudsen,and

Walker (1987)and from Manzel,Sontheimer,and Stehle (1985)indicatethat

fissiongas release saturatesat about 90% release.

While it is importantto correlatethe inventoryof fissionproducts

againstlocal conditionsfor experimentersusing samplesfrom the ATMs,

repositoryperformanceassessmentsare often based on averagevalues for

larger quantitiesof fuel material. Uncertaintiesare usuallyassignedto

these averagevalues. The rod-averagefissiongas releaseis a parameter i

often used to define fuel characteristicsbecausethe averageamount of

fissiongas releasefrom a rod can be calculatedreasonablywell with computer

codes. Johnson et al. (1983) showedthat there is a relationshipbetween the

gap inventoryof cesium (and possiblyiodine)and the fissiongas release from

a rod during leach testing; cesiumrelease occurred in nearly a 1"I relation-

ship with xenon release, particularlyat higher releaselevels.

The local inventoryof cesium and iodine releasedto the cladding sur-

faces are plotted against rod-averagefission gas releases in Figures 8.19 and

8.20, respectively. For a given rod-averagefissiongas release,there is a

distinct range of cesium or iodineinventorythat is depositedon the cladding

interiorsurface. As indicatedabove, this resultsbecauselocal conditions

vary along the fuel rod. The informationin Figures8.19 and 8.20 could be

used to predictthe averageamount of cesium and iodinedepositedon the

cladding surfacewithin a defineduncertainty, lt may be necessaryto limit
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such a predictionwith these data to rod-averagefission gas releasesbelow

about 15%, becausehigher fissiongas releasesmay result in volatilefission

productsmoving from their point of originto cooler locationsnear the rod

ends. These data may become even more useful once a relationshiphas been

determined betweenthe amount of depositionon the cladding interiorsurface

and the total gap inventorythat is releasedduring leach testing.

8.4 ANALYTICALELECTRONMICROSCOPYEXAMINATIONS

Analytical transmission electron microscopy has been conducted on MCC

spent fuels to enhance characterization of microstructural features that could

affect the rate of release of radionuclides from spent fuel in a geologic

repository. Direct observation and analysis of fission product aggregates

(gas bubbles and solid particles) too small for most other methods of analysis

can be made by using AEMfor microstructural, compositional, and crystallo-

graphic evaluations. Although most fission product aggregates (gas bubbles

and solid particles) in LWRspent fuel are too small to be observed by optical

microscopy, they are present in the fuel in high densities at grain boundaries

and within UO2 grains (Thomas, McCarthy, and Gilbert 1986; Thomas and Guenther
].989; Matzke 1989). Metallic ingots were not observed by optical microscopy

of the ATM-lO4 fuel, but they were visible by optical microscopy of the center

region of ATM-lO5 (Guenther et al. 1990) and ATM-lO6 rods (Guenther et al.

1988b). However, the optically visible particles represent only the extreme

upper size fraction of particles actually present in the fuel. AEMallows the

observation of fuel microstructures at resolutions approaching the atomic

level and provides compositional analyses and phase identification of parti-

cles as small as about 20 nm in diameter. Such analyses may afford a means of

understanding differences between various fuel samples that might otherwise

seem similar based on radiochemical or ceramographic evidence alone.

The remainder of this section contains discussions on I) the preparation

techniques, equipment, and analytical techniques used to perform these
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analyses (Section8.4.1); and 2) resultsfor AEM conductedon samplestaken

from locationsalong the radius of SectionI04-MKPI09-S(a) (Section8.4.2).

8.4.1 ExperimentalDetailsofrAEM

Section I04-MKPI09-Swas taken from the peak-powerregion of Rod MKPI09

(see AppendixC) to providesamplesfor characterizationby AEM. The AEM

sampleswere fuel fragments200 to 400 #m in diameterthat were selected from

three radial locationson the as-cut fuel surfaceof Section I04-MKPI09-S(the

outer edge, mid-radius,and fuel pellet center). Sampleswere prepared by

potting a single particleof fuel into a 3-mm-dia.molybdenumor copper washer

with epoxy resin, grindingthe embeddedparticleto about 10 #m thickness,and

ion micromillinguntil a hole with thin edges suitablefor examination
J

appearedwithin the 50- to 150-nm thick particle. Detailson the preparation

method are given by McCarthyand Thomas (1985). No water was used in prepar-

ing the samples;however, acetone,ethanol, and Freon TF® solventswere used

for necessarysample cleaning. Finishedsamplescontainedonly about 10 #g of

fuel held in epoxy, and consequentlycould be handledand analyzedwithout

specialshielding.

Microstructural,compositional,and crystallographicanalyseswere per-

formed in a 200 kV transmission/scanningtransmissionelectronmicroscope

(TEM/STEM) equippedwith a Si(Li) detectorfor energy-riispersivex-ray

spectrometry(EDS). Analyticalmethods includedbrightfieldTEM microstruc-

tural imaging,selected-areaand microbeamelectrondiffractionfor phase

identification,and EDS for qualitativeand semi-quantitativeelementalanal-

yses of samplemicro-areas. The x-ray (EDS) detectorused in this work was

sensitiveto all elementsheavierthan neon (Z = 10), and gave minimum detec-

tion limits of 0.3 to 0.5 wt%. The accuracyof semi-quantitativeelemental

analysesperformedwith the commercialanalysisprogramSMTF in the Tracor

NorthernTN-5500 multichannelanalyzerwas not verified.

(a) For this discussion on AEM only, Sample I04-MKPI09-Sis being referredto
as Section I04-MKPI09-Sto prevent confusionwith the fuel samplestaken
from along the fuel radius.

® RegisteredTrademark of E. I. DuPont deNemours and Company, Wilmington,
Delaware.
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8.4.2 R.esultsof.AEM

AEM examinationsand analyseswere conductedon fuel samplesfrom the

outer edge, mid-radius,and center of Section I04-MKPI09-S. Despitethe

relativelyhigher burnup in ATM-lO4 fuel than in ATM-lO3,AEM of these fuels

revealedmicrostructuresthat are not greatlydifferentfrom those previously

reported (Guentheret al. 1988a;Thomas and Guenther 1989). Details on the

AEM of ATM-lO4fuel are providedbelow.

_EM of Materialfrom Fuel Edqe

As shown in the overviewmicrographof Figure8.21, the microstructure

near the edge of the fuel pellet consistedof UO2 grains containinghigh

densitiesof uniformlydispersedparticleswith 2 to 8 nm diametersand

numerousdislocationslines. Many of the dislocationsare in sub-boundaries.

Scattereddislocationsare observedin the UO2 grains,but they are mostly

line segmentsthat comprise loose networksand irregularsub-boundaries. The

appearanceof the dislocationsubstructureand the absence of well-formed

loops indicatethat the dislocationsformed during fabricationrather than

irradiation. The high-anglegrain boundariesappear to be open, locally

crackedstructures. Enlargedparticlesabout 20 nm in size, but occasionally

up to 50 nm, are associatedwith the grain boundaries. Not all of the

enlargedparticlesare on grain boundaries,but most of them are found within

about 150 nm from the boundaries. A grain boundary is shown in Figure 8.22

with most of the dislocationsout of contrast (i.e., invisible)so that small

bubblesand particlescan be seen. The UO2 grain is denuded of 2- to 8-nm

bubblesand particlesover distancesof about 250 nm and 80 nm, respectively.

Denudedzones appearedon both sides of this boundarybut are difficultto

observeon one side due to the image contrast in the micrograph. Bubbles

outsidethe denuded zones are associatedwith particlesof similarsizes.

Grain boundaryfine-structuresare too snlallto resolvein Figure8.22, but a

closely spaced bubble array having bubble sizes smallerthan I nm appeared to

exist along the boundary upon examinationat higher magnification.

EDS analysesof the particleswith 20 to 50 nm diametersfound along the

grain boundariesindicatethat the particlesare composedof molybdenum,

ruthenium,technetium,palladium,and rhodium. A typical spectrumfrom one of

these particles (Figure8.23) containsa large contributionfrom the UO2
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matrix around the particle and a smallermolybdenum contributioncaused by

secondaryelectronexcitationof molybdenumwashers used in sample prepara-

tion. Semi-quantitativeanalysesof the particle compositionwas accomplished

after strippingthe spectrum in Figure8.23 of the spectradeterminedfor

uraniumand molybdenum in the adjacentparticle-freematrix. The particle

compositionwas about 40 wt% molybdenum,30 wt% ruthenium,15 wt% palladium,

10 wt% technetium,and 5 wt% rhodium. This compositionis characteristicof

the _-rutheniumalloy phase common in irradiatedfuel; similarcompositions

were observedin ATM-lO3 and ATM-lO5 (Thomasand Guenther 1989).

_ No other fissionproductswere detected in bubblesor at grain

boundaries. Although neodymiumand cerium were marginallydetected in UO2

grain interiorsnear the edge of the fuel, the x-ray peaks from these fission

productswere too small for positive identification. Detectionlimits for

cerium and neodymiumin the fuel matrix could be as high as i wt% due to

interferencesand multiplicitiesof the L-shellpeaks used for EDS analyses.
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Results from EPMA of an ATM-lO4 fuel sample in a peak-powerlocationsimilar

to that examinedby AEM indicatedthe neodymiumconcentrationis only 0.7 wt%

at the fuel edge (see Appendix F).

Many grains in the fuel edge sample from ATM-lO4 containedmicrocracks

about 1000 nm in length as shown in Figure8.24. The material is highly

strainedaround these defects as indicatedby the visibledislocationssur-

roundingthe defect. There are also particle-bubbledenuded regionsextending

out about 150 nm from the defects. No second-phaseinclusionappearedwithin

these defects. Similar intragranularmicrocrackshave been observed in the

ATM-lO5 fuel, but their cause is unknown.

AEM of Material From Fuel Mid-Radius

The microstructureof the fuel in the mid-radiusregion of Section 104-

MKPI09-S appearedcoarser than in regionsnear the fuel edge. Dislocation

lines and particles80 to 150 nm in diameterwere associatedwith cavities in

the grain interioras shown in Figure8.25. The larger particleswere sur-

rounded by dislocationtangles, indicatinginternalpressuressufficientto

plasticallydeform the UO2 matrix. EDS analyseshave identifiedsimilar

particlesas aggregatesof the E-phaseand a high-densityxenon-kryptonphase

(Thomasand Guenther 1989). However,most of the particlesin the grains at

the mid-radiuswere smallerthan 10 nm and showed no strainsin the surround-

ing matrix or detectablexenon. Some of the larger particleshave cavities

associatedwith them; these cavitieswere observed in ATM-lO3 and ATM-lO5

samplesand are believedto form when the surfaceof a particleassociated

with high-densitygas is intersectedduring the thinningpreparation. The

releaseof the gas would then cause the formationof the cavity next to the

remaining_-phaseparticle.

Grain boundariesat the mid-radiusregion of Section I04-MKPI09-Swere

decoratedwith scatteredparticlesof _-phaseup to about 150 nm in size and

bubbles 2 nm or smaller as shown in Figure8.26. The small bubblesalong the

grain boundariesin Figure 8.26 appear dark due to a focusingeffect in the

electronmicroscope.
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_IGURE8.25. Microstructure of Grain Interior Near the Mid-Radius of
Section 104-MKPI09-S. ( Particle (A) surrounded by
dislocation tangles.) (Neg. LT ]]57)
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FIGURE 8.26. Grain Boundary in Fuel from Mid-RadiusRegion of
Section I04-MKPI09-S. (Neg. LT 1169)
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AEM of Material From Fuel Center

Grain boundariesnear the fuel center of SectionI04-MKPIOg-Scontained

no visible bubblesbut were decoratedwith scattered150-nm c-phaseparticles ,

and larger pores (Figure8.27). The UO2 near the boundariesof a thicker

portion of the sample (Figure8.28) contains 100- to 150-nm particlessur-

rounded by dislocationtangles. Many of the particleswithin the grains were

associatedwith surfacepits believedto be formedduring thinningof the

samplewhen containedxenon was released. Particlesenclosedwithin the

sampleswere not asssociatedwith visiblebubbles,but containedhigh

concentrationsof xenon (and smalleramountsof krypton). The xenon/krypton

concentrationsand the dislocationssurroundingthe particlesare indicative

of high gas pressureswithin the particles. The grain interiorsalso con-

tained high densitiesof particleswith sizes around 5 nm.

The inset photo in Figure 8.28 is of particlesthat were enclosedwithin

, the thin foil sample,i.e., not cut by a surface. The particlesare aggre-

gates of discrete c-phaseand Xe-Kr phase regions. The Fissiongas region of

one of the particlesin the inset micrographshows contrast fringesthat might

be interpretedas an indicationthat the Xe-Kr phase is crystalline. Without

furtherelectrondiffractionevidence,however,the question of whether the

phase is crystallineor amorphousremainsunres_;Ived.

EDS spectrashown in Figure 8.29 demonstratethe associationof fission-

gas concentrationswith particlesenclosedby the thin-foilsamples. The

particle associatedwith the surfacepit is lackingxenon and kryptonwhile

the enclosed particlehas a distinct level of xenon with smalleramountsof

krypton. These resultsare consistentwith previous analysesof ATM-lO1,ATM-

103, and ATM-lO5 (Thomasand Guenther 1989).

Comparisonswith PreviousWork

Observationson the distributionof fissiongas bubbles and the exis-

tence of a solid xenon phase may improvethe understandingof differencesin

oxidationor leach testingof differentfuels. In general, the ATM-lO4 and

ATM-lO3 fuels were similareven though the burnupwas about 30% higher in

ATM-lO4. There are high densitiesof small (less than 10 nm) particlesand
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FIGURE 8.27. Grain BoundaryNear Fuel Center of Section I04-MKPI09-S
(Neg. LT 1427)
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FIGURE 8.28. Grain Boundaryin Thicker Region of Fuel Center Showing
Xenon ContainingParticle. Pore along grain boundary (A),
intragranular_-phaseparticles (B). (Neg. LT 1417)
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bubblesthoughtto containfission products,but these particlesand bubbles

were too small to allow identificationof the fissionproducts by EDS

microbeam analysis.

Featuresthat the ATM-lO4 and ATM-lO3 fuels have in common are the small

gas bubbles concentratedalong grain boundariesnear the fuel edge, and the

larger particlescontaininghigh-densityxenon-kryptonfrom the fuel center to

about mid-radius. Anothercharacteristicof these low-gas-releasefuels is

the absenceof detectablefission productsother than the alloy f-phaseor the

xenon/krypton. Exceptfor the five metals in the f-phase,xenon, and krypton,

the fission productsremain finely dispersedin the UO2 matrix.
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POWER HISTORYFOR ASSEMBLYD047

Fuel Assembly D047 contained176 fuel rods during irradiationin the

Calvert CliffsNo. I reactorduring Cycles2, 3, 4, and 5. Cycle 2 startedon

March 22, 1977, and Cycle 5 ended on April 17, 1982. During Cycle 3 the

reactorwas down for approximately25 days, startingon December28, 1978.

The detailed power history for Rod MKPI04 (Figure3.6 and Table A.I) was used

as the basis for generatingthe irradiationtimes and power densitiesfor the

ORIGEN2 code becausethis rod had a burnup comparableto the assemblyaverage

and was centrallylocated in the fuel assembly. The averageburnup for

Rod MKPI04 was calculatedto be 41.9 MWd/kgM as comparedwith 41.8 MWd/kgM for

the assembly-averageburnup; Rod MKPI09 was expected to have a slightly lower

burnup of 40.4 MWd/kgM. Calculatedpower historieswere provided by

CombustionEngineering(C-E) for all of the ATM-lO4 fuel rods in Assembly D047

and were based on reactor physics,in-coreflux monitors,and thermal

hydraulicdata.

The irradiationhistorywas extractedfrom data reportedby C-E. The

detaileddata given in Table A.I have been averagedover periodswhen the

power did not change by more than 30%. The resultsare given in Table A.2.

The power densitiesgiven in Table A.2 were then normalizedto give burnupsof

20, 25, 30, 35, 40, 45, and 50 MWd/kgM at discharge. Normalizationis

requiredbecause some portionsof the fuel (such as at the ends of the rod) do

not achievethe peak or rod-averageburnups. Additionally,the power

densitiesgiven in Table A.2 we_e normalizedto give burnupsof 27.35, 37.12,

and 44.34 MWd/KgM at dischargeto predictradionuclideinventoriesin samples

from Rod MKPI09 that had measured burnupsequivalentto these burnup values.

Results from these calculationsare given in Table 7.3. Resultsof the

ORIGEN2calculationsare provided in Appendix D.
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TABLE A.I. Detailed Power Historyfor Rod MKPI04

Cycle 2 Cycle 3(a) . Cycle 4 Cycle 5
'Time LHGR, Time LHGR, Time LHGR, Time LHGR,
Interval, kW/m Interval, kW/m Interval, kW/m Interval, kW/m
DaLys .(kW/ft) Days (kW/ft) L Days (kW/ft) Days (kW/ft)

7.1 19.5 7.8 22.2 46.1 19.4 29.7 12.9
(5.94) (6.77) (5.90) (3,93)

30.8 24,0 14.1 21.7 24.0 19.2 5.9 13.7
(7.33) (6.60) (5.85) (4.10)

16.4 24.1 19.4 15.2 22.6 19.2 7.1 13.8
(7.35) (4.63) (5.85) (4.22)

11.4 24.1 16.9 23.6 25.6 19.2 48.2 14.0
(7.36) (7.20) (5.86) (4.26)

12.5 24.1 16.4 23.8 30.5 9.4 16.8 14.0
(7.35) (7.25) (2.87) (4,27)

23.4 24.1 15.4 25.1 41.1 9.6 29.4 14.2
(7.34) (7.65) (2.92) (4.34)

22.8 24.0 39.4 23.3 50.2 9.4 24.7 14.3
(7.31) (7.11) (2.88) (4.37)

23.2 23.9 31.4 23.3 11.1 16.3 30.0 11.3
(7.27) (7.10) (4.98) (3.45)

8.1 23.8 31.9 23.0 10.8 19.4 55.3 13.5
(7.26) (7.01) (5.9.0) (4.12)

31.4 24.0 32.0 22.6 45.4 19.4 27.1 14.8
(7.32) (6.88) (5.92) (4.52)

34.3 23.8 44.3 22.5 29.4 19.1 45.7 15.1
(7.26) (6.85) (5.82) (4.59)

16.5 24.2 59.1 22.4 28.1 19.5 23.5 15.2
(7.39) (6.84) (5.95) (4.62)

19.2 23.8 28.9 23.3 65.4 19.4 30.2 13.8
(7.26) (7.11) (5.91) (4.21)

12.8 24.0 35.7 19.5 20.8 15.2
(7.31) (5.93) (4.62)

34.3 22.7 66.6 15.5
(6.93) (4.73)

1.8 22.8
(6.94)

(a) Reactorwas shut down for 25 days startingwith day 270 of Cycle 3.
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TABLE A.2. ATM-lO4 Power HistoryBased on Rod MKPI04

Time Interval, Power Density,
Cycle No. days W/q ....

2 306.0 32.87

down 71.0 0

3 21.9 30.76

3 19.4 20.41_

3 227.7 38.14

3 25.0 0

3 88.0 31.14

down 81.0 0

4 118.3 27.27

4 121.8 13.43

4 225.9 27.25

down 85.0 0

5 461.0 21.43
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APPENDIXB

GAMMA,,SCANNING FORATM-104

The MaterialsCharacterizationCenter (MCC) gamma scanningsystem con-

sists of three major components:i) the Data Acquisition(DA) System, 2) the

in-cellhardware,and 3) an IBM host computerthat supervisesand controls the

gamma scan processand logs all pertinentdata. The DA systemand IBM host

system are illustratedin Figure B.I. The in-cellhardwareis shown in

Figure B.2. The fuel rod is drawn by a motor-drivenchuck past the germanium-

lithiumgamma ray detector,which is locatedat a wall plug in the front face

of the hot cell. The wall plug containsa collimatorand normallya 0.254-cm

(O.1-in.)slit, although a 0.0254-cm(O.01-in.)slitmay be installed. A

steppingmotor controls the positionof the fuel rod relativeto the detector

and controlsthe rate at which the fuel rod is steppedpast the detector.

The availablehot cell space is insufficientfor gamma scanningfull-

length PWR and BWR fuel rods from top to bottom. Thus, this system is

designedto scan from the center of the fuel rod to one end. The rod is then

rotated 180° (end-over-end),and the process is repeatedto scan the other

half. The steppingmotors determinethe center of the fuel rod from an

overall fuel rod length measurementmade before scanning is started.

The softwareused to completegamma scanningoperationswas written to

use a variablecounting time at each position. The countingtime is set to

maintain a fixed statisticaluncertainty(set at I%) until the counting time

reaches a maximum preset value. Typically,the countingtime is 40 to 60 s in

the center of the fuel rod (area of maximum activity)and gradually increases

to 5 min (presetmaximum value) as the activitydecreasesnear the end of the

fuel rod. With this approach,gamma scan results have been obtained for the

followingisotopes: 134Cs (0.6 MEV), 137Cs, and 134Cs (0.8MEV). A 60Co

signalwas also detected during gamma scanning,because a sample of this

material is placed in the detectionsystem to identifywhetherthe
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Scanning Spent Fuel Rods

B.2
d



B,3



multichannel analyzer (MCA) is functioning correctly. These are the only

isotopes present that meet the predetermined statistical requirements. Other

isotopes can be selected and counted, but the error associated with them would

force the use of maximumcounting times.

The following procedure is used for each ATM. One reference rod is

designated for each ATM (MKP059for ATM-lO4). A full-length gammascan of the

reference rod is completed by measuring the activity along the rod in 0.25-cm

(0.1 in.) steps, which requires about a week of setup and scanning for the

full-length rod. The data is plotted and the scan accepted or rejected on the

basis of "reasonableness" of the data plot. For example, there should be no

sudden shifts in activity, and the activity is normaily_highest near the

middle_ decreasing rapidly toward the ends. Subsequent scans of standard fuel

i_ods are accepted or rejected on the basis of a 5-cm (2-in.) scan of the

reference rod taken at a preselected 'location before and after the full-

length gammascan. The variability in the average activity for those 5-cm

(2-in.) scans must be less than 5% for 137Cs for the rod being scanned to be

accepted.

Gammascan results for the 137Cs isotope are presented in this appendix

for Rods MKP059, MKP063, MKP070, MKPI06, and MKPI09 (Figures B.3 through B.7).

Ali of the gammaactivities in Figure B.3 through B.7 are for the date

indicated on the plot. Rod MKP028was not gammascanned; it has only been

used to obtain a fission gas sample for checking the operation of the gas

sampling system. Only the 137Cs gammascans are presented because the 134Cs

isotope has a short half-life and the activity is significantly lower than for

137Cs. The 134Cs gammascans are used during gammascanning to double check

the results.

Corrections were made to the gammascan activities measured for Rods

MKPI09, MKP063, and MKPI06. These corrections were required because of drifts

in the detector during t_e scanning of Rod MKPI09 and the lower sensitivity of

a temporary detector used during the gammascans of Rods MKP063and MKPI06.
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The original 137Cs activitiesmeasured for Rod MKPI09 were lower than

expected based on resultsfor the gamma scanningof Rod MKP070 that had a

similarmeasured burnup for a comparablepeak-powerlocation;characteriza-

tion data for Rod MKP070 is not generallyavailablefor reportingat this

time. Based on the analysisdescribedbelow, the cesium activitiesmeasured

for Rod MKPI09 were multipliedby 1.1065and are plotted in Figure B.7. This

adjustmentis based on gamma scan resultsfor the entire referencerod

(MKP059)and/orthe central 5-cm (2-in.)region made thirteen times over a

451-dayperiod during which the average 137Cs activity in the referencerod

decreased1.7%, which is close to the 2.8% decrease expectedfor the

30.17-yearhalf-lifeof 137Cs (see Figure B.8). Furthermore,the measured

burnup of 44.34 MWd/kgM for Rod MKPI09 was only 1.35% higher than for a

similarsample from Rod MKP070. Correctingfor the differencein burnups,the

measured activities,and the date of the gamma scans, the 137Cs gamma

activitiesat a given burnup shoula have been the same for both rods. Using

this logic,a correctionfactor (1.1065)was appliedto the originaldata for

Log 011/017to generateFigure B.7. The measured 137Cs activities,corrected

137Cs activities,and burnup values for all of the samples from Rod MKPI09 are

listed in Table B.I.

A portionof the gamma scan data for Rod MKPI09 was also affectedby an

electronicshift over a very short length of the fuel rod. For this reason,

the gamma activitydata over the fuel rod length 1.879 to 1.899m (73.962to

74.762 in.) from the top of Rod MKPI09 are omitted in Figure B.7.

The originalgamma scan detectormalfunctionedprior to completionof the

scans for Rods MKP063 and MKPI06. The temporarydetector used during the

scans of these two rods was similarto the original detector,but the

activitiesmeasuredwith the temporarydetectorwere about 20% of those using

the originaldetector. Both the originaland temporarydetectorswere used to

scan some of the ATM-lO4rods. Based on the ratio of activitiesmeasured for

the referenceand standardrods with the originaland temporarydetectors,the

data obtainedwith the temporarydetectorwere convertedto valuesthat would

have been obtainedusing the original detector. Activitiesobtained for Rods

MKP063 and MKPI06 using the temporarydetectorwere multipliedby 5.47 and
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5.50, respectively. These correctionshave been includedin preparingFigures

B.4 and B.6 for Rods MKP063 and MKPI06, respectively. All of the gamma

activitiesin FiguresB.3 through B.7 are for the date indicatedon the plot.

/

TABLE B.I. 137Cs Activitiesand EstimatedBu_'y_U_}Sfor Rod MKPIO9
!;' :7!i. ;,
' _ i_ ' ,,

Section origina/l, ,Corrected
Identifi- Activity, Activity Burnup,
cation ....SectionAssignment _ Counts/s MWd/kqM

I04-MKPIOg-A MCC Spare Material

I04-MKPIOg-B ONWI(b) Material 1500.0 1659.8 30.0

I04-MKPI09-C MCC TransverseMet./Ceram. 1548.1 1713.0 31.2

I04-MKPIOg-D MCC 1291 on Cladding ID, 1605.8 1776.8 32.6
MCC 135Cs and 137Cs on
Cladding ID and OD

I04-MKPIOg-E MCC 14C in Fuel and 1634.6 1808.7 33.4
Cladding

I04-MKPIOg-F MCC Spare Material 1658.7 1835.4 33.9

I04-MKPIOg-G MCC Spare Material 2081.0 2302.6 44.3

I04-MKPIOg-H MCC TransverseMet./Ceram. 2081.0 2302.6 44.3

104-MKPI09-1 MCC 1291 on Cladding ID, _.081.0 2302.6 44.3
MCC 135Cs and 137Cs on
Cladding ID and OD

I04-MKPIO9-J MCC 14C in Fuel and 2081.0 2302.6 44.3
Cladding

I04-MKPIOg-K ONWI Material 2081.0 2302.6 44.3

I04-MKPIO9-L NNWSI(c)Material 2081.0 2302.6 44.3

I04-MKPIO9-M NNWSI Material 2083.3 2305.2 44.4

I04-MKPIO9-N MCC Longitudinal 2085.7 2307.8 44.4
Metallography-Ceramography

104-MKPI09-O MCC TransverseMet./Ceram. 2085.7 2307.8 44.4
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TABLEB.1, (contd)

Section Original Corrected
Identifi- Activity, Activity Burnup,
cation SectionAssiqnment Counts/s, Counts/s MWdk/_kq_M_

I04-MKPIOg-P MCC Burnup, Isotopes, 2085.7 2307.8 44.34(a)
and Radionuclides

I04-MKPIOg-Q ORNL Spark Source 2085.7 2307.8 44.4

I04-MKPIOg-R ORNL Spark Source 2085.7 2307.8 44.4

I04-MKPI09-S MCC TransmissionElectron 2085.7 2307.8 44.4
Microscopy

I04-MKPIO9-T MCC 1291 in Fuel and on 2085.7 2307.8 44.4
Cladding ID;
MCC 135Cs and 137Cs
on Cladding ID and OD

I04-MKPIO9-U MCC 14C in Fuel and 2085.7 2307.8 44.4
Cladding

I04-MKPIO9-V MCC Spare Material 2085.7 2307.8 44.4

I04-MKPIOg-W ONWI Material 2085.7 2307.8 44.4

I04-MKPIOg:-x MCC Spare and Archive
Material

I04-MKPIOg-Y MCC Spare Material

I04-MKPIOg-Z MCC Spare Material

I04-MKPIOg-AA MCC Longitudinal 1792.5 1983.4 37.2
Metallography-Ceramography

I04-MKPIOg-BB MCC TransverseMet./Ceram. 1792.5 1983.4 37.2

I04-MKPI09-CC MCC Burnup, Isotopes,and 1773.6 1962.5 37.12(a)
Radionuclides

I04-MKPIOg-DD ORNL Spark Source 1745.3 1931.2 36.2

(a) Measured burnup.
(b) FormerOffice of NuclearWaste Isolation.
(c) FurmerNevada NuclearWaste StorageInvestigation,now Yucca Mountain

Project.
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TABLE B.I. (contd)

Section Original Corrected
Identifi- Activity, Activity Burnup,
cation SectionAssiqnment Counts/s _

I04-MKPIOg-EE ORNLSpark Source 1745.3 1931.2 36.2

I04-MKPIOg-FF MCC 1291 in Fuel and on 1698.1 1878.9 34.9
Clad_l_BgID;
MCC "_Cs and 137Cs on
Cladding ID and OD

I04-MKPIOg-GG MCC 14C in Fuel and 1650.9 1826.7 33.8
Cladding

I04-MKPIOg-HH MCC Spare Material 1617.9 1790.2 32.9

I04-MKPI09-11 ONWI Material 1566.0 1732.8 31.7

I04-MKPIO9-JJ MCC Longitudinal 1481.1 1638.8 29.6
Metallography-Ceramography

I04-MKPIOg-KK MCC TransverseMet./Ceram. 1429.2 1581.4 28.3

I04-MKPIOg-LL MCC Burnup, Isotopes,and 1386.8 1534.5 27.35(a)
Radionuclides

I04-MKPIO9-MM ORNL Spark Source 1339.6 1482.3 26.1

I04-MKPIOg-NN ORNL Spark Source 1283.0 1419.6 24.7

I04-MKPI09-O0 MCC 1291 in Fuel and on 1202.8 1330.9 22.7
Cladding ID;
MCC 137Cs and 137Cs on
Cladding ID and OD

I04-MKPIOg-PP MCC 14C in Fuel and 1108.5 1226.6 20.4
Cladding

I04-MKPIOg-QQ MCC Spare Material 1000.0 1106.5 17.8

I04-MKPIOg-RR MCC Spare Material

(a) Measuredburnup.
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APPENDIXC

SECTIONINGDIAGRAM

The sectioningdiagram for Rod MKPI09 is shown in a graph of the 137cs

gamma scan (FigureC.I). Each letter along the top of the graph identifiesa

specific sectionof the rod and is keyed to the detailedsection assignment

and location description(TableC.I) that followsthe graph. The graphs are

referencedto the top end of the rod. Dashed lines representcuts that have

not been made at the time of preparingthis report.

Sectionswere cut from the rod using a circular saw with an aluminum

oxide blade; the saw is operatedwithoutcoolant. Each cut requiredle_s than

I min. After cutting,the small fuel sampleswere placed in glass vials for

transfer to the analyticalfacilities. The remaininglonger segments (for

repositorytestingor MCC spare material)were marked at the top end for

orientationpurposesand were placed in individualstainlesssteel storage

tubes that were filled with argon before being cappedwith a Swagelok®

fitting. Two operatorswere used during sectioningoperationsto verify that

the sectionswere cut correctlyand placed in the proper prelabeledtransfer

or storagecontainers. As the sectionslonger than 2.5 cm (1.0 in.) were cut,

the measurementswere made. These measurementswere used to preparethe

sectioningdiagramshown in this appendix.

® Swagelok is a trademarkof the CrawfordFittingCompany, Solon,Ohio.
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TABLEC.I. Descriptionof SectionsCut from of ATM-lO4, Rod MKP-I09
(Keyed to Figure D.I)

Section

Identifi- DistanceFrom Length,_bj'_

cation SectionAssiqnment___. Top,taj cm (in.) cm (inr) Notes

A. MCC Spare Material 0-40.810 40.81 c,d
(0-16.067) (16.07)

B. ONWI Material 40.874-43.330 2.4B d

(16.092-17.059) {0.97)

C. MCC TransverseMetallog- 43.393-44.580 1.19 d

aphy-Ceramography (17.084-17.551) (0,47)

D. MCC 1291 on CladdingID, 44.643-47.099 2.46 d
MCC 135Cs and 137Cson (17.576-18.543) (0.97)

Cladding ID and OD

E. MCC 14C in Fuel and 47.163-48.349 1.19 d

Cladding (18,568-19.035) (0.47)

F. MCC Spare Material 48.412-50.317" 1.91 c,e
(19.0B0-19.810") (0.75)

G. MCC Spare Material 50.381"-121.851 71.47 c,e
(19.835"-47.973) (28.14)

H. MCCTransverse Metallog- 121.915-123.185 1.27
raphy-Ceramography (47.998-48.498) (0.50)

I. MCC 1291 on Cladding ID, 123.248-125.788 2.54
MCC 135Cs and 137Cson (48.523-49.523) (1.00)

CladdingID and OD

J. MCC 14C in Fuel and 125.852-127.122 1.27

Cladding (49.548-50.048) (0.50)

K. ON_I Material 127.185-129.725 2.54

(50.073-51.073) (1.00)

L. NNWSIMaterial 129.789-131.694" 1.91 c,e

(51.098-51.848") (0.75)

M. NNWSI Material 131.757"-205.290 73.53 c,e

(51.873"-80.823) (28.95)

N. MCCLongitudinal Metallog- 205.354-207.259 1.91
raphy-Ceramography (80.848-81.598) (0.75)

O. MCCTransverse Metallog- 207.322-208.592 1.27
raphy-Ceramography (81.623_2.123) (0.50)

P. MCC Burnup,Isotopes, 2_8.65B-209.926 1.27
and Radionuclides (82.148-82.648) (0.50)

Q. ORNL Spark Source 209.989-210.624 0.64
(82.673-82.923) (0.25)
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TABLEC.1. (contd)

Sectton

Identtfi- Dts_apce From Length, _bJ''
q_tlon .... Sectlon A_sJpnment Top. _a; cm (in.] cm (in.)

R. ORNLSpark Source 210.688-211.323 0.64
(82.948-83.198) (0.25)

S. MCCTransmission Electron 211.386-212.656 1.27
Microscopy (83.223-83.723) (0.50)

T. MCC129I in Fuel and on 212.720-215.260 2.54

Cladding ID; (83.748-84.748) (1.00)
MCC135Cs end 137Cs

on Cladding ID and OD

U. MCC14C in Fuel and 215.323-216.593 1.27
Cladding (84.773-85.273) (0.50)

V. MCC Spare Material 216.657-218.562 1.91 f

(85.298-86.048) (8.75)

W. ONWIMaterial 218.625-221.165" 2.54 c,e,f
(86.073-87.073") (1.00)

X. MCCSpare and Archive 221.229"-250.312 29.08 c,e
Material (87.098*-98.548) (11.45)

Y. MCC Spare Material 250.375-288.572 38.20 c
(98.573-113.611) (15.04)

Z. MCC Spare Material 288.635-341.930 53.29 u,g

(113.636-134.618) (20.98)

AA. MCCLongitudinal Metallog- 341.993-343.916 1.92 g
raphy-Ceramography (134.643-135.400) (0.76)

BB. MCC TransverseMetallog- 343.980-345.267 1.29 g

raphy-Ceramography (135.425-135.932) (0.51)

CC. MCC Burnup,Isotopes,and 345.331-348.619 1.29 g
Radionuclides (135,957-136.464) (0.51)

DD. ORNL Spark Source 346.682-347.335 0.65 g
(136,489-136.746) (0.26)

EE. ORNLSpark Source 347.398-348.051 0.65 g
(136.771-137.028) (0.26)

FF. MCC 1291 in Fuel and on 348.115-350.672 2.56 g
Cladding ID; (137.053-138.060) (1.01)
MCC 135Cs and 137Cson

Cladding ID and OD

GG. MCC 14C in Fuel and 350.736-352.024 1.29 g

Cladding (138.085-138.592) (0.51)

HH. MCC Spare Material 352.087-354.010 1.92 g
(138.617-139.374) (0.76)
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TABLEC,1. (contd)

Section

Identifi- Disl;a_ceFrom Length,(b)

cation Section Assiqnment Top,ta)cm (in.) cm (in,) Note._...ss

II, ONWI Material 354.074-356.631 2.56 g
(139.399-140.406) (1.01)

Jj, MCC LongitudinalMetallog- 356.695-358,618 1.92 g

raphy-Ceramography (140,431-141,188) (0,76)

KK. MCC TransverseMetallog- 358.681-359.9B9 1,29 g

graphy-Ceramography (141.213-141,720) (0.51)

LL. MCCBurnup, Isotopes, and 360.032-361.320 1.29 g
Radionuclides (141.745-142.252) (0.51)

MM, ORNL Spark Source 361.384-362.036 0.65 g
(142.277-142.534) (0.26)

NN, ORNL Spark Source 362.100-362,753 0.65 g
(142,559-142.816) (0.26)

00, MCC 1291 in Fuel and on 3B2,816-365,374 2.5B g

Cladding ID; (142.841-143.848) (1,01)
MCC 135Cs and 137Cson

Cladding ID and OD

PP, MCC 14C in Fuel and 3B5.437-3B6,725 1.29 g

Cladding (143,873-144,380) (0.51)

QQ. MCC SpareMaterial 366,789-3B8.694* 1.91 e
(144,405-145.155") (0.75)

RR. MCC Spare Material 368.757*-375.793 7,04 e
(145.180"-147.95) (2.77)

(a) Distance from top reportedto three decimalplacesto keep accountof saw loss
betweensections only, Section lengthsreportedto two decimalplaces,

(b) Length does not include0.054 cm (0.025 in,) saw loss. (This is accountedfor
between sections.)Measured lengthsare within ±0.16 cm (I/16 in.).

(c) Within ±0.16 cm (i/16 in.) of measured length.
(d) Subtracted0,084 cm (0.033in.) from each of the five sections (A-E)to

compensatefor 0.419 cm (0.165in,) differencebetweenas-cut length
measurementsand "theoretical"summationof sectionsB throughE after

accountlngfor saw loss.

(e) Sectionsare one sectionof fuel, Asterisk (*) indicatesa theoreticaldis-
tance from top of the rod that gives a lengthspecifiedin the pre-cutplan.

(f) Lengthsof V and W exchangeddue to an error in cutting. SectionV, origin-

ally specifiedas ONWI material, is designatedas MCC sparematerial. Section
W, originallyspecifiedas MCC sparematerial, is designatedas ONWI material.

(g) Length increasedby 0,018 cm (0.007 in.)for each of 17 sections(Z-PP)to

compensatefor 0.318 cm (0,125 in.) differencebetweenas-cut length
measurementsand "theoretical"_ummationof sectionsAA throughPP after

accountingfor saw loss,
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APPENDIXD

RESULTSOF ORIGEN2RADIONUCLIDEINVENTORYCALCULATIONS

Appendix D contains input and output from the ORIGEN2 calculationsfor

ATM-lO4 spent fuel based on data describedin Section5.1 and AppendixA. An

example of the ORIGEN2input for fuel irradiation/decayis shown in Fig-

ure D.I. An exampleof the ORIGEN2 input for cladding irradiation/decayis

shown in Figure D.2. The power densitiesgiven in AppendixA were normalized

to give radionuclideinventoriesat burnupsof 20, 25, 30, 35, 40, 45, and

50 MWd/kgM. Eight tables of output at each of these burnups are given in

Appendix D. Their contents are as follows:

Table L).1.a- D.1.g FissionProductRadioactivityby Isotope,Ci/gU

Table D.2.a _ D.2.g Actinide Radioactivityby Isotope,Ci/gU

Table D.3.a - D.3.g FissionProduct Inventoryby Isotope,g/gU

Table D.4.a - D.4.g Actinide Inventoryby Isotope,g/gU

Table D.5.a - D.5.g FissionProduct Inventoryby Element,g/gU

• Table D.6.a - D.6.g Actinide Inventoryby Element,g/gU

Table D.7.a - D.7.g Fuel ActivationProductInventoryby Isotope,
g/gU

Table D.8.a - D.8.g Claddir_gActivationProduct Inventoryby Isotope,
g/gZr

Each table containsvalues for out-of-reactordecay times of 4, 6, 8, 10, 15,

20, and 1000 years.

ORIGEN2 output includes_ varietyof additionaltables, a few of which

were used in preparingthe comparisonsof measured and predictedactivitiesin

Tables 6.3 and Table 7.3.
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-I
-I
-I
TIT ATM-lO4FUEL PWR E=3.038 2.0.0GWD/MTU
BAS GRAM
LIB 0 I 2 3 204 205 206 9 3 0 I I
PHO !01 102 103 10
LIP 0 0 0
INP 1 1 -I -I 1 1
RDA BURNUPTO 20,000MWD/MTU
BUP
IRP 100. 15.7064-6 I 2 4 2
IRP 200. 15.7064-6 2 3 4 0
IRP 306. 15.7064-6 3 4 4 0
DEC 377. 4 5 4 0
IRP 398.9 14.6982-6 5 6 4 0
IRP 418.3 9.7526-6 6 7 4 0
IRP 528.3 14.8798-6 7 8 4 0
IRP 646 14.8798-6 8 9 4 0
DEC 671 9 1 4 0
IRP 759 14.8798-6 I 2 4 0
DEC 840 2 3 4 0
IRP 958.3 3.0305-6 3 4 4 0
IRP 1080.1 6.4173-6 4 5 4 0
IRP 1190.1 13.0210-6 5 6 4 0
IRP 1306 13.0210-6 6 7 4 0
DEC 1391 7 8 4 0
IRP 1506 10.2400-6 8 9 4 0
IRP 1621 10.2400-6 9 1 4 0
IRP 1736 10.2400-6 1 2 4 0
IRP 1852 10.2400-6 2 3 4 0
DEC I. 3 4 5 2
DEC 4. 4 1 5 0
DEC 6. I 2 5 0
DEC 8. 2 3 5 0
DEC 10. 3 4 5 0
DEC 15. 4 5 5 0
DEC 20. 5 6 5 0
DEC 50. 6 7 5 0
DEC 100. 7 8 5 0
DEC 200. 8 9 5 0
DEC 500. 9 10 5 0
DEC 1000. 10 7 5 0
BUP
HED I ' 4 YEARS
HED 2 ' 6 YEARS
HED 3 ' 8 YEARS

FIGURE D.I. Sample ORIGEN2 Input for ATM-lO4 Fuel

D.2
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HED 4 I0 YEARS
HED 5 15 YEARS
HED 6 2O YEARS
HED 7 1000 YEARS
OPTA 88 88 7 8 7 888 88888888888888
OPTL 8888 7 8 7 88888888888888888
OPTF 888878788888888888888888
CUT 5 1.0-IB 7 1.0-15 -I
OUT 7 1 0 1 "
STP 4
2 922340 .000246 922350 .03038 922380 .969370 0.0
4 80000 .13452 60000 20.4-6 70000.26.1-6 90000 5,.7-6
4 170000 5.7-6 260000 51.1-6 470000 1.1-6 200000 36.3-6
4 130000 36.3-6 14000036.3-6 280000 28.4-6 0 0.0
0
END

FIGURE D.I. Sample ORIGEN2 Input for ATM-lO4Fuel (contd)
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-1
-1
-1
TIT ATM-lO4CLAD PWR E=3.03820.0GWD/MTU
BAS GRAM
LIB 0 I 2 3 204 205206 9 3 0 1 1
PHO 101 102 103 10
LIP 0 0 0
INP 1 1 -I -I 1 1
RDA BURNUPTO 20,000MWD/MTU
BUP
IRP 100. 70.8983-6 1 2 4 2
IRP 200. 70.8983-6 2 3 4 0
IRP 306. 70.8983-6 3 4 4 0
DEC 377. 4 5 4 0
IRP 398.9 66.3472-6 5 6 4 0
IRP 418.3 44.0229-6 6 7 4 0
IRP 528.3 67.1668-6 7 8 4 0
IRP 646 67.1668-6 8 9 4 0
DEC 671 9 1 4 0
IRP 759 67.1668-6 1 2 4 0
DEC 840 2 3 4 0
IRP 958.3 58.8195-6 3 4 4 0
IRP 1080.1 28.9676-6 4 5 4 0
IRP 1190.1 58.7763-6 5 64 0
IRP 1306 58.7763-6 6 7 4 0
DEC 1391 7 8 4 0
IRP 1506 46.2230-6 8 9 4 0
IRP 1621 46.2230-6 9 1 4 0
IRP 1736 46.2230-6 1 2 4 0
IRP 1852 46.2230-6 2 3 4 0
DEC 1. 3 4 5 2
DEC 4. 4 1 5 0
DEC 6. 1 2 5 0
DEC 8. 2 3 5 0
DEC 10. 3 4 5 0
DEC 15. 4 5 5 0
DEC 20. 5 6 5 0
DEC 50. 6 7 5 0
DEC 100. 7 8 5 0
DEC 200. 8 9 5 0
DEC 500. 9 10 5 0
DEC 1000. 10 7 5 0
BUP
HED 1 ' 4 YEARS
HED 2 ' 6 YEARS
HED 3 ' 8 YEARS

FISURED.2. SampleORIGENInputfor ATM-lO4Cladding
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HED 4 10 YEARS
HED 5 15 YEARS
HED 6 20 YEARS
HED 7 1000YEARS
OPTA 888888888888888888888888
OPTL 8888 78 788888888888888888
OPTF 888888888888888888888888
CUT 5 1.0-15 7 1.0-15 -I
OUT 7 1 0 1
STP 4
2 922340.001110 922350.13713 9223804.3757 0 0.0
4 400000.9805 5000000.015 2600000.002 2400000.001
4 13000040.0-6 72000055.0-6 14000080.0-6 800001165.0.6
4 60000115.0-6 7000025.0-6 1000014.0-6 0 0.0
0
END

FIGURED.2. SampleORIGENInputforATM-lO4Cladding(cor_td)

a
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TABLE D.1.a. FissionProductRadioactivityby Isotopeat 20 MWd/kgM,Ci/gU

Isotope.4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

H-3 2.376E-042.124E-041.898E-041.696E-041.281E-049.678E-050.00
Be-lO 1.765E-121.765E-121.765E-121.765E-121.765E-121.765E-121.764E-12
C-14 7.114E-117.112E-117.110E-117.109E-117.104E-117.100E-116.306E-11
Se-79 2.545E-072.544E-072,544E-072.544E-072.544E-072.544E-072.518E-07
Kr-81 1.865E-131.865E-131.865E-131.865E-131.865E-131.865E-131.859E-13
Kr-85 4.274E-033.755E-033.300E-032.900E-032.099E-031.519E-030.00
Rb-87 1.393E-111.393E-111.393E-111.393E-111.393E-111.393E-111.393E-11
Sr-89 5.378E-I02.377E-141.050E-184.640E-230.00 0.00 0.00
Sr-90 4.198E-024.002E-023.816E-023.639E-023.231E-022.868E-022.124E-12
Y-90 4.199E-024.003E-023.817E-023.640E-023.231E-022.869E-022.125E-12
Y-91 1.078E-081.880E-123.278E-165.715E-200.00 0.00 0.00
Zr-93 1.153E-061.153E-061.153E-061.153E-061.153E-061.153E-061.153E-06
Nb-93m 3,213E-073.963E-074.641E-075.253E-076.535E-077.530E-071.095E-06
Nb-94 7.226E-117.226E-117.225E-11_7.225E-117.223E-117.222E-116.985E-11
Zr-95 6.292E-082.300E-118.411E-153.075E-180.00 0.00 0.00
Nb-95 1.397E-075.107E-111.867E-146.827E-180.00 0.00 0.00
Nb-95m 4.667E-I01.707E-136.239E-172.281E-200.00 0.00 0.00
Tc-98 1.951E-121.951E-121.951E-121.951E-121.951E-121.951E-121.951E-12
Tc-99 8.301E-068.301E-068.300E-.068.300E-068.300E-068.300E-068.274E-06
Rh-t02 1.503E-07§.318E-085.777E-083.582E-081.084E-083.282E-090.00
Ru-I03 2.648E-126.682E-181.686E-230.00 0.00 0.00 0.00
Rh-103m2.387E-126.024E-181.520E-230.00 0.00 0.00 0.00
Ru-106 1.043E-022.635E-036.661E-041.684E-045.408E-061.737E-070.00
Rh-t06 1.043E-072.635E-036.661E-041.684E-045.408E-061.737E-070.00
Pd-107 5.365E-08 5.365E-085.365E-085.365E-085.365E-085.365E-085.364E-08
Ag-t08 1.224E-121.211E-12_I.198E-121.185E-121.153E-121.122E-125.335E-15
Ag-108m 1.376E-111.361E-111.346E-111.331E-111.295E-111.261E-115.995E-14
Ag-1Ogm 1.947E-116,539E-122.196E-127.374E-134.81RE-143.148E-150.00
Cd-I09 1.947E-116.539E-122,196E-127.374E-134.818E-143.148E-150.00
Ag-t10 1.848E-072.436E-083.211E-094.232E-I02.670E-121.685E-140.00
Ag-110m 1.389E-051.831E-062.414E-073.182E-082.008E-I01.267E-120.00
Cd-113m2.146E-051.951E-051.774E-051.613E-051.272E-051.003E-056.031E-26
In-114 1.082E-153.917E-20].418E-240.00 0.00 0.00 0.00
In-114m1.130E-154.093E-201.482E-240.00 0.00 0.00 0.00
Cd-115m6.553E-147.679E-199.000E-240.00 0.00 0.00 0.00
Sn-119m1.052E-061.332E-071.686E-082.135E-091.218E-116.953E-140.00
Sn-121m1.033E-071.003E-079.771E-089.504E-088.867E-088.273E-081.033E-13
Sn-123 4.031E-077.998E-091.587E-I03.148E-12 1.745E-169.676E-210.00
Te-123m3.451E-I05.017E-127.294E-141.060E-152.702E-206.887E-250.00
Sb-124 1.145E-112.546E-155.661E-191.258E-220.00 0.00 0.00
Sb-125 2.293E-031.390E-038.427E-045.109E-041.462E-044.183E-050.00
Te-125m5.594E-043.392E-042.057E-041.247E-043.567E-051.021E-050.00
Sn-126 4.425E-074.425E-074.425E-074.425E-074.425E-074.424E-074.395E-07
Sb-126 6.195E-086.195E-086.195E-086.195E-086.195E-086.194E-086.152E-08
Sb-126m4.425E-074.425E-074.425E-074.425E-074.425E-074.424E-074.395E-07
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TABLE D.l.a. FissionProductRadioactivityby Isotopeat 20 MWd/kgM, Ci/gU
(cont'd)

Isotope.4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Te-127 3.640E-073.498E-093.361E-113.229E-132.922E-182.644E-230.00
Te-127m3.716E-073.571E-093.431E-113.297E-132.983E-182.699E-230.00
Te-129 6.879E-161.962E-220.00 0.00 0.00 0.00 0.00
Te-129m 1.057E-153.014E-220.00 0.00 0.00 0.00 0.00
1-129 1.868E-081.868E-081.868E-081.868E-081.868E-081.868E-081.868E-08

' Cs-134 1.200E-026.124E-033.126E-031.596E-032.972E-045.535E-050.00
Cs-135 4.102E-074.102E-074.102E-074.102E-074.102E-074.102E-074.100E-07
Cs-137 5.545E-025.294E-025.055E-024.827E-024.300E-023.831E-025.615E-12
Ba-137m5.245E-025,008E-024.782E-024.566E-024.068E-023.624E-025.312E-12
Ce-141 1.388E-142.391E-210.00 0.00 0.00 0.00 0.00
Ce-142 1.664E-111.664E-111.664E-111.664E-111.664E-111.664E-111.664E-11
Ce-144 1.074E-021.810E-033.048E-045.133E-055.976E-076.957E-090.00
Pr-144 I..075E-021.810E-033.048E-045.134E-055.976E-075.957E-090.00
Pr-144m1.289E-042.172E-053.658E-066.160E-077.172E-098.349E-110.00
Nd-144 8.804E-168.837E-168.843E-168.844E-168.844E-i68.844E-168.844E-16
Pm-146 6.412E-074.984E-073.873E-073.010E-071.603E-078.537E-080.00
Sm-146 1.461E-131.503E-131.535E-131.560E-131.601E-131.623E-131.648E-13
Pm-147 3.075E-021.813E-02I.069E-026.301E-031.681E-034.487E-040.00
Sm-147 3.381E-123.691E-123.873E-123.981E-124.094E-124.124E-124.135E-12

: Pm-148 1.631E-147.718E-203.652E-250.00 0.00 0.00 0.00
Pm-148m2.896E-131.370E-186.483E-240.00 0.00 0.00 0.00
Eu-150 1.875E-111.804E-111.736E-111.670E-111.517E-111.378E-118.807E-20
Sm-151 2.552E-042.513E-042.475E-042.437E-042.345E-042.256E-041.189E-07
Eu-152 1.160E-051.047E-059.457E-068.541E-066.620E-065.131E-060.00
Gd-153 5.788E-077.143E-088.816E-091.088E-095.823E-123.115E-140.00
Eu-154 2.724E-032.319E-031.973E-031.680E-031.122E-O3.7.502E-040.00
Eu-155 1.430E-031.081E-038.176E-046.182E-043.073E-041.528E-040.00
Tb-160 1.226E-I01.115E-131.014E-169.214E-200.00 0.00 0.00
Ho-166m5.621E-I05.615E-I05.608E-I05.602E-I05.585E-I05.569E-I03.162E-I0
Tm-170 1.674E-123.263E-146.361E-161.232E-176.534E-220.00 0.00
Tin-1718.612E-124.183E-122.032E-129.871E-131.623E-132.670E-140.00

. Total 2.889E-012.256E-01 1.981E-011.813E,-011.544E-011.353E-011.232E-05
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TABLE D.1.b. FissionProductRadioactivityby Isotopeat 25 MWd/kgM, Ci/e'a

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 (ears

H-3 3.031E-042.709E-042.422E-042.165E-041.635E-041.235E-040.00
Be-t0 z._v_c-122 202E-122 202E 12 2 202E 12 2 202E-122 202E 12 2 201E-IZ
C-14 8.875E-118.872E-118.870E-118.868E-118.863E-118.857E-117.867E-11
Se-79 3.142E-073.142E-073.142E-073,142E-073.142E-073.142E-073.109E-07
Kr-81 2.855E-132.855E-132.855E-132.855E-132.855E-132.855E-132.845E-13
Kr-85 5.!68E-034.541E-033.990E-033.506E-032.537E-031.837E-030.00
Rb-87 1.678E-111.678E-111.678E-111.678E-111.678E-111.678E-111.678E-11
Sr-89 6.251E-I02.762E-141.220E-185.393E-230.00 0.00 0.00
Sr-90 5.044E-U24.809E-024.586E-024.372E-023.882E-023.446E-022.553E-12
Y-g0 5.045E-024.810E-024.587E-024.374E-023.883E-023.447E-022.553E-12
Y-91 1,266E-082.208E-123.849E-166.711E-200.00 0.00 0.00
Zr-93 1.405E-061.405E-061.405E-OG1.405E-061.405E-061.405E-061.404E-06
Nb-g3m 3.926E-074.839E-075.663E-076.408E-077.969E-079.178E-071,334E-06
Nb-94 9.918E-119.917E-119.916E-119.916E-119.914E-119.912E-119.586E-11
Zr-g5 7.661E-082.801E-111.024E-143.744E-180.00 0.00 0.00
Nb-95 1.701E-0_6.219E-112.274E-148.313E-180.00 0.00 0.00
Nb-95m 5.683E-I02.078E-137.597E-172.778E-200.00 0.00 0.00
Tc-98 3.110E-123.110E-123.110E-123.110E-123.110E-123.110E-123.109E-12
Tc-99 1.017E-051.017E-051,017E-051.017E-051.017E-051.017E-051.014E-05
Rh-102 2,387E-071.480E-079.177E-085.690E-081.772E-085.213E-090.00
Ru-103 3.444E-128.690E-182.193E-230.00 0.00 0.00 0.00
Rh-103m3.104E-127.834E-181.977E-230.00 0.00 0.00 0.00
Ru-106 1.466E-023.707E-039.369E-042.368E-047.607E-062.443E-070.00
Rh-t06 1.466E-023.707E-039.369E-042.368E-047.607E-062.443E-070.00
Pd-107 7.580E-087.580E-087.580E-087.580E-087.580E-087.580E-087.579E-08
Ag-t08 1.777E-121.75BE-121.739E-121.720E-121.674E-121.629E-127.746E-15
Ag-108m 1.997E-111.975E-111.954E 11 1.933E-111.881E-111.830E-118.703E-14
Ag-1Ogm4.360E-111.464E-114.917E-121.651E-121.079E-137.049E-150.00
Cd-I09 4.360E-111.464E-114.917E-121.651E-121.079E-137.049E-150.00
Ag-t10 3.285E-074.330E-085.707E-097.523E-I04.748E-122.996E-140.00
Ag-110m 2.470E-053.255E-064.291E-075.657E-083.570E-I02.253E-120.00
Cd-1_3m 2.965E-052.697E-052.452E-052.230E-051.758E-051,387E-058,334E-26
In-114 1.853E-156.707E-202.428E-240.00 0.00 0.00 0.00
In-114m1.936E-157.008E-202.537F-240.00 0.00 0.00 0.00
Cd-115m8.663E-14 1.015E-181.190E-230.00 0.00 0.00 0.00
Sn-119m 1.417E-061.795E-072.273E-082.878E-091.642E-119.368E-140.00
Sn-121m 1.376E-071.339E-071.302E-071.267E-071.182E-071.103E-071.377E-13
Sn-i23 5.193E-071.030E-082.044E-I04.055E-122.248E-161.246E-200.00
Te-123m 7.249E-I01.054E-111.532E-132.227E-155.677E-201.447E-240.00
Sb-124 1.886E-114.193E-159.320E-192.072E-220.00 0.00 0.00
Sb-125 2.986E-031.810E-031.097E-036.653E-041.904E-045.447E-050.00
Te-125m 7.285E-044.418E-042.678E-041.624E-044.645E-051,329E-050.00
Sn-126 5.726E-075.726E-075.726E-075.725E-075.725E-075.725E-075.686E-07
Sb-126 8.016E-088.016E-088.016E-088.016E-088.015E-088.015E-087.961E-08
Sb-126m5.726E-075.726E-075.726E-075.725E 07 5.725E-075.725E-075.686E-07
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TABLE D.1,b, FissionProductRadioactivityby Isotopaat 25 MWd/kgM,Ci/gU
(cont'd)

.Isoto.pe4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Te-127 4.777E-074.590E-094.410E-114.237E-133.834E-183.469E-230.00
Te-127m 4.877E-074.686E-094.502E-114.325E-133.914E-183.541E-230.00
Te-129 8.841E-162.522E-220.00 0.00 O.O0 0.00 0.00 _'_-"
Te-129m 1.358E-153.874E-220.00 0.00 0.00 0.00 0.00
1-129 2.372E-082.372E-082.372E-082.372E-082.372E-082.372E-082.372E-08

Cs-134 1.866E-029.525E-034.863E-032.483E-034.623E-048.610E-050.00
Cs-135 4,492E-074.492E-074.492E-074.492E-074.492E-074.492E-074.491E-07
Cs-137 6.936E-026.623E-026.324E-026.038E-025.380E-024.793E-027.025E-12
Ba-137m 6.562E-026.265E-025.983E-025.712E-025.089E-024.534E-026.646E-12
Ce-141 1.712E-142.949E-210.00 0.00 0.00 0.00 0.00
Ce-142 2.060E-112.060E-112.060E-112.060E-112.060E-112.060E-112.060E-11
Ce-144 1.313E-022.211E-033.723E-046.271E-057.300E-078.499E-090.00
Pr-144 1.313E-022.211E-033.723E-046.271E:057.300E-078.500E-090,00
Pr-144m 1.575E-042.653E-054.468E-067.525E-078.760E-091.020E-I00.00
Nd-144 1.129E-151.133E-151.134E-151.134E-151.134E-151.134E-151.134E-15
Pm-146 9.471E-077.361E-075.721E-074.446E-072.368E-071.261E-070.00
Sm-146 2.159E-132.220E-132.268E-132.305E-132.365E-132.398E-132.434E-13
Pm-147 3.406E-022.008E-021.184E-026.979E-031.862E-034.969E-040.00
Sm-147 3.738E-124.081E-124.283E-124.402E-124.528E-124.561E-124.573E-12
Pm-148 1.983E-149.384E-204.440E-250.00 ' 0.00 0.00 0.00
Pm-148m3.521E-131.666E-187.883E-240.00 0.00 0.00 0.00
Eu-150 2.063E-111.985E-111.910E-111.838E-111.669E-111.516E-119.681E-20
Sm-151 2.765E-042.723E-042.681E-042.640E-042.541E-042.445E-041.289E-07
Eu-152 1.042E-059.411E-068.499E-06 7.676E-065.949E-064.611E-060.00
Gd-153 7.051E-078.702E-081.074E-081.325E-097.0_;2E-123.796E-140.00
Eu-154 4.327E-033.683E-033.134E-032.668E-031.783E-031.192E-030.00
Eu-155 2.131E-03 1.612E-031.219E-039.214E-044.581E-042.2,77E-040.00
Tb-160 2.225E-I02.023E-131.839E-161.672E-190.00 0.00 0.00
Ho-166m 1.118E-091.117E-091.116E-091.114E-091.111E-091.108E-096.291E-I0
Tm-170 4.180E-128.148E-141.588E-153.101E-171.645E-218.725E-260.00
Tm-171 2.800E-11 1.360E-116.607E-123.210E-125.279E-138.681E-140.00

Total 3.603E-012.792E-012.444E-012o235E-011.901E-011.665E-011.508E-05
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TABLE D.1.c. FissionProductRadioactivityby Isotopeat 30 MWd/kgM,Ci/gU

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

H-3 3.705E-043.312E-042.960E-042.646E-041.998E-041.509E-040.00
Be-t0 2.637E-122.637E-122.637E-122.637E-122.637E-122.637E-122.636E-12
C-14 1.063E--I01.063E-I01.062E-I01.062E-I01,062E-I01.061E-I09.423E-11
Se-79 3.727E-073.727E-073.727E-073.727E-073.726E-073.726E-073.687E-07
Kr-81 4,085E-134.085E-134.084E-134.084E-134.084E-134.084E-134.071E-13
Kr-85 6.009E-035.280E-034.640E-034.077E-032.951E-032.136E-030.00
Rb-87 1.943E-111.943E-111.943E-111.943E-111.943E-111.943E-111.943E-11
Sr-89 6.963E-I03.077E-141.359E-186.007E-230.00 0.00 0.00
Sr-90 5.828E-025.558E-025.299E-025.053E-024.486E-023.983E-022.950E-12
Y-90 5.830E-025.559E-025.300E-025.054E-024.487E-023.984E-022.951E-12
Y-91 1.427E-082.488E-124.338E-167.564E-200.00 0.00 0.00
Zr-93 1.645E-061.645E-061.645E-061.645E-061.645E-061.645E-061.644E-06
Nb-93m 4.610E-075.677E-076.642E-077.512E-079.338E-071.075E-061.562E-06
Nb-94 1.278E-I01.278E-I01.278E-I01.278E-101.278E-I01.277E-I01.235E-I0
Zr-95 8.969E-083.279E-111.199E-144.383E-180.00 0,00 0.00
Nb-95 1.991E-077.280E-112.662E-149.732E-180.00 0.00 0,00
Nb-95m 6.653E-I02.433E-138.894E-173.252E-200.00 0.00 0.00
Tc-98 4.576E-124.576E-124.576E-124.576E-124.576E-124.576E-124.575E-12
Tc-99 1.195E-051.195E-051.195E-051.195E-051.195E-051.195E-051.191E-05
Rh-t02 3.490E-072.164E-071.342E-078.318E-082.518E-087.620E-090.00
Ru-103 4.302E-12 1.086E-172.739E-230.00 0.00 0.00 0.00
Rh-103m3.878E-12.9.786E-182.470E-230.00 0.00 0.00 0.00
Ru-106 1.938E-024.897E-031.238E-033.129E-04 1.005E-053.228E-070.00
Rh-106 1.938E-024.897E-031.238E-033.129E-04 1.005E-053.228E-070.00
Pd-107 1.006E-071.006E-071.006E-071.006E-071.006E-071.006E-071.005E-07
Ag-t08 2.414E-122.388E-122.362E-122.336E-122.273E-122.212E-121.052E-14
Ag-108m 2.712E-112.683E-112.654E-112.625E-112.554E-112.485E-111.182E-13
Ag-109m 8.513E-112.859E-119.600E-123.224E-122.106E-131.376E-140.00
Cd-I09 8.513E-112.859E-119.600E-123.224E-122.106E-131.376E-140.00
Ag-t10 5.301E-076.988E-089.211E-091.214E-097.662E-124.834E-140.00
Ag-110m3.986E-055.254E-066.926E-079.130E-085.761E-I03.634E-120.00
Cd-113m3.924E-053.568E-053.245E-052.951E-052.327E-051.835E-051.103E-25
In-114 3.003E-151.087E-193.937E-240.00 0.00 0.00 0.00
In-114m3.138E-151.136E-194.114E-240.00 0.00 0.00 0.00
Cd-115m 1.113E-131.304E-181.529E-230.00 0.00 0.00 0.00
Sn-119m 1.837E-062.327E-072.946E-083.730E-092.129E-111.214E-130.00
Sn-121m 1.740E-071.693E-071.646E-071.601E-071.494E-071.394E-071.741E-13
Sn-123 6.463E-071.282E-082.544E-I05.047E-122.798E-161.551E-200.00
Te-123m 1.385E-092.014E-112.928E-134.257E-151.085E-192.765E-240.00
Sb-124 2.932E-116.518E-151.449E-183.221E-220.00 0.00 0.00
Sb-125 3.716E-032.253E-031.366E-038.280E-042.369E-046.780E-050.00
Te-125m9.067E-045.498E-043.333E-042.021E-045.781E-051.654E-050..00
Sn-126 7.083E-077.083E-077.083E-077.083E-077.083E-077.083E-077.035E-07
Sb-126 9.917E-089.917E-089.917E-089.916E-089.916E-089.916E-089.849E-08
Sb-126m7.083E-077.083E-077.083E-077.083E-077.083E-077.083E-077,035E-07
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TABLE D.I.c. FissionProductRadioactivityby Isotopeat 30 MWd/kgM,Ci/gU
(cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Te-127 6.000E-075.765E-095.540E-115.322E-134.816E-184.358E-230.00
Te-127m6.126E-075.886E-095.656E-115.434E-134.917E-184.449E-230.00
Te-129 1.093E-153.118E-220.00 0.00 0.00 0.00 0.00
Te-129m 1.680E-154.791E-220.00 0.00 0.00 0.00 0.00
1-129 2.879E-082.879E-082.879E-082.879E-082.879E-082.879E-082.879E-08

Cs-134 2.679E-021.368E-026.982E-033.565E-036.638E-041.236E-040.00
Cs-135 4.800E-074.800E-074.800E-074.800E-074.800E-074.800E-074.798E-07
Cs-137 8.329E-027.953E-027.594E,027.251E-026.460E-025.755E-028.435E-12
Ba-137m 7.879E-027.523E-027.184E-026.859E-026.11iE-025.444E-027.980E-12
Ce-141 2.029E-143.495E-210.00 0.00 0.00 0.00 0.00
Ce-142 2.450E-112.450F-!I2.450E-112.450E-112.450E-112.450E-112.450E-11
Ce-144 1.542E-022.597E-034.374E-047.367E-058.576E-079.984E-090.00
Pr-144 1.542E-02 2.597E-034.374E-047.367E-058.576E-079.984E-090.00
Pr-144m1.850E-043.116E-05 5.249E-068.840E-071.029E-081.198E-I00.00
Nd-144 1.390E-151.395E-151.396E-151.396E-151.396E-151.396E-15,1.396E-15
Pm-146 1.293E-061.005E-067,812E-076.072E-073.233E-071.722E-070.00
Sm-146 2.945E-133.029E-133.094E-133.144E-133.227E-133.271E-133.321E-13
Pm-147 3.620E-022.134E-021.258E-027.417E-031.979E-035.281E-040.00
Sm-147 3.961E-124.325E-124.540E-124.666E-124.799E-124.835E-124.848E-12
Pm-148 2.288E-141.082E-195.121E-250.00 0.00 0.00 0.00
Pm-148m4.061E-131.922E-189.092E-240.00 0.00 0.00 0.00
Eu-150 2.228E-112.144E-112.063E-111.985E-111.803E-111.637E-111.046E-19
Sm-lrl 2.933E-042.888E-042.844E-042.800E-042.694E-042.593E-041.367E-07
Eu-152 9.309E-068.407E-06 7.592E-066.857E-065.314E-064.119E-060.00
Gd-153 8.181E-071.010E-071.246E-081.538E-098.226E-124.402E-140.00
Eu-154 6.212E-035.287E-034.500E-033.830E-032.560E-031.711E-030.00
Eu-155 2.982E-032.255E-031.705E-031.289E-036.409E-043.186E-040.00
Tb-160 3.725E-I03.386E-133.078E-162,798E-190.00 0.00 0.00
Ho-166m 2.029E-092.027E-092.025E-092.022E-092.016E-092.011E-091.142E-09
Tm-170 9.075E-121.769E-133.448E-156.718E-173.564E-211.891E-250.00
Tm-171 7.500E-113.643E-111.770E-118.597E-121.414E-122.325E-130.00

Total 4.320E.013.323E-012.899E-.012.648E-012.251E-011.970E-011.774E-05
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TABLE D.l.d. FissionProductRadioactivityby Isotopeat 35 MWd/kgM, Ci/gU

Isotope 4 Years 6 Years .8 Years 10 Years 15 Years 20 Years 1000 Years

H-3 4.398E-04 3.931E-04 3.513E-04 3.140E-04 2.372E-04 1.791E-04 0.00
Be-lO 3.071E-12 3.071E-12 3.071E-12 3.071E-12 3.071E-12 3.071E-12 3.070E-12
C-14 1.238E-10 1.238E-10 1.237E-10 1.237E-10 1.236E-10 1.236E-10 1.097E-10
Se-79 4.297E-074.297E-074.297E-074.297E-074.297E-074.297E-074.252E-07
Kr-81 5,584E-135.584E-135.584E-135.584E-135.584E-135.583E-135.565E-13
Kr-85 5.799E-035.974E-035.249E-034.613E-033.338E-032.416E-030.00
Rb-87 2.190E-112.190E-112.190E-112.190E-112.190E-112.190E-112.190E-11
Sr-89 7.525E-I03.325E-141.469E-186.4%2E-230.00 0.00 0.00
Sr-gO 6.552E-026.247E-025.957E-025.680E-025.043E-024.477E-023.316E-12
Y-?^ 6.554E-026.249E-025.959E-025.682E-025.044E-024.478E-023.317E-12
Y-91 1.562E-082.723E-124.748E-168.278E-200.00 0.00 0.00
Zr-e,3 1.873E-061.873E-061.873E-061.873E-061.873E-061.873E-061.872E-06
Nb-93m 5.265E-076.479E-077.576E-078.566E-071.064E-061.225E-061.779E-06
Nb-94 1.579E-I01.579E-I01.579E-I01.579E-I01.578E-I01.578E-I01.526E-I0
Zr-9_ 1.021E-073.732E-111.364E-144.988E-180.00 0.00 0.00
Nb-95 2.266E-078.285E-113.029E-141.107E-170.00 0.00 0.00
Nb-gSm 7.571E-I02.768E-131.012E-163.701E-200.00 0.00 0.00
Tc-98 6.370E-126.370E-126.370E-126.370E-126.370E-126.370E-126.369E-12
Tc-g9 1.364E-051.364E-051.364E-051.364E-051.364E-051.364E-051.359E-05
Rh-t02 4.806E-072.980E-071.848E-07.1.146E-073.467E-081.049E-080.00
Ru-103 5.235E-121.321E-173.334E-230.00 0.00 0.00 0.00
Rh-103m 4.719E-121.191E-173.006E-230.00 0.00 0.00 0.00
Ru-106 2.462E-026.223E-031.573E-033.976E-041.277E-054.102E-070.00
Rh-106 2.462E-026_223E-031.573E-033.976E-041.277E-054.102E-070.00
Pd-107 1.279E-071.279E-071.279E-071.279E-071.279E-071.279E-071.279E-07
Ag-t08 3.137E-123.103E-123.070E-123.036E-122.955E-122.875E-121.367E-14
Ag-108m 3.525E-113.487E-113.449E-113.412E-113.320E-113.230E-111.536E-13
Ag-1Ogm 1.504E-I05.052E-111.696E-115.696E-123.722E-132.432E-140.00
Cd-109 1.504E-I05.052E-111.696E-115.696E-123.722E-132.432E-140.00
Ag-t10 7.935E-071.046E-071.379E-081.818E-091.147E-117.235E-140.00

. Ag-110m 5.966E-057.865E-061.037E-061.367E-078.621E-I05.440E-120.00
Cd-1131n5.042E-054.585E-054.169E-053.791E-052.990E-052.358E-051.417E-25
In-114 4.527E-151.639E-195.934E-240.00 0.00 0.00 0.00
In-114m4.73iE-151.713E-196.201E-240.00 0 O0 0.00 0.00
Cd-115m 1.377E-131.614E-181.892E-230.00 0.00 O.O0 0.00
Sn-119m2.314E-062.930E-073.710E-084.698E-092.68]E-111.529E-130.00
Sn-121m 2.123E-072.964E-072.008E-071.953E-071.822E-071.700E-072.123E-13
Sn-123 7.776E-071.543E-083.061E-I06.073E-123.367E-161.866E-200.00
Te-123m 2.401E-093.491E-115.(_75E-137.379E-15!..I_81F-194.793E-240.00
Sb-124 4.256E-119.462E-15;,_.I03E-184.676E-220.00 0.00 0.00
Sb-125 4.484E-032.718E-031.b4_E-039.989E-042.858E-048.180E-050o00
Te-125m 1.094E-036.633E-044.021E-042.438E-046.974E-05i.996E-050.00
Srj-1268o497E-078.496E-078.496E-078.496E-078.496E-078.496E-078.438E-07
Sb-126 1.190E-071.189E-071.189E,071.189E-071.189E-071.189E-071.181E-07
Sb-126m 8.497E-078.496E-078.496E'078.496E-078.496E-078.496E-078.438E-07
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TABLE D.1.d. FissionProductRadioactivityby Isotopeat 35 MWd/kgM, Ci/gU
(cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Te-127 7.290E-077.005E-096.730E-116.466E-135.851E-185.294E-230.00
Te-127m 7.442E-077.151E-096.871E-116.601E-135.973E-185.405E-230.00
Te-129 1.307E-153.727E-220.00 0.00 0.00 0.00 0.00
Te-129m 2.008E-155.726E-220.00 0,00 0.00 0.00 0.00
1-129 3.387E-083.387E-083.387E-083.387E-083.387[-083.387E-083.387E-08

Cs-134 3.630E-02 1.853E-029.460E-034.829E-038.994E-041.675E-040.00
Cs-135 5.062E-075.062E-075.062E-075.062E-075.062E-075.062E-075.060E-07
Cs-137 9.722E-029.283E-028.864E-028.464E-02 7.540E-026.718E-029.846E-12
Ba-137m 9.197E-028.782E-028.385E-028.007E-027.133E-026.355E-029.315E-12
Ce-141 2.339E-144.028E-210.00 0.00 0.00 0.00 0.00
Ce-142 2.834E-112.834E-112.834E-112.834E-112.834E-112.834E-112.834E-11
Ce-144 1.762E-022.967E-034.998E-048.417E-059.799E-071.141E-080.00
Pr-144 1.762E-022.967E-034.998E-048.417E-059.799E-071.141E-080.00
Pr-144m2.114E-043.561E-055.997E-061.010E-061.176E-081.369E-I00.00
Nd-144 1.662E-151.667E-151,668E-151.669E-151.669E-151.669E-151.669E-15
Pm-146 1.672E-061.299E-061.010E-067.848E-074.179E-072.226E-070.00
Sm-146 3.797E-133.905E-133.990E-134.055E-134.162E-134.218E-134.283E-13
Pm-147 3.743E-022.207E-021.301E-027.670E-032.047E-035.462E-040.00
Sm-147 4.073E-124.450E-124.672E-124.803E-124.941E-124.977E-124.991E-12
Pm-148 2.559E-141.211E-195.729E-250.00 0.00 0.00 0.00
Pm-148m4.543E-132.150E-181.017E-230.00 0.00 0.00 0.00
Eu-150 2.373E-112.283E-112.197E-112.114E-111.920E-111.744E-111.114E-19
Sm-151 3.107E-043.060E-043.013E-042.967E-042.855E-042.747E-041.448E-07
Eu-152 8.258E-06 7.458E-066.735E-066.083E-064.714E-063.654E-060.00
Gd-153 9.128E-071.127E-071.390E-081.716E-099.180E-124.912E-140,00
Eu-154 8.285E-03 7.051E-036.002E-035.108E-033.414E-032.282E-030.00
Eu-155 3.957E-032.992E-032.263E-031.711E-038.505E-044.229E-040.00
Tb-160 5.750E-I05.227E-134.752E-164.320E-190.00 0.00 0.00
Ho-166m3.456E-093.452E-093.448E-Og3.444E-093.434E-093.424E-09Io944E-09
Tm-170 !.770E-113.450E-136.724E-151.310E-166.951E-213.687E-250.00
Tm-171 1.764E-I08.569E-114.163E-112.022E-113.325E-125.469E-130.00

. Total 5.042E-013.848E-013.346E-013.051E-012.591E-012.267E-012.029E-05
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TABLE D.1.e. FissionProductRadioactivityby Isotopeat 40 MWd/kgM,Ci/gU

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

H-3 5.107E-044.564E-044.080E-043.646E-042.754E-042.080E-040.00
Be-t0 3.504E-123.504E-123.504E-123.504E-123.504E-123.504E-123.503E-12
C-14 1.412E-I01.412E-I01.412E-I01.411E-I01.410E-I01.410E-I01.252E-I0
Se-79 4.854E-074.854E-074.854E-074.854E-074.854E-074.853E-074.803E-07
Kr-81 7.369E-137.369E-137.369E-137.369E-137.369E-137.369E-137.345E-13
Kr-85 7.541E-036.627E-035.823E-035.116E-033.703E-032.680E-030.00
Rb-87 2.419E-II2._19E-112.419E-112.419E-112.419E-112.419E-112.419E-11
Sr-89 7.987E-I03.529E-141.559E-186.891E-230.00 0.00 0.00
Sr-90 7.220E-026.885E-026.565E-026.259E-02 5.557E-024.934E-023.654E-12
Y-90 7.222E-026.886E-026.566E-026.261E-025.558E-02 4.935E-023.655E-12
Y-91 1.679E-082.928E-125.105E-168.900E-200.00 0.00 0.00
Zr-93 2.091E-062.091E-062.091E-062.091E-062.091E-062.091E-062.090E-06
Nb-93m 5.893E-077.247E-078.469E-079.573E-07Io189E-061.368E-061.985E-06
Nb-94 1.889E-I01.889E-I01.889E-I01.889E-I01.889E-I01.888E-I01.826E-I0
Zr-95 1.140E-074.167E-11 1.524E-145.570E-180.00 0.00 0.00
Nb-95 2.530E-079.251E-113.382E-141.237E-170.00 0.00 0.00
Nb-95m 8.455E-I03.091E-13 1.130E-164.132E-200.00 0.00 0.00
Tc.-98 8.491E-128.491E-128.491E-12B.491E-128.491E-128.491E-128.490E-12
Tc-99 1.523E-051.523E-051.523E-051.523E-051.523E-051,523E-051.518E-05
Rh-t02 6.313E-073.914E-072.427E-071.505E-074.554E-081.378E-080.00
Ru_103 6.152E-121.553E-173.918E-230.00 0.00 0.00 0.00
Rh-103m5.546E-121.400E-173.532E-230.00 0.00 0.00 0.00
Ru-106 3.029E-027.657E-031.935E-034.892E-04 1.571E-055.047E-070.00
Rh-t06 3.029E-027.657E-031.935E-034.892E-04 1.571E-055.048E-070.00
Pd-107 1.575E-071.575E-071.575E-071.575E-071.575E-071.575E-071.575E-07
Ag-t08 3.946E-123.903E-123.861E-123.819E-123.715E-123.616E-121.720E-14
Ag-108m 4.434E-114.386E-114.338E-114.291E-114.175E-114.063E-111.932E-13
Ag-1Ogm 2.455E-I08.244E-112.768E-119.296E-126.074E-133.969E-140.00
Cd-i09 2.455E-I08.244E-112.768E-119.296E-126.074E-133.969E-140.00

Ag-t10 1.119E-061.475E-071.945E-082.563E-091.617E-111.020E-130.00
Ag-110m 8.414E-051.109E-051.462E-061.927E-071.216E-097.672E-120.00
Cd-113m6.331E-055.758E-055.236E-054.761E-053.754E-052.960E-051.779E-25
In-114 6.499E-15 2.353E-19 8.519E-24 0.00 0.00 0.00 0.00
In-114m 6.790E-15 2.459E-19 8.901E-24 0.00 0.00 0.00 0.00
Cd-115m 1.657E-13 1.942E-18 2.276E-23 0.00 0.00 0.00 0.00
Sn-119m 2.842E-06 3.599E-07 4.558E-08 5.771E-09 3.295E-11 1.880E-13 0.00
Sn-121m 2.520E-07 2.451E-07 2.384E-07 2.319E-07 2.164E-07 2.019E-07 2.521E-13
Sn-123 9.123E.-07 1.810E-08 3.591E-10 7.125E-12 3.950E-16 2.190E-20 0.00

' Te-123m3.904E-095.676E-II8.253E-131.200E-143.058E-197.793E-240.00
' Sb-124 5.881E-111.307E-142.906E-186.460E-220.00 0.00 0.00

Sb-125 5.279E-033.200E-03 1.940E-031.176E-033.366E-049.631E-050.00
Te-125m 1.288E-037.811E-044.735E-G42.871E-048.212E-052.350E-050.00
Sn-126 9.956E-079.956E-079.956E-079.956E-079.955E-079.955E-079.888E-07

i Sb-126 1.394E-071.394E-071.394E-071.394E-071.394E-071.394E-071.384E-07
Sb-126m9.956E-079.956E-079.956E-079.956E-079.955E-079.955E-079.888E-07
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TABLE D.1.e. FissionProductRadioactivityby Isotopeat 40 MWd/kgM,Ci/gU
(cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Te-127 8.616E-078.27gE-og7.g55E-II7.643E-136.915E-186.258E-230.00
Te-127m8.796E-078.452E-098.121E-117.803E-137.060E-186.389E-230.00
Te-12g 1.523E-154.344E-220.00 0.00 0.00 0.00 0.00
Te-129m 2.339E-156.673E-220.00 0.00 0.00 0.00 0.00
1-129 3.892E-083.892E-083.892E-083.892E-083.892E-083.892E-083.892E-08

Cs-134 4.693E-022.396E-021.223E-026.245E-031,163E-032.166E-040.00
Cs-135 5,314E-075.314E-075.314E-075.314E-075.314E-075.314E-075.313E-07
Cs-137 1.112E-011.061E-011.013E-019.677E-028.621E-027.681E-021.126E-11
Ba-137m1.052E-011.004E-019.587E-029.154E-028.156E-027.266E-021.065E-11
Ce-141 2.643E-144.553E-210.00 0.00 0.00 0.00 0.00
Ce-142 3.213E-113.213E-113.213E-113.213E-113.213E-113.213E-113.213E-11
Ce-144 1.974E.-023.325E-035.601E-049.433E-051.098E-061.279E-080.00
Pr-144 1.974E-023.325E-035.601E-049.433E-051.098E-061.279E-080.00
Pr-144m2.369E-043.990E-056.721E-061.132E-061.318E-081.534E-I00.00
Nd-144 1.943E-151.949E-151.950E-151.950E-151.950E-151,950E-151.950E-15
Pm-146 2.073E-061.611E-061.252E-069.730E-075.182E-072.759E-070.00
Sm-146 4.683E-134.818E-134.922E-135.003E-135.135E-135.206E-135.286E-13
Pm-147 3.810E-022.246E-021.324E-027.806E-032.083E-035.559E-040.00
Sm-147 4.107E-124.490E-124.716E-124.849E-124.990E-125.027E-125.041E-12
Pm-148 2.707E-141.281E-196.061E-250.00 0.00 0.00 0.00
Pm-148m4.8(_6E-132.274E-181.076E-230.00 0.00 0.00 0.00
Eu-150 2.506E-112.412E-112.321E-112.233E-112.028E-111.842E-111.177E-19
Sm-151 3.285E-043.234E-043.185E-043.136E-043.018E-042.904E-041.531E-07
Eu-152 7.395E-066.679E-066.032E-065.447E-064.222E-063.272E-060.00
Gd-153 9.897E-071.221E-071.507E-081.860E-099.951E-125.324E-140.00
Eu-154 1.043E-028.876E-037.554E-036.430E-034.297E-032.872E-030.00
Eu-155 5.000E-033.781E-032.859E-032.162E-031.075E-035.343E-040.00
Tb-160 8.380E-I07.618E-136.926E-166.296E-190.00 0.00 0.00
Ho-166m 5.592E-095.586E-095.579E-095.573E-095.557E-095.541E-093.146E-09
Tm-170 3.189E-116.216E-131.212E-142.361E-161.253E-206.645E-250.00
Tm-171 3.736E-I01.815E-I08.816E-114.283E-117.043E-121.158E-120.00

Total 5.766E-014.368E-013.785E-013,447E-012.923E-012.557E-012.273E-05
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TABLE D.1.f. FissionProductRadioactivityby Isotopeat 45 MWd/kgM,Ci/gU

Isotope.4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

H-3 5.829E-045.210E-044.657E-044.162E-043.144E-042.374E-040.00
Be-t0 3.936E-123.936E-123.936E-123.936E-123.936E-123.936E-123.934E-12
C-14 1.586E-I01.586E.-I0.1.585E-I01.585E-I01.584E-I01.583E-I01.406E-I0
Se-79 5.399E-075.398E-075.398E-075.398E-075.398E-075,398E-07.5.341E-07
Kr-81 9.454E-139.454E-139.454E-139.454E-139o453E-139.453E-139.423E-13
Kr-85 8.244E-037.244E-036.365E-035.593E-034.048E-032.930E-030.00
Rb-87 2,633E-112.633E-112.633E-112.633E-112.633E-112.633E-112.633E-11
Sr-89 8.387E-I03.706E-141.637E-187.236E-230.00 0.00 0.00
Sr-90 7.841E-027.476E-027.129E-026°797E-026.035E-025.358E-023.968E-12

, _ Y-90 7.843E-027.478E-027.130E-026.799E-026.036E-025.359E-023.969E-12
Y-91 1.786E-083.114E-125.429E-169.466E-200.00 0.00 0.00

Zr-93 2.299E-062.299E-062,299E-062.299E-062.299E-062.299E-062.298E-06
Nb-93m 6.497E-077.983E-079.326E-071,054E-061.308E-061.505E-062.183E-06
Nb-94 2.205E-I02.205E-I02.205E-I02.205E-I02.205E-I02.204E-I02.132E-I0
Zr-95 1.256E-074.591E-111.679E-146.137E-180.00 0.00 0.00
Nb-95 2.788E-071.019E-I03.727E-14 1.363E-170.00 0.00 0.00
Nb-95m 9.315E-I03.406E-131.245E-164.553E-200.00 0.00 0'.00
Tc-98 1.093E-.11!.093E-111.093E-111.093E-111.093E-111.093E-111.093E-11
Tc-99 1.672E-051.672E-051.672E-051.672E-051.672E-051.672E-051.667E-05
Rh-t02 7.986E-074.951E-073.070E-071.903E-075.761E-081.744E-080.00
Ru-103 7.094E-121.790E-174.518E-230.00 0.00 0.00 0.00
Rh-103m6.395E-121.614E-174.073E-230.00 0.00 0.00 0.00
Ru-106 3.630E-029.176E-032.319E-035.863E-041.883E-056.049E-070.00
Rh-t06 3.630E-029.176E-032.319E-035.863E-041.883E-056.049E-070.00
Pd-107 1.890E-071.890E-071.890E-071.890E-071.890E-071.890E-071.890E-07
Ag-108 4.836E-124.784E-124.732E-124.680E-124.554E-124.432E-122.108E-14
Ag-108m 5.434E-115.375E-115.316E-115.259E-115.117E-114.979E_112.368E-13
Ag-lOgm 3.759ELI01.262E-I04.239E-11 1.423E-119.300E-136.077E-140.00
Cd-I09 3.759E-I01.262E-I04.239E-111.423E-119.300E-136.077E-140.00
Ag-110 1.506E'061.985E-072.616E-083.449E-092.176E-111.373E-130.00
Ag:110m 1.132E-041.492E-051.967E-062.593E-071.636E-091.032E-110.00
Cd-113m 7.803E-057.095E-056.452E-055.867E-054.627E-053.648E-052.193E-25
In-114 8.976E-153.250E-191.177E-230.00 0.00 0.00 0.00
In-114m9.379E-153.396E-191.229E-230.00 0.00 0.00 0.00
Cd-115m 1.945E-132.280E-182.671E-230.00 0.00 0.00 0.00
Sn-119m 3.422E-064.334E-075.487E-086.948E-093.963E-112.261E-130.00
Sn-121m 2.930E-072.850E-072.772E-072.696E-072.515E-072.3_7E-072.930E-13
Sn-123 1.051E-062.085E-084.137E-I08.208E-124.550E-162.523E-200.00
Te-123m 5.967E-098.676E-111.261E-121.834E-144.673E-19 1.191E-230.00
Sb-124 7.814E-111.737E-143.861E-188.584E-220.00 0.00 0.00
Sb-125 6.097E-033.696E-032.241E-031.358E-033.887E-041.112E-040.00
Te-125m 1.488E-039.021E-045.469E-043.315E-049.484E-052.714E-050.00
Sn-126 1.145E-061.145E-061.145E-061.145E-061.145E-061.145E-061.137E-06
Sb-126 1.603E-071.603E-071.603E-071.603E-071.603E-071.603E-071.592E-07
Sb-126m 1.145E-061.145E-061.145E-061.145E-061.145E-061.145E-061.137E-06
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TABLE D.1.f. Fission Product_adioactivityby Isotopeat 45 MWd/kgM,Ci/gU
(cont'd)

Isotope_4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Te-127 9.964E-079.574E-099.199E-118.839E-137.998E-187.237E-230.00
Te-127m 1.017E-069.775E-099.392E-119.024E-138.165E-187.389E-230.00
Te-129 1.740E-154.963E-220.00 0.00 0.00 0.00 0.00
Te-129m 2.673E-157.625E-220.00 0.00 0.00 0.00 0.00
1-129 4.392E-084.392E-084.392E-084.392E-084.392E-084.392E-084.392E-08

Cs-134 5.848E-022.986E-021.524E-027.781E-031.449E-032.69gE-040.00
Cs-135 5.577E-075.577E-075.577E-075.577E-075.577E-075.577E-075.575E-07
Cs-137 1.251E-011.194E-011.140E-011.089E-019.702E-028.643E-021.267E-1i
Ba-137m1.183E-011.130E-011.079E-011.030E-019.178E-028.177E-021.198E-11
Ce-141 2.944E-145.072E-210.00 0.00 0.00 0.00 0.00
Ce-142 3.586E-113.586E-113.586E-113.586E-113.586E-113.586E:-113.586E,11
Ce-144 2.181E-023.674E-036.188E-041.042E-041.213E-061.412E-080.00
Pr-144 2.181E-023.674E-036.188E-041.042E-041,213E-061.412E-080.00
Pr-144m2.618E-044.409E-057.426E-061.251E-061.456E-081.695E-I00.00
Nd-144 2.231E-152.238E-152.239E-152.239E-152.239E-152.239E-152.239E-15
Pm-146 2.489E-061.935E-061.504E-061.169E-066.223E-073.314E-070.00
Sm-146 5.581E-135.742E-135.867E-135.964E-136.123E-136,208E-136.304E-13
Pm-147 3.841E-022.264E-021.335E-027.869E-032.100E-035.604E-040.00
Sm-147 4.085E-124.471E-124.699E-124.834E-124.975E-125.013E-125.027E-12
Pm-148 2.796E-141.323E-196.261E-250.00 0.00 0.00 0.00
Pm-148m4.965E-132.349E-181.112E-230.00 0.00 0.00 0.00
Eu-150 2.634E-112.534E-112.438E-112.346E-112.131E-111.935E-111.236E-19
Sm-151 3.460E-043.408E-043.355E-043.304E-043.179E-043.059E,04 1.613E-07
Eu-152 6.706E-066.056E-065.469E-064.939E-063.828E-062.g67E-060.00
Gd-153 1.056E-061.303E-071.608E-081.984E-091.061E-115.67gE-140.00
Eu-154 1.255E-021.068E-029.088E-037.735E-035.170E-033.455E-030.00
Eu-155 6.056E-034.579E-033.463E-032.618E-031.302E-036.471E-040.00
Tb-160 1.168E-091.062E-129.650E-168.773E-190.00 0.00 0.00
Ho-166m8.669E-098.659E-098.649E-098.639E-098.614E-098.589E-094.877E-09
Tm-170 5.415E-111.056E-122.057E-144.011E-162.128E-201.129E-240.00
Tm-171 7.302E-I03.5471-I0 1.723E-I08.370E-111.376E-112.264E-120.00

Total 6.492E-014.883E-014.216E-013.834E-013.248E-012.840E-012.507E-05
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TABLE D.l.g. FissionProduct Radioactivityby Isotopeat 50 MWd/kgM, Ci/gU

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

H-3 6.562E-045.865E-045.242E-044.685E-043.539E-042.673E-040.00
Be-t0 4.366E-124.366E-124.366E-124.366E-124.366E-124.366E-124.364E-12
C-14 1.760E-I01.759E-I01.759E-I01.758E-I01.757E-I01.756E-I01.560E-I0
Se-7g 5.932E-075.932E-075.932E-075.g32E-075.g31E-075.931E-075.86gE-07
Kr-81 1.185E-121.185E-121.185E-121.185E-121.185E-121.185E-121.181E-12
Kr-85 8.gI4E-037.833E-036.883E-036.048E-034.377E-033.168E-030.00
Rb-87 2.835E-112.835E-112.835E-112.835E-112.835E-112.835E-112.835E-11
Sr-8g 8.760E-I03.871E-141.710E-187.558E-230.00 0.00 0.00
Sr-g0 8.421E-028.030E-027.656E-027.301E-026.481E-025.754E-024.262E-12
Y-g0 8.423E-028.032E-027.658E-027.302E-026.483E-025.756E-024.263E-12
Y-91 1.887E-083.291E-125.738E-161.000E-IP0.00 0.00 0.00
Zr-g3 2.498E-062.498E-062.498E-062.498E-062.498E-062.498E-062.497E-06
Nb-g3m 7.079E-078.692E-07 1.015E-061.147E-061.423E-061.636E-062.372E-06
Nb-94 2.524E-102.524E-I02.5_E,I0 2.523E-I02.523E-!02.523E-I02.440E-I0
Zr-95 1.370E-075.009E-111.831E-146.696E-180.00 0.00 0.00
Nb-95 3.041E-071.112E-I04.066E-141.487E-170.00 0.00 0.00
Nb-95m 1.016E-093.716E-131.359E-164.g67E-200.00 O.OfJ O.CO
Tc-98 1.369E-111.369E-111.369E-111.369E-111.369E-111.369E-111.369E-11
Tc-99 1.813E-051.813E-051.813E-051.813E-051.813E-051.813E-051.807E-05
Rh-t02 9.802E-076.077E-073.768E-072.336E-077.071E-082.140E-080.00
Ru-103 8.061E-122.034E-175.134E-230.00 0.00 0.00 0.00
Rh-iO3m 7.267E-121.834E-174.628E-230.00 0.00 0.00 0.00
Ru-106 4.254E-02 1.075E-022.718E-036.870E-042.207E-057.088E-070.00
Rh-t06 4.254E-02 1.075E-022.718E-036.870E-042.207E-057.088E-070.00
Pd-107 2.220E-072.220E-072.220E-072.220E-072.220E-072.220E-072.220E-07
Ag-t08 5.807E-125.744E-125.681E-125.620E-125.468E-125.321E-122.530E-14
Ag-1OBm 6.524E-116.453E-116.383E-116.314E-116.144E-115.979E-112.843E-13
Ag-1Ogm 5.467E-I01.836E-I06.164E-112.070E-111.353E-128.838E-140.00
Cd-t09 5.467E-I01.836E-I06.164E-112.070E-111.353E-128.838E-140.00
Ag-t10 1.949E-062.570E-073.387E-084.465E-092.818E-111.778E-130.00
Ag-110m 1.466E-041.932E-052.547E-063.357E-072.119E-091.337E-110.00
Cd-113m9.465E-058.607E-057.826E-057.117E-055.612E-054.425E-052.660E-25
In-114 1.201E-144.349E-19 1.574E-230.00 0.00 0.00 0.00
In-114m1.255E-144.544E-19 1.645E-230.00 0.00 0.00 0.00
Cd-115m2.242E-132.628E-183.080E-230.00 0.00 0.00 0.00
Sn-119m4.052E-065.131E-076.497E-088.227E-094.694E-112.678E-130.00
Sn-121m3.349E-073.258E-073.169E-073.082E-072.875E-072.683E-073.351E-13
Sn-123 1.191F-062.363E-084.688E-I09.301E-125.156E-162.859E-200.00
Te-123m8.755E-091.273E-i01.850E-122.690E-146.856E-191.747E-230.00
Sb-124 1.006E-I02.235E-144.969E-181.105E-210.00 0.00 0.00
Sb-125 6.932E-034.203E-032.548E-031.545E-034.420E-041.265E-040.00
Te-125m 1.691E-031.026E-036.218E-043.769E-041.078E-043.086E-050.00
Sn-126 1.298E-061.298E-061.298E-061.298E-061.298E-061.298E-061.289E-06
Sb-126 1.817E-071.817E-071.817E-071.817E-071.817E-071.817E-071.805E-07
Sb-126m 1.298E-061.298E-061.298E-061.298E-061.298E-061.298E-061.289E-06
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TABLE D.1.g. Fission ProductRadioactivityby Isotopeat 50 MWd/kgM,Ci/gU
(cont'd) ,,

Isotope 4 Years 6 Years 8 Years !0 Years 15 Years 20 Years 1000Years

Te-127 1.132E-061.088E-081.045E-I0I_004E-129.089E-188,224E-230.00
Te-127m 1.156E-061.111E-081.067E-I01.025E-129.279E-188.396E-23O.Or)
Te-129 1.958E-155.584E-220.00 0,00 0.00 0.00 0.00
Te-129m 3.008E-158.579E-220.00 0.00 0.00 0.00 0.00
1-129 4.883E-084.883E-084,883E-084.883E-084,883E-084.883E-084.883E-08

Cs-134 7.073E-023.611E-02 1,843E-029.411E-031.752E-033.264E-040,00
Cs-135 5.869E-075.869E-075.869E-075,869E-075.869E-075.869E-075.867E-07
Cs-137 1.390E-011.327E-011,267E-011.210E-011.078E-019.606E-021.40BE-11
Ba-137m 1.315E-011.256E-011,199E-011.145E-011.020E-019.087E-021.332E-11
Ce-14i 3.243E-145.587E-210..00 0.00 0.00 0.00 0.00
Ce-142 3.955E-113.955E-113.955E-113.955E-113.955E-113.955E-113.955E-11
Ce-144 2.384E-024.016E-036.764E-041.139E-041,326E-061.544E-080.00
Pr-144 2.385E-024.016E-036,764E-041.139E-041.326E-061.544E-080.00
Pr-144m 2.861E-044.819E-058,117E-061.367E-051.591E-081.853E-I00.00
Nd-144 2.525E-152.533E-152.534E-152.534E-152,534E-152.534E-152.534E-15
Pm-146 2.916E-062.267E-061.762E-061.369E-067.291E-073.882E-070.00
Sm-146 6.470E-136.659E-136.806E-136.920E-137.106E-137.205E-137.318E-13
Pm-147 3.851E-022,270E-021.338E-027.890E-032.106E-035.619E-040.00
Sm-147 4.027E-124.415E-124,643E-124.778E-124.920E-124.958E-124.971E-12
Pm-148 2.858E-141.352E-196.399E-250.00 0.00 0.00 0.00
Pm-148m 5.074E-132.401E-181,136E-230.00 0.00 0.00 0.00
Eu-150 2.756E-112.652E-112.552E-112.456E-112.230E-112.026E-111.295E-19
Sm-151 3.633E-043.577E-043.522E-043.469E-043.338E-043.212E-041.693E-07
Eu-152 6.154E-065.557E-065,019E-064.532E-06J.513E-062,723E-060.00
Gd-153 1.114E-061.375E-071.697E-082.094E-091.121E-115.996E-140.00
Eu-154 1.457E-021.240[-021.055E-028.983E-036.003E-034.012E-030.00
Eu-155 7.083E-035.356E-034.050E-033.062E-031.522E-037.568E-040.00
Tb-160 1.570E-091.427E-121.297E-151.179E-1B0.00 0.00 0.00

Ho-166m 1.295E-081,294E-081,292E-081,291E-081'287E-081.283E-087.,286E-09
Tm-170 8.797E-11 1.715E-123.343E-145.516E-163.457E-20 1.834E-240.00
Tm-171 1.340E-096.510E-I03.162E-I01.536E-I02.526E-114.155E-120.00

Total 7,218E-015,392E-014.641E-014.214E-013.566E-013.117E-012,732E-05
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TABLE D.2.e,.Actinide Radioactivityby Isotopeat 20 MWd/kgM, Ci/gU

4 Years 6 Years 8 Years .10Years ,15Years,,,20Years..1000 Years

TI-207 3,303E-124.452E-125.605E-126.764E-129.676E-121.262E-116.326E-I0
TI-208 2.614E-093.198E-093.579E-093.808E-093.982E-093.911E-093.914E-13
TI-209 2.022E-152.082E-152,147E-152,218E-152,422E-152.660E-151.488E-12
Pb-209 9.361E-149.637E-149.940E-141.027E-131.121E-131.232E-136,890E-11
Pb-210 1.736E-143.015E-144.815E-147.213E-141.631E-133.067E-132.435E-09
Pb-211 3,312E-124.,464E-125.621E-126.783E-129.703E-121.265E-116.344E-I0
Pb-212 7.275E-098.901E-099,961E-091.060E-081.108E-081.089E-081.089E-12
Pb-214 1.860E-132.760E-133.843E-135.110E-139.083E-.131.422E-122.436E-09
Bi-210 1.737E-143.016E-144.816E-147.216E-141.632E-133.068E-132.435E-09
Bi-211 3.312E-124.464E-125.621E-126.783E-129.703E-12 1.265E-116.344E-I0
Bi-212 7.275E-098.901E-099.961E-091.060E-081.108E-081.089E-081,089E-12
Bi-21,3 9.361E-149.637E-149.940E-141.027E-131.121E-131.232E-136.890E-11
Bi-214 1.860E-132.760E-133.843E-135.110E-139.083E-131.422E-122.436E-09
Po-210 1.473E-142.614E-144.253E-146.465E-141.632E-133.068E-132.435E-09
Po-211 9.273E-151.250E-141.574E-141.899E-142.717E-143.543E-141.776E-!2
Po-212 4.661E-095.703E-096.382E-096,7gOE-097.101E-096.974E-096.980E-13
Po-213 9.159E-149.429E-149.725E-14,1.005E-131.097E-131.205E-136.742E-11
Po-214 1.860E-132.760E-133.843E-135.109E-13g.O81E-131.421E-122.435E-09
Po-215 3,_12E-124.464E-125.621E-126.783E-129.703E-121.265E-116,344E-I0
Po-216 7.275E-098.901E-099.961E-091.060E-081.108E-081.089E-081.089E-12
Po-218 1.860E-132.761E-133.844E-135,111E-139.085E-131.422E-122.436E-09
At-217 9,361E-149.637E-149.940E-141.027E-131.121E-131.232E-136.890E-11
Rn-219 3.312E-124.464E-125.621E-126,783E-129.703E-121.265E-II6,344E-IO
Rn-220 7.275E-098.901E-099.961E-091.060E-081.108E-081.089E-081.089E-12
Rn-222 1.860E-132.761E-133.844E-135.111E-139.085E-131.422E-122.436E-09
Fr-221 9.361E-149.637E-149.940E-141.027E-131.121E-131.232E-136.890E-11
Fr-223 4.566E-146.151E-147.743E-149.343E-141.337E-131.744E-138.754E-12
Ra-223 3.312E-124.464E-125.621E-126.783E-129.703E-121.265E,116.344E-I0
Ra-224 7.275E-098.901E-099.961E-091.060E-081.108E-081.089E-081.089E-12
Ra-225 9.361E-149.637E-14,9.g40E-141.027E-131.121E-131,232E-136.890E-11
Ra-226 1.860E-132.761E-133.844E-135.111E-139.085E-131.422E-122.436E-09
Ac-225 9.361E-149.637E-149.940E-141.027E-131.121E-131.232E-136.890E-11
Ac-227 3.309E-124.457E-125.611E-126.771E-129.690E-121.264E-116.344E-I0
Th-227 3.266E-124.403E-125.543E-126.689E-129.570E-12 1.248E-116.256E-I0
TI.L28 7.269E-098.883E-099.938E-091.057E-081.107E-081.088E-081.089E-12
Th-229 9.361E-149.637E-149.940E-14 1.027E-131.121E-131.232E-136.890E-11
Th-230 9.357E-111.147E-I01.360E-I01.573E-I02.111E-I02.653E-I01.312E-08
Th-231 2.927E-082.928E-082.928E-082.928E-082.928E-082.928E-082,955E-08
Th-232 6.576E-178.443E-171.031E-161.218E-161.685E-162.152E-169.595E-15
Th-234 3.214E-073.214E-073.214E-073.214E-073.214E-073.214E-073.214E-07
Pa-231 2.130E-112.254E-112.378E-112.502E-112.812E-113.121E-116.341E-I0
Pa-233 1.559E-071.563E-071.568E-071.575E-071.594E-071.619E-075.625E-07
Pa-243m3.214E-073.214E-073.214E-073.214E-073.214E-073,214E-073.214E-07
Pa-234 4.178E-I04.178E.-I04.178E-I04.178E-I04.178E-I04.178E-I04.178E-I0
U-232 g.g35E-O91.069E-081.107E-081.122E-081.109E-081.068E-081.056E-12
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TABLE D.2.a. Actinide Radioactivityby Isotopeat 20 MWd/kgM, Ci/gU
(cont'd)

Isotope 4 Years _6 Years ..8 Years 10 Years 15 Years 20 Years 1000 Years

U-233 1.394E-111.538E'111.682E-111.827E-112.173E-112.524E-111.781E-09 ,
U-234 1.173E-061.178E-061.183E-061.188E-061.200E-061,212E-061.501E-06
U-235 2.927E-082.928E-082.928E-082.928E-082.928E-082,928E-082.955E-08
U-236 1.892E-071.892E-071.892E-071,893E-071.893E-071.894E-071.985E-07
U-237 1.450E-061.317E-061.196E-061.086E-068.536E-076.710E-072.152E-13
U-238 3,214E-073.214E-073.214E-073.214E-073.214E-073.214E-073.214E-07
U-240 2.801E-142.801E-142.801E-142.801E-142.801E-142,801E-142.801E-14
Np-235 1.362E-I03.794E-11 1.056E-112.942E-121.204E-134.926E-150.00
Np-236 2.237E-122.237E-122.237E-122.237E-122.237E-122.237E-122.224E-12
Np-237 1.559E-071.563E-071,568E-071.575E-071.594E-071.619E-075.625E-07
Np-238 4.261E-084.222E-084,184E-084.146E-084.053E-083.961E-084.540E-I0
Np-239 3.159E-063.159E-063.158E-063.157E-063.156E-063,155E-062.877E-06
Np-240m 2.801E-142.801E-142.801E-142.801E-142.801E-142.801E-142.801E-14
Pu-236 6.281E-083.862E-082,375E-081.460E-084.331E-091.284E-092.002E-13
Pu-238 9.098E-048.959E-048,820E-048.683E-048.349E-048.028E-045,198E-07
Pu-239 2.847E-042.846E-042.846E-042.846E-042.846E-042.845E-042.767E-04
Pu-240 3,331E-043.331E-043.330E-043.330E-043.329E-043.327E-043.001E-04
Pu-241 5.909E-025.367E-024,874E-024.427E-023.480E-022.735E-028.783E-09
Pu-242 5.466E-075.466E-075.466E-075.466E-075,466E-075.466E-075.462E-07
Pu-243 1.621E-151.621E-151.621E-151.621E-151.621E-151.621E-151.621E-15
Pu-244 2.805E-142.805E-142.805E-142.805E-142.805E-142.805E-142.805E-14
Am-241 5.73BE-047.524E-049.138E-041.060E-031.365E-031,601E-035.284E-04 ,
Am-242m8.522E-068.445E-068.368E-068.292E-068.105E-067.922E-069.080E-08
Am-242 8.479E-068.402E-068.326E-068.251E-068.065E-067.883E-069.035E-08
Am-243 3.159E-063.159E-063.158E-063.157E-063.156E-063.155E-062.877E-06
Cm-242 4.778E-058.793E-066.981E-066.839E-066.672E-066.522E-067.472E-08
Cm-243 4.527E-064.312E-064.108E-063.913E-063.465E-063,068E-061.367E-16
Cm-244 1.607E-041.488E-041.379E-041.277E-041.055E-048.709E-054.466E-21
Cm-245 9.510E-099.509E-099.507E-099.506E-099.502E-099.498E-098.768E-09
Cm-246 1.067E-091.066E-091.066E-091.066E-091.065E-091.064E-099.219E-I0
Cm-247 1.621E-151.621E-151.621E-151.621E-151.621E-151.621E-151.621E-15
Cm-24B 1.976E-151.976E-151.976E-151.976E-151.976E-151,976E-151.972E-15
Bk-249 1.71].E-133.516E-147.226E-151.485E-152.843E-175.602E-190.00
Cf-249 1.261E-141.289E-141.291E-141.288E-141.275E-141.263E-14 1.818E-15
Cf-250 3.671E-143.302E-142.970E-142.671E-142.049E-141.572E-142.782E-24
Cf-251 1.929E-161.926E-161.923E-161.920E-161.912E-161.905E-168.940E-17

-_ Cf-252 6.574E-153,887E-152.298E-151.359E-153.653E-169,820E-170.00

-" Total 6.143E-025.612E-025.133E-024.698E-023.776E-023.050E-021.116E-03
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TABLE D.2.b. Actinide Radioactivityby Isotopeat 25 MWD/kgM, Ci/gU

iso_o_Qp__e4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

TI-207 3.457E-124 640E-12 5.809E-126.966E-129.810E-121.260E-115.088E-I0
TI-208 4.019E-094.997E-095.646E-096.042E-096.361E-096.262E-096.199E-13
TI-209 3.204E-153.273E-153.350E-153.435E-153.683E-153.979E-151.998E-12
Pb-209 1.483E-131,5i5E-131,551E-131.590E-131.705E-131.842E-139.252E-11
Ph-210 1,584E-142.862E-144.523E-146.740E-141.517E-132.853E-132.606E-09
Pb-211 3.467E-124.653E-125.825E-126.986E-129.838E-121.264E-115.102E-I0
Pb-212 1.119E-081.391E-081:571E-081.682E-081.771E-081.743E-081.725E-12
Pb-214 1,722E-132.554E--133.557E-134.733E-138.434E-131.324E-122.606E-09
Bi-210 1.684E-142.863E-144.525E-146.743E-141.518E-132.853E-132.606E-09
Bi-211 3.467E-124.653E-125.825E-126.986E-129.838E-121.264E-115.102E-I0
Bi-212 1.119E-081.391E-081.571E-081.682E-081.771E-081.743E-081.725E-12
Bi-213 1.483E-13 1.515E-131.551E-131.590E-131.705E-131.842E-139.252E-11
Bi-214 1.722E-132.554E-133.557E-134.733E-138.434E-131.324E-122.606E-09
Po-210 1.440E-142,492E-144.004E-146.047E-141.518E-132.854E-132.606E-09
Po-211 9.708E-151.303E-141.631E-141.956E-142.755E-143.538E-141.429[-12
Po-212 7.167E-098.911E-09 1.007E-081.077E-081.134E-081.117E-081.105E-12
Po-213 1.451E-131.482E-131.517E-131.556E-131.668E-131.802E-139.052E-11
Po-214 1.722E-132.554E-133.556E-134.732E-138.432E-131.323E-122.606E-09
Po-215 3.467E-124.653E-125.825E-126.986E-129.838E-121.264E-115.102E-I0
Po-216 1.119E-081.391E-081.571E-081.682E-081.771E-081.743E-081.725E-12
Po-218 1.723E-132.555E-133.558E-134.734E-138.435E-131.324E-122.607E-09
At-217 1.483E-131.515E-131.551E-131.590E-131.705E-131.842E-139.252E-11
Rn-219 3.467E-124.653E-125.825E-126.986E-129.838E-121.264E-115.102E-I0
Rn-220 1.119E-081.391E-081.571E-081.682E-081.771E-081.743E-081.725E-12
Rn-222 1.723E-132.555E-133.558E-134.734E-138.435E-131.324E-122.607E-09
Fr-221 1.483E-131.515E-131.551E-131.590E-131.705E-131.842E-139.252E-11
Fr-223 4.780E-146.410E-148.025E-149.623E-141.356E-131.741E-137.041E-12
Ra-223 3.467E-124.653E-125.825E-126.986E-129.838E-121.264E-115.102E-I0
Ra-224 1.119E-081.391E-081.571E-081.682E-081.771E-081.743E-081.725E-12
Ra-225 1.483E-131.515E-131.551E-131.590E-131.705E-131.842E-139.252E-11
Ra-226 1.723E-132.555E-133.558E-134.734E-138.435E-131,324E-122.607E-09
Ac-225 1.483E-131.515E-131.551E-131.590E-131.705E-131.842E-139.252E-11
Ac-227 3,463E-124.645E-125.815E-126.973E-129.824E-121.262E-115.102E-I0
Th-227 3.419E-124.589E-125.745E-126.890E-129.702E-121.246E-115.032E-I0
Th-228 1.118E-081.388E-081.568E-081.678E-081.769E-081.741E-081.725E-12
Th-229 1.483E-131.515E-131.551E-131.590E-131.705E-131.842E-139.252E-11
Th-230 8.636E-111.061E-I01.261E-I01.462E-I01.971E-I02.488E-I01.421E-08
Th-231 2.328E-082.328E-082.328E-082.328E-082.328E-082.328E-082.357E-08
Th-234 3.201E-073.201E-073.201E-073.201E-073.201E-073.201F-073.201E-07
Pa-231 2.212E-112.311E-II2.409E-112.508E-112.754E-113.000E-115.100E-I0
Pa-233 2.140E-072.146E-072.153E-072.161E-072.187E-072.219E-077.521E-07
Pa-243m3.201E-073.201E-073.201E-073.201E-073.201E-073.201E-073.201E-07
Pa-234 4.161E-I04,161E-I04.161E-I04.161E-I04.161E-I04.161E-I04.161E-I0
U-232 1.560E-081.694E-081,763E-081.791E-081.775E-081.712E-081.677E-12
U-233 1.606E-111.803E-112.001E-112_200E-112.675E-113.156E-112.388E-09
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TABLE D.2.b. Actinide Radioactivityby Isotopeat 25 MWd/kgM, Ci/gU
(cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

U-234 1.095E-061.103E-061.112E-061.120E-061.141E-061.161E-061.653E-06
U-235 2.328E-082.328E-082.328E-082.328E-082.328E-082.328E-082.357E-08
U-236 2.160E-072.160E-072.160E-072.161E-072.161E-072.162E-072.277E-07
U-237 1.925E-061.748E-061.588E-061.442E-061.133E-068.909E-077.969E-13
U-238 3.201E-073.201E-073.201E-073.201E-073.201E-073.201E-073.201E-07
U-240 8.649E-148.64gE-148.649E-148.649E-148.649E-148.64gE-148.649E-14
Np-235 2.241E-I06.240E-111.738E-114.839E-121.980E-138.103E-150.00
Np-236 3.402E-123.402E-123.402E-123.402E-123.402E-123.402E-123.382E-12
Np-237 2.140E-072.146E-072.153E-072.161E-072.187E-072.219E-077.521E-07
Np-238 5.750E-085.698E-085.646E-085.595E-085.469E-085.345E-086.127E-I0
Np-23g 7.166E-067.165E-067.164E-067.162E-067.159E-067.155E-066.526E-06
Np-240m 8.649E-148.649E-148.649E-148,649E-148.649E-148.649E-148.649E-14
Pu-236 1.085E-076.671E-08_.I02E-082.523E-087.480E-092.218E-093.044E-13
Pu-238 1.549E-031.525E-031.502E-031.478E-031.421E-031.367E-038.245E-07
Pu-239 2.996E-042.996E-042.996E-042.996E-042.995E-042.995E-042.913E-04
Pu-240 4.176E-044.176E-044.176E-044.176E-044.176E-044.175E-043.770E-04
Pu-241 7.846E-027.125E-026.471E-025.877E-024.620E-023.632E-023.253E-08
Pu-242 9.703E-079.703E-079.703E-079.703E-079.704E-079.704E-079.694E-07
Pu-243 1.059E-141.059E-141.059E-141.059E-141.059E-141.059E-141.059E-14
Pu-244 8.660E-148.660E-148.660E-148.660E-148.660E-148.660E-148.660E-14
Am-241 7.504E-049.875E-041.202E-031.396E-031.801E-032.115E-036.993E-04
Am-242m 1.150E-051.140E-051.129E-051.119E-051.094E-051.069E-051.225E-07
Am-242 1.144E-051.134E-051.124E-051,113E-051.088E-051.064E-051.219E-07
Am-243 7.166E-067.165E-067.164E-067.162E-067.159E-067.155E-066.526E-06
Cm-242 7.718E-051.244E-059.445E-069,,230E-069.004E-068.801E-061.008E-07
Cm-243 9.705E-069.244E-068.805E-068.387E-067.427E-066.576E-062.930E-16
Cm-244 4.896E-044.536E-044.201E-043._92E-043.214E-042.654E-041.361E-20
Cm-245 3.522E-083.521E-083.521E-083.520E-083.519E-083.517E-083.247E-08
Cm-246 5.320E-095.318E-095.316E-095.315E-095.311E-095.307E-094.597E-09
Cm-247 1.059E-141.059E-141.059E-141.059E-141.059E-141.059E-141.059E-14
Cm-248 1.710E-141.710E-141.710E-141.710E-141.710E-141.710E-141.706E-14
Bk-249 1.826E-123.753E-137.713E-141.585E-143.036E-165.823E-180.00
Cf-249 1.330E-131.361E-131.363E-131.359E-131.346E-131.333E-131.919E-14
CF-250 4.461E-134.012E-133.609E-133.246E-132.490E-131.911E-135.333E-23
Cf-251 2.668E-152.664E-152.660E-152.656E-152.646E-152.636E-151.237E-15
Cf-252 1.201E-137.103E-144.200E-142.483E-146.675E-15 1.794E-150.00

Total 8.209E-027.500E-026.862E-026.281E-025.052E-024.084E-02!,.387E-03
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TABLE D.2.c. Actinide Radioactivityby Isotopeat 30 MWd/kgM,Ci/gU

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

TI-207 3.529E-12 4.724E-125.891E-127.034E-129.789E-121.243E-114.037E-I0
TI-208 5.742E-09 7.232E-098.231E-098.850E-099.367E-099.236E-099.031E-13
.TI-209 4.794E-154,871E-154.958E-155.056E-155.344E-155.695E-152.468E-12
Pb-209 2.219E-132.255E-132.296E-132.341E-132.474E-132.637E-131.143E-I0
Pb-210 1.664E-142,744E-144.270E-146.310E-141.410E-132.650E-132.858E-09
Pb-211 3.539E-12 4,737E-125.908E-127.054E-129.817E-121.246E-114.049E-I0
Pb-212 1.598E-082.013E-082.291E-082.463E-082.607E-082.571E-082.514E-12
Pb-214 1.589E-132,355E-133.282E-134.371E-137.816E-131.232E-122.858E-09
Bi-210 1.664E-142.745E-144.271E-146.313E-141.411E-132.651E-132.858E-09
Bi-211 3.539E-12 4.737E-125.908E-127.054E-129.817E-121.246E-114.049E-I0
Bi-212 1.598E-082,013E-082.291E-082.463E-082.607E-082.571E-082.514E-12
Bi-213 2.219E-132,255E-132.296E-132.341E-132.474E-132.637E-131.143E-I0
Bi-214 1.589E-132.355E-133.282E-134.371E-137.816E-131.232E-122.858E-09
Po-210 1.440E-14 2.404E-143.791E-145.671E-141.411E-132.651E-132.858E-09
Po-211 9.909E-151.326E-141.654E-141.975E-142.749E-143.489E-141.134E-12
Po-212 1.024E-081.290E-081.468E-081.578E-081.670E-081.647E-081.610E-12
Po-213 2.171E-132,206E-132.246E-132.290E-132.421E-132.580E-131.118E-I0
Po-214 1.589E-132.355E-133.281E-134.370E-137.814E-131.231E-122.858E-OB
Po-215 3.539E-12 4.737E-125.908E-127.054E-.129.817E-121.246E-114.049E-I0
Po-216 1.598E-082.013E-082.291E-082.463E-082.607E-082.571E-082.514E-12
Po-218 1.589E-132.356E-133.282E-134.372E-137.817E-131.232E-122.859E-09
At-217 2.219E-132.255E-132.296E-132.341E-132.474E-132.637E-131.143E-I0
Rn-219 3.539E-124.737E-125.908E-127.054E-129.817E-121.246E-114.049E-I0
Rn-220 1.598E-082,013E-082.291E-082.463E-082.607E-082.571E-082.514E-12
Rn-222 1.589E-132.356E-133.282E-134.372E-137.817E-131.232E-122.859E-09
Fr-221 2.219E-132.255E-132.296E-132.341E-132.474E-132.637E-131.143E-I0
Fr-223 4.879E-146.527E-148.139E-149.717E-141.353E-131.717E-135.587E-12
Ra-223 3.539E-124.737E-125.908E-127o054E-129.817E-121.246E-114.049E-I0
Ra-224 1.598E-082.013E-082.291E-082.463E-082.607E-082.571E-082.514E-12
Ra-225 2.219E-132.255E-132.296E-132.341E-132.474E-132.637E-131.143E-I0
Ra-226 1.589E-132.356E-133.282E-134.372E-137.817E-131.232E-122.859E-09
Ac-225 2.219E-132.255E-132.296E-132.341E-132.474E-132.637E-131.143E-I0
Ac-227 3.535E-124.730E-125.898E-127.041E-129.803E-121.244E-114.049E-I0
Th-227 3.490E-124.672E-125.827E-126.957E-129,681E-121.229E-113.993E-I0
Th-228 1.597E-082.009E-082.286E-082.457E-082.605E-082.568E-082.514E-12
Th-229 2.219E-132.255E-132.296E-132.341E-132.474E-132.637E-131.143E-I0
Th-230 7.941E-119.791E-111.166E-I01.356E-I01.840E-I02.337E-I01.577E-08
Th-231 1.820E-081.820E-081.820E-081.821E-081.821E-081.821E-081.850E-08

• Th-234 3.187E-073.187E-,073.187E-073.187E-073.187E-073.187E-073.187E-07
Pa-231 2.251E-112.328E-112.405E-112.482E-112.674E-112.867E-114.047E-I0
Pa-233 2.746E-072.753E-072.761E-072.771E-072.802E-072.840E-079.184E-07
Pa-243m3.187E-073.187E-073.187E-073.187E-073.187E-073.187E-073.187E-07
Pa-234 4.143E-I04.143E-I04.143E-I04.143E-I04.143E-I04.143E-I04.143E-I0
U-232 2.267E-082.479E-082.588E-082.635E-082.618E-082.526E-082.446E-12
U-233 1.778E-112.031E-112.285E-112.540E-113.149E-113.765E-112.936E-09
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TABLE D.2.c. Actinide Radioactivityby Isotopeat 30 MWd/kgM,Ci/gU
(cont'd)

. Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

U-234 1.021E-061.034E-06 1.047E-061.060E-061.091E-061.121E-061.865E-06
U-235 1.820E-081.820E-081.820E-081.821E-081.821E-081.821E-081.850E-08
U-236 2.365E-072.366E-072.366E-072.366E-072.367E-072.368E-072.505E-07
U-237 2.313E,062.101E-06 1.908E-061.733E-061.362E-061.071E-062.252E-12
U-238 3.187E-073.187E-073.187E-073.187E-073.187E-073.187E-073.187E-07
U-240 2.137E-132.137E-132.137E-132.137E-132.137E-i32.137E-132.137E-13
Np-235 3.326E-I09.261E-112.579E-117.182E-122.939E-131.203E-140.00
Np-236 4.699E-12.4.699E-124.699E-124.699E-124.699E-124.699E-124.671E-12
Np-237 2.746E-072.753E-072.761E-072.771E-072,802E-072.840E-07g.184E-07
Np-238 6.745E-086.684E-086.624E-086.563E-086.415E-086.271E-087.187E-I0
Np-239 1.355E-051.355E-051.355E-051.354E-051.354E-051.353E-051.234E-05
Np-240m2.137E-132.137E-132.137E-132.137E-132.137E-132.137E-132.137E-13
Pu-236 1.689E-071.039E-076.388E-083.928E-081.165E-083.454E-094.204E-13
Pu-238 2.345E-032.309E-032.273E-032.238E-032.151E-032.068E-031,169E-06
Pu-239 3.092E-043.092E-043.092E-043.092E-043.091E-043.091E-043.008E-04
Pu-240 4.973E-044.975E-044.976E-044.977E-044.979E-044.980E-044.504E-04
Pu-241 9.428E-028.563E-027.777E-027.063E-025.552E-024.364E-029.193E-08
Pu-242 1.483E-061.483E-061.4B3E-061.483E-061.483E-061.483E-061.482E-06
Pu-243 4.804E-144.804E-144.804E-144.804E-144.804E-144.804E-144.804E-14
Pu-244 2.140E-132.140E-.132.140E-132.140E-132.140E-132.140E-132.139E-13
Am-241 8.842E-041.169E-031.427E-031.660E-032.148E-032.524E-038.368E-04
Am-242m 1.349E-051.337E-051.325E-051.313E-051.283E-051.254E-051.437E-07
Am-242 1.342E-051.330E-051.318E-051.306E-051.277E-051.248E-05I°430E-07
Am-243 1.355E-051.355E-051.355E-051.354E-051.354E-051.353E-051.234E-05
Am-245 1.812E-163.724E-17 7.653E-181.573E-183.012E-205.767E-220.00
Cm-242 1.089E-041.542E-051.112E-051.083E-051.056E-051.032E-051.183E-07
Cm-243 1.728E-051.646E-051,568E-051.493E-051.322E-051.171E-055.216E-16
Cm-244 1.187E-031.100E-031.019E-039.436E-047.792E-046.435E-043.300E-20
Cm-245 9.954E-089.953E-089.951E-089.950E-089.945E-089.941E-089.178E-08
Cm-246 1.933E-081.932E-081.932E-081.931E-081.930E-081.928E-081.670E-08
Cm-247 4.804E-144.804E-144.804E-144,804E-144.804E-144.804E-144.804E-14
Cm-248 9.843E-149.844E-149.844E-149.844E-149.844E-149.844E-149.824E-14
Bk-249 1.249E-112.567E-125.277E-131.084E-132.077E-153.975E-170.00
Cf-249 8.958E-139.170E-139.185E-139.159E-139.071E-138.982E-131.293E-13
Cf-250 3.350E-123.013E-122o710E-122 438E-12 1.870E-121.435E-125.059E-22
Cf-251 2.204E-142.200E-142.197E-142.194E-142.185E-142.177E-141.022E-14
Cf-252 1.265E-127.478E-134.422E-132.614E-137.027E-141.889E-140.00

Total 9.969E-029.110E-028.338E-027.636E-026.149E-024.977E-02 1.621E-03
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TABLE D.2.d. Actinide Radioactivii_yby Isotopeat 35 MWd/kgM,Ci/gU

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

TI-207 3.526E-124.714E-125.864E-126.980E-129.628E-121.211E-113.173E-I0
TI-208 7.759E-099.879E-091.131E-081.221E-081.298E-081.281E-081.238E-12
TI-209 6.826E-156.909E-157.005E-157.114E-157.440E-157.842E-152.944E-12
Pb-209 3.160E-133.199E-133.243E-133.294E-133.445E-133.631E-131.363E-I0
Pb-210 1.684E-142.667E-144.060E-145.930E-141.311E-132.460E-133.1BOE-09
Pb-211 3.536E-124.728E-125.881E-127.000E-129.655E-12 1.214E-113.182E-I0
Pb-212 2.160E-082.749E-083.149E-083.398E-083.611E-083.566E-083.445E-12
Pb-214 1.460E-132.163E'133.017E-134.024E-137.229E-131.145E-123.180E-09
Bi-210 1.685E-142.668E-144.062E-145.932E-141.311E-132.461E-133.180E-09
Bi-211 3.536E-124.728E-125.881E-127.000E-129.655E-121.214E-113.182E-I0
Bi-212 2.160E-082.749E-083.149E-083.398E-083.611E-083.566E-083.445E-12
Bi-213 3.160E-133.199E-133.243E-133.294E-133.445E-133.631E-131.363E-I0
Bi,214 1.460E-132.163E-133.017E-134.024E-137.229E-131.145E-123.180E-09
Po-210 1.480E-142.356E-143.622E-145.343E-141.311E-132.461E-133.180E-09
Po-211 9.901E-151.324E-141.647E-141.960E-142.703E-143.400E-14B.910E-13
Po-212 1.384E-081.762E-082.017E-082.177E-082.314E-082.285E-082.207E-12
Po-213 3.092E-133.130E-133.173E-133.223E-133.370E-133.552E-131.334E-I0
Po-214 1.460E-132.163E-133.017E-134.023E-137.227E-131.145E-123.180E-09
Po-215 3.536E-124.728E-125.881E-127.000E-129.655E-121.214E-113.182E-I0
Po-216 2.160E-082.749E-083.149E-083.398E-083.611E-083.566E-083.445E-12
Po-218 1.460E-132.164E-133.018E-134.025E-137.230E-131.145E-123.181E-09
At-217 3.160E-133.199E-133.243E-133.294E-133.445E-133.631E-131.353E-I0
Rn-219 3.536E-124.728E-125.881E-127.000E-129.655E-121.214E-113.182E-I0
Rn-220 2.160E-082.749E-083.149E-083.398E-083.611E-083.566E-083.445E-12
Rn-222 1.460E-132.164E-133.018E-134.025E-137.230E-13 1.145E-123.181E-09
Fr-221 3.160E-133.199E-133.243E-133.294E-133.445E-133.631E-131.363E-I0
Fr-223 4.875E-146.513E-148.101E-149.642E-141.331E-131.673E-134.391E-12
Ra-223 3.536E-124.728E-125.881E-127.000E-129.655E-12 1.214E-113.182E-I0
Ra-224 2.160E-082.749E-083.149E-083.398E-083.611E-083.566E-083.445E-12
Ra-225 3.160E-133.199E-133.2_3E-133.294E-133.445E-133.631E-131.363E-I0
Ra-226 1.460E-132.164E-133.018E-134.025E-137.230E-131.145E-123.181E-09
Ac-225 3.160E-133.199E-133.243E-133.294E-133.445E-133.631E-131.363E-I0
Ac-227 3.533E-124.720E-125.871E-126.987E-129.641E-121.212E-113.182E-I0
Th-227 3.487E-124.662E-125.800E-126.903E-129.522E-121.198E-113.138E-I0
Th-22B 2.158E-082.744E-083.142E-083.390E-083.608E-083.563E-083.445E-12
Th-229 3.160E-133.199E-133.243E-133.294E-133.445E-133.631E-131.363E-I0
Th-230 7.275E-119.003E-111.076E-I01.256E-I01.718E-I02.199E-I01.775E-08
Th-231 1.405E-081.405E-081.405E-081.405E-081.405E-081.405E-081.435E-08
Th-234 3.172E-073.172E-073.172E-073.172E-073.172E-073.172E-073.172E-07
Pa-231 2.248E-112.307E-112.367E-112.426E-112.575E-112.723E-113.181E-I0
Pa-233 3.362E-073.369E-073.379E-073.391E-073.427E-073.471E-071.087E-06
Pa-243m3.172E-073.172E-073.172E-073.172E-073.172E-073.172E-073.172E-07
Pa-234 4.124E-I04.124E-I04.124E-I04.124E-I04.124E-I04.124E-I04.124E-I0
U-232 3.106E-083.416E-083.577E-083.648E-083.631E-083.505E-083.356E-12
U-233 1.916E-112.226E-112.537E-112.849E-113.594E-114.348E-113.490E-09
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TABLE D.2.d. Actinide Radioactivityby l_otopeat 35 MWd/kgM, Ci/gU
(cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 .Years .100.O.Years

U-234 9.509E-07 9.693E-07 9.874E-07 1.005E-06 1,049E-06 1.090E-06 2.128E-06
U-235 1.405E-08 1.405E-08 1.405E-08 1.405E-08 1,405E-08 1.405E-08 1.435E-08
U-236 2.510E-07 2.510E-07 2_510E-07 2.511E-07 2.512E-07 2.512E-07 2.668E-07
U-237 2.712E-06 2.463E-06 2.237E-06 2.032E-06 1,597E-06 1.255E-06 5.242E-12
U-238 3.172E-07 3.172E-07 3.172E-07 3.172E-07 3.172E-07 3.172E-07 3.172E-07
U-240 4.51_E-13 4.514E-13 4.514F-,13 4.514E-13 4,514E-13 4.514E-13 4.514E-13

Np-235 4.578E-I0 1,275E-10 3.550E-11 9.885E-12 4.045E-13 1.655E-14 0.00
Np-236 6.076E-12 6.075E-12 6.075E-12 6.075E-12 6.075E-12 6.075E-12 6.039E-12
Np-237 3.362E-07 3.369E-07 3.379E-07 3.391E-07 3.427E-07 3.471E-07 1.087E-06
Np-238 7.279E-08 7.213E-08 7.148E-08 7.083E-08 6,923E-08 6.767E-08 7.756E-I0
Np-239 2.272E-05 2.272E-05 2.271E-05 2.271E-05 2.270E-05 2.269E-05 2.069E-05
Np-240m 4.51_!,E-13 4.514E-13 4,514E-13 4.514E-13 4,514E-13 4.514E-13 4.514E-13
Pu-236 2.442E-07 1.502E-07 9.235E'08 5.679E-08 1,684E-u8 4.994E-09 5.435E-13
Pu-238 3.274E-03 3.224E-03 3.173E-03 3.124E-03 3.003E-03 2.887E-03 1.546E-06
Pu-239 3.145E-04 3.145E-04 3.145E-04 3.145E-04 3.144E-04 3.144E-04 3.063E-04
Pu-24C 5.589E-04 5.593E-04 5.596E-04 5.599E-04 5,606E-04 5.610E-04 5.090E-04
Pu-241 1.105E-01 1.004E-01 9.118E--02 8.281E-02 6.510E-02 5.117E-02 2.140E-07
Pu-242 2.076E-06 2.076E-(16 2.076E-06 2.076E-06 2.076E-06 2.07GE-06 2.073E-06
Pu-243 1.705E-13 1.705E-13 1.705E-13 1,705E-13 1.705E,13 1.705E-13 1.705E-13
Pu-244 4.520E-13 4.520E-13 4,520E-]3 4.520E-13 4.520E-13 4.520E-13 4.520E-13
Am-241 1.009E-03 1.344E-03 1.646E-03 1,919E-03 2,491E-03 2.933E-03 9.758E-04
Am-242m1.456E-05 1.443E-05 1,429E-05 1.416E-05 1.385E-05 1.353E-05 1.551E-07
Am-242 1.449E-05 1.435E-05 1.422E-05 1.409E-05 1.378E-05 1,347E-05 1.543E-07
Am-243 2.272E-05 2.272E-05 2.271E-05 2.271E-05 2,270E-05 2.269E-05 2.069E-05
Am-245 9.133E-16 1.877E-16 3.858E-17 7.929E-18 1.518E-19 2.907E-21 0.00
Cm-242 1.399E-04 1.764E-05 1.204E-05 1.169E-05 1,140E-05 I.I14E-05 1.276E-07
Cm-243 2.695E-05 2.567E-05 2.445E-05 2.329E-05 2.062E-05 1.826E-05 8.136E-16
Cm-244 2.445E-03 2.265E-03 2,098E-03 1.944E-03 1.605E-03 1.325E-03 6.796E-20
Cm-245 2.317E-07 2.316E-07 2.316E-07 2.316E-07 2.315E-07 2.314E-07 2.136E-07
Cm-246 5.647E-08 5.645E-08 5_643E-08 5.642E-08 5,637E-08 5.633E-08 4.880E-08
Cm-247 1.705E-13 1.705E-13 1.705E-13 1.705E-13 1.705E-13 1.705E-13 1.705E-13
Cm-248 4.313E-13 4.314E-13 4.314E-13 4,314E-13 4.314E-13 4,314E-13 4.305E-13
Bk-249 6.297E-11 1.294E-11 2.660E-12 5,467E-13 1.047E-14 2.005E-16 0,00
Bk-250 3.067E-16 4.887E-17 7.813E-18 i.248E-18 1.596E-20 3.551E-21 3.415E-21
Cf-249 4.456E-12 4.563E-12 4.570E-12 4.558E-12 4.514E-12 4.470E-12 6.435E-13
Cf-250 1.815E-II 1.632E-11 1.468E-11 1.320E-II 1.013E-11 7.773E-12 3.415E-21
Cf-251 1.284E-13 1.282E-13 1.280E-13 1.278E-13 1.273E-13 1.268E-13 5.952E-14
Cf-252 9.133E-.12 5.400E-12 3.193E-12 1.888E-12 5.075E-13 1.364E-13 0.00
Es-254 3.065E-16 _..881E-17 7.806E-18 1.223E-18 0.00 0.00 0.00

Total 1.184E-01 1.082E-01 9.909E-02 9.079E-02 7.319E-02 5.930E-02 1.843E-03
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TABLE D.2.e. Actinide Radioactivityby Isotopeat 40 MWd/kgM,Ci/gU

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years..20 Years 1000 Years_

TI-207 3.457E-124.619E-125.736E-126.812E-129.335E-121.166E-112.475E-I0
TI-208 1.001E-081.286E-081.480E-081.601E-081.708E-081.688E-081.613E-12
TI-209 9.283E-159.372E-159.476E-159.594E-159.953E-151.040E-143.386E-12
Pb-209 4.298E-134.339E-134.387E-134.442E-134.608E-134.816E-131.567E-I0
Pb-210 1.751E-142.639E-143.904E-145.609E-14 1.220E-132.286E-133.562E-09
Pb-211 3.467E-124.632E-125.752E-126.831E-129.361E-121.169E-112.482E-I0
Pb-212 2.785E-083.578E.084.118E-084.457E-084.753E-084.698E-084.490E-12
Pb-214 1.337E-131.981E-132.767E-133.697E-136.681E-131.065E-123.563E-09
Bi-210 1.751E-142.640E-143.905E-145.611E-141.221E-132.286E-133.562E-09
Bi-211 3.467E-124.632E-125.752E-126.831E-129.361E-121.169E-112.482E-I0
Bi-212 2.785E-083.578E-084.118E-084.457E-084.753E-084.698E-084.490E-12
Bi-213 4.29_E-134.339E-134.387E-134.442E-134.608E-134.816E-131.567E-I0
Bi-214 1.337E-131.981E-132.767E-133.697E-136.681E-131.065E-123.563E-09
Po-210 1.566E-142.355E-143.503E-145.071E-14 1.221E-132.286E-133.562E-09
Po-211 9.706E-151.297E-141.611E-141.913E-142.621E-143.273E-146.950E-13
Po-212 1.785E-082.292E-082.638E-082.855E-083.045E-083,010E-082.877E-12
Po-213 4.205E-134.245E-134.292E-134.346E-134.509E-134.712E-131.534E-I0
Po-214 1.337E-131.981E-132.766E-133.697E-136.679E-131.064E-123.562E-09 ,
Po-215 3.467E-124.632E-125.752E-126.831E-129.361E-121.169E-112.482E-I0
Po-216 2.785E-083.578E-084.118E-084.457E-084.753E-084.698E-084.490E-12
Po-218 1.338E-131.982E-132.767E-133.698E-136.682E-131.065E-123.564E-09
At-217 4,298E-134.339E-134.387E-134.442E-134.608E-134.816E-131.567E-I0
Rn-219 3.467E-124.632E-125.752E-126.831E-129.361E-121.169E-112.482E-I0
Rn-220 2.785E-083.578E-084.118E-084.457E-084.753E-084.698E-084.490E-12
Rn-222 1.338E-131.982E-132.767E-133.698E-136.682E-131.065E-123.564E-09
Fr-221 4.298E-134.339E-134.387E-134.442E-134.608E-134.816E-131.567E-I0
Fr-223 4.779E-146.382E-147.924E-149.410E-14 1.290E-131.611E-133.426E-12
Ra-223 3.467E-124.632E-125.752E-126.831E-129.361E-121.169E-112.482E-I0
Ra-224 2.785E.083.578E-084.118E-084.457E-084.753E-084.698E-084.490E-12
Ra-225 4.298E-134.339E-134.387E-134.442E-134.608E-134.816E-131.567E-I0
Ra-226 1.338E-131.982E-132.767E-133.698E-136.682E-13Io065E-123.564E-09
Ac-225 4.298E-134.339E-134.387E-134.442E-134.608E-134.816E-131.567E-I0
Ac-227 3.463E-124.625E-125.742E-126.819E-129.348E-121.167E-112.482E-I0
Th-227 3.419E-124.568E-125.673E-126.737E-129.232E-121.153E-112.448E-I0
Th-228 2.783E-083.571E-084.109E-084.446E-084.749E-084.694E-084.490E-12
Th-229 4.298E-134.339E-134.387E-134.442E-134.608E-134.816E-131.567E-I0
Th-230 6.646E-118.263E-119.924E-111.163E-I01.607E-I02.076E-I02.007E-08
Th-231 1.071E-081.071E-081.071E-081.071E-OB1.071E-081.072E-081.102E-08
Th-234 3.157E-073.157E-073.157E-073.157E-073.157E-073.157E-073.157E-07
Pa-231 2.206E-112.251E-112.297E-112.342E-112.455E-112.568E-112.481E-I0
Pa-233 3.955E-073.964E-073.974E-073.987E-07 4.028E-074.077E-07I,,240E-06
Pa-243m3.157E-073.157E-073.157E-073.157E-07 3o157E-073.157E-073.157E-07
Pa-234 4.104E-I04.104E-I04.104E-I04.104E-I04.104E-I04.104E-I04.104E-I0
U-232 4.053E-084.477E-084.700E-084.800E-084.783E-084.620E-084.375E-12
U-233 2,025E-112.390E-112.755E-113.122E-113.998E-114.883E-114.001E-09
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TABLE D.2.e. Actinide Radioactivityby Isotopeat 40 MWd/kgM,Ci/gU
(cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15.Year.s20 Years 1000 Years

,'

U-234 8.864E-079.106E-079.345E-079.580E-071.015E-061.070E-062.436E-06
U-235 1.071E-081.071E-081.071E-081.071E-081.071E-081.072E-081.102E-08
U-236 2.601E-072.601E-072.601E-072.602E-072.603E-072.603E-072.773E-07
U-237 3.067E-062.786E-OG2.530E-062.298E-061.806E-061.420E-061.058E-11
U-238 3.157E-073.157E-073.157E-073.157E-073.157E-073.157E-073.157E-07
U-240 8.529E-138.529E-138.529E-138.529E-138.529E-138.529E-138.529E-13
Np-235 5,924E-I01.650E-I04.594E-111.279E-115.235E-132.142E-140.00
Np-236 7.45gE-127.459E-127.458E-127.458E-127.458E-127.458E-127.414E-12
Np-237 3.g55E-07 3.964E-073.974E-073.987E-074.028E-074.077E-071.240E-06
Np-238 7.546E-087.478E-087.410E-087.343E-087.177E-087.015E-088.041E-I0
Np-239 3.477E-053.476E-053.475E-053.475E-053.473E-053.471E-053.166E-05
Np-240m8.529E-138.529E-138.529E-138.529E-138.529E-138.529E-138.529E-13
P_-236 3.322E-072.043E-071.256E-077.724E-082.290E-086.792E-096.673E-13
Pu-237 1.667E-162.509E-210.00 0.00 0.00 0.00 0.00
Pb-238 4.313E-034.246E-03¢.180E-034.114E-033.955E-033.803E-031.955E-06
P_-239 3.168E-043.168E-043.168E-043.168E-043.167E-043.167E-043.088E-04
P_-240 6.032E-046.040E-046.047E-046.053E-046.067E-046.078E-045.540E-04
Pu-241 1.250E-011.136E-011.031E-019.367E-027.363E-025.788E-024.317E-07
Pu-242 2.734E-062.734E-062.734E-062.734E-062.734E-062.734E-062.730E-06
P_-243 4.981E-134.981E-134.981E-134.981E-134.981E-134.981E-134.981E-13
P_-244 8.540E-138.540E-13B.540E-138.540E-138.540E-138.540E-138.540E-13
Am-241 1.115E-031.493E-031.835E-032.144E-032.792E-033.292E-031.098E-03
Am-242m 1.509E-051.496E-051.482E-051.468E-051.435E-051.403E-051.608E-07
Am-242 1.502E-051.488E-051.475E-051.461E-051.428E-051.396E-051.600E-07
Am-243 3.477E-053.476E-053.475E-053.475E-053.473E-053.471E-053.166E-05
Am-245 3.612E-157.424E-161.526E-163.136E-176.005E-191.150E-200.00
Cm-242 1.703E-041.942E-051.254E-051.212E-051.182E-051.155E-051.323E-07
Cm-243 3.840E-053.658E-053.484E-053.319E-052.939E-052.602E-051.159E-15
Cm-244 4.497E-034.166E-033.859E-033.575E-032.952E-032.438E-031.250E-19
Cm-245 4.675E-074.674E-074.673E-074.673E-074.671E-074.669E-074.310E-07
Cm-246 1.393E-071.393E-071.393E-071.392E-071.391E-071.390E-071.204E-07
Cm-247 4.981E-134.981E-134.981E-134.981E-134.981E-134.981E-134.981E-13
Cm-248 1.520E-121.520E-121.520E-121.521E-121.521E-121.521E-121.518E-12
Bk-249 2.491E-I05.119E-111.052E-112.162E-124.140E-147.928E-160.00
Bk-250 2.167E-153.454E-165.507E-178.816E-181.075E-194.542E-201.769E-20
Cf-24g 1.741E-111.784E-111.787E-111.782E-111.765E-111.747E-112.516E-12
Cf-250 7.584E-116.821E-116.135E-115.518E-114.234E-113.248E-111.769E-20
Cf-251 5.674E-135.665E-135.656E-135.648E-135.626E-135.604E-132.630E-13
Cf-252 4.883E-112.887E-111.707E-111.009E-112.713E-127.293E-130.00
Es-254 2.166E-153.453E-165.498E-178.793E-187.627E-202.703E-200.00

Total 1.362E-011.246E-011.141E-011.046E-018.441E-026.848E-022.037E-03
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TABLE D.2.f. Actinide Radioactivityby Isotopeat 45 MWd/kgM, Ci/gU

Isotope ..4...Years .6 Years 8 Years 10 Years 15 Years 20 Years 1000Years

TI-207 3.333E-124.454E-125,525E-126,551E-128.933E-121.109E-111.921E-I0
TI-208 1.241E-081.606E-081.856E-082.013E-082.153E-082.130E-082.015E-12
TI-209 1.213E-141,222E-141.233E-141.246E-141.284E-141.333E-143.771E-12
Pb-209 5.615E-135.658E-135.708E-135.767E-135.946E-136.173E-131.746E-I0
Pb-210 1.868E-142,663E-143.804E-145.354E-141.140E-132.127E-133.984E-09
Pb-211 3.342E-124.466E-125.540E-126.569E-128.958E-121.112E-111,926E-I0
Pb-212 3.453E-084.469E-085.164E-085.603E-085.992E-085.928E-085.608E-12
Pb-214 1,222E-131,810E-132.532E-133.392E-136.173E-139.910E-133.985E-09
Bi-210 1.869E-142.664E-143.806E-145.356E-141.140E-132.128E-133.984E-09
Bi-211 3.342E-124.466E-125.540E-126.569E-128.958E-121.112E-111.926E-I0
Bi-212 3.453E-084.469E-085.164E-085.603E-.085.992E-085.928E-085.608E-12
Bi-213 5.615E-135.658E-135.708E-135.767E-135.946E-136.173E-131.746E-I0
Bi-214 1.222E-131.810E-132.532E-133.392E-136.173E-139.910E-133.985E-09
Po-210 1.702E-142.406E-143.440E-144.862E-141.140E-132.128E-133.984E-09
Po-211 9.358E-151.250E-141.551E-141.839E-142.508E-143.115E-145.394E-13
Po-212 2.213E-082.863E-083,309E-083.590E-083.839E-083.798E-083.593E-12
Po-213 5.493E-135.535E-135.585E-135.642E-135.818E-136.040E-131.708E-I0
Po-214 1.221E-131.810E-132.532E-133.391E-136.172E-139.908E-133.984E-09
Po-215 3.342E-124.466E-125.540E-126.569E-128.958E-121.112E-111.926E-I0
Po-216 3.453E-084.469E-085.164E-085.603E-085.992E-085.928E-085.608E-12
Po-218 1.222E-131.811E-132.533E-133.393E-136.174E-139.912E-133.986E-09
At-217 5.615E-135.658E-135.708E-135.767E-135.946E-136.173E-131.746E-I0
Rn-219 3.342E-124.466E-125.540E-126.569E-128.958E-121.112E-111.926E-I0
Rn-220 3.453E-084.469E-085.164E-085.603E-085,992E-085.928E-085.608E-12
Rn-222 1.222E-131.811E-132.533E-133.393E-136.174E-139.912E-133.986E-09
Fr,-221 5.615E-135.658E-135.708E-135.767E-135.946E-136.173E-131.746E-I0
Fr-223 4.608E-146.153E-147.632E-149.049E-141.234E-131.533E-132.658E-12
R_-223 3.342E-124.466E-125.540E-126.569E-128.958E-121.112E-111.926E-I0
Ra-224 3.453E-084.469E-085.164E-085.603E-085.992E-085.928E-085.608E-12
Ra-225 5.615E-135.658E-135.708E-135.767E-135.946E-136.173E-131.746E-I0
Ra-226 1.222E-131.811E-132.533E-133.393E-136.174E-139.912E-133.986E-09
Ac-225 5.615E-135.658E-135.708E-135.767E-135.946E-136.173E-131.746E-I0
Ac-227 3.339E-124.459E-125.531E-126.557E-128.945E-121,111E-.111.926E-I0
Th-227 3.296E-124.404E-125.464E-126.479E-128.834E-121.097E-111.900E-I0
Th-228 3.451E-084.460E-085.153E-085.590E-085.987E-085.923E-085.608E-12
Th-229 5.615E-135.658E-135.708E-135.767E-135.946E-136.173E-131.746E-I0
Th-230 6.058E-117.574E-119.145E-111.077E-I01.506E-I01.967E-I02.262E-08
Th-231 8.079E-098.080E-098.081E-098.081E-098.083E-098.084E-098.387E-09
Th-234 3.142E-073.142E-073.142E-073.142E-073.142E-073.142E-073.142E-07
Pa-231 2.132E-112.166E-112.200E-112.234E-112.320E-112.405E-111.926E-I0
Pa-233 4.503E-074.512E-074.524E-074.538E-074.582E-074.635E-071.370E-06
Pa-243m 3.142E-073.142E-073.142E-073.142E-073.142E-073.142E-073.142E-07
Pa-234 4.084E-I04.084E-I04.084E-I04.084E-I04.084E-I04.084E-I04.084E-I0
U-232 5.073E-085.624E-085.916E-086.048E-086.035E-085.831E-085.467E-12
U-233 2.107E-112.522E-112.938E-113.355E-114.352E-115.359E-114.442E-09
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TABLE D.2.f. Actinide Radioactivityby Isotopeat 45 MWd/kgM, Ci/gU
(cont'd)

Isotope 4 Years.J6 Years' 8 Years 10 Years 15 Years 20 Years 1000 Years.

U-234 8.271E-078.576E-078.876E-079.171E-079,889E-071.058E-062.772E-06
U-235 8.079E-098,080E-098.081E-098.081E-098,083E-098.084E-098.387E-09
U-236 2.646E-072.647E-072.647E-072.647E-072,648E-072.649E-072.829E-07
U-237 3.356E-063.048E-062.768E-062.514E-061.976E-061.553E-061,914E-11
U-,238 3.142E-073.142E-073.142E-073.142E-073.142E-073.142E-07_I.142E-07
U-240 1.473E-121.473E-121.473E-121.473E-121.473E-121.473E-121.473E-12
Np-235 7.295E-I02.032E-I05.657E-111.575E-116.447E-132.638E-.140,00
Np-236 8.782E-128.782E-128.782E-128.782E,128.781E-128.781E-128,.729E-12
Np-237 4.503E-074.512E-074.524E-074.538E-074.582E-074.635E-071.370E-06
Np-238 7.581E-087.513E-087.444E-087.377E-087.211E-087.048E-088.078E-I0
Np-239 4.948E-054.947E-054.946E-054.945E-054.943E-054.941E-054.506E-05
Np-240m 1.473E-121.473E-121,473E-121.473E-121.473E-121.473E-121.473E-12
Pu-236 4.297E-072.643E-071.625E-079.993E-082.963E-088.787E-097.857E-13
Pu-237 2.327E-163.502E-215.271E-260.00 0.00 0.00 0.00
Pu-238 5.415E-035.332E-035.248E-035.166E-034.967E-034.775E-032.378E-06
Pu-239 3.176E-043.176E-043.176E-043.176E-043.175E-043.175E-043.100E-04
Pu-240 6.329E-046.343E-046.356E-046.368E-046.394E-046.414E-045.884E-04
Pu-241 1.368E-011.242E-011.128E-011.025E-018.056E-026.333E-027,812E-07
Pu-242 3.427E-063.427E-063.427E-063.427E-063.427E-063.427E-063.423E-06

o Pu-243 1.252E-121.252E-121.252E-121.252E-121.252E-121.252E-121.252E-12
Pu-244 1.475E-121.475E-121.475E-121.475E-121.475E-121.475E-121.475E-12
Am-241 I.196E-031.609E-031.984E-032.322E-033.030E-033,578E-031.197E-03
Am-242m 1.516E-051.502E-051.489E-051.475E-051.442E-051.410E-051.616E-07
Am-242 1.509E-051.495E-051,481E-051.468E-051.435E-051.403E-051.608E-07
Am-243 4.948E-054.947E-054.946E-054.945E-054.943E-054.941E-054.506E-05
Am-245 1.187E-142.439E-155.012E-161.030E-161.973E-183.777E-200.00
Cm-242 1.982E-042.073E-051,265E-051.218E-051.187E-051.160E-051.329E-07
Cm-243 5.081E-054.840E-054.610E-054.391E-053.889E-053.443E-051.534E-15
Cm-244 7.558E-037.001E-036.485E-036.007E-034.961E-034.097E-032.101E-19
Cm-245 8.459E-078.457E-078.456E-078.454E-078.451E-078.447E-077.799E-07
Cm-246 3.020E-073.019E-073.018E-073.017E-073.015E-073.013E-072.610E-07.
Cm-247 1.252E-121.252E-121.252E-121.252E-121.252E-121.252E-12].252E-i2
Cm-248 4.534E-124.534E-124.534E-124.535E-124.535E-124,535E-124.526E-12
Bk-249 8.182E-I01.682E-I03.456E-117.103E-121,360E-132,604E-150.00
Bk-250 1.174E-141.870E-152.981E-164.758E-175.782E-191.073E-197.497E-20
Cf-249 5.660E-115.799E-115.810E-115.794E-115.738E-115.682E-118.180E-12
Cf-250 2°603E-I02.341E-I02.106E-I01.894E-I01.453E-I01.115E-I07.497E-20
Cf-251 2.035E-122.032E-122.029E-122.026E-122.018E-122.010E-129.436E-13
Cf-252 2.082E-I01.231E-I07.278E-114.303E-111.157E-113.110E-120.00
Es-254 1.173E-141.869E-152.979E-164.745E-175.000E-192.933E-200.00

Total 1.523E-011.393E-011.277E-011.171E-019.466E-027.692E-022.200E-03
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TABLE D.2.g. Actinide Radioactivityby Isotopeat 50 MWd/kgM, Ci/gU

Isotope 4 Years 6 Years 8 Years I0 Years 15 Years 20 Years 1000 Years

TI-207 3.168E-124.235E-125.250E-126.219E-128.449E-121.045E-111.487E-I0
TI-208 1.487E-081.936E-082.245E-'082.441E-082.616E-082.590E-082.428E-12
TI-209 1.529E-141.538E-141.550E-141.563E-141.604E-141.657E-144.090E-12
Pb-209 7.078E-13.7.122E-137.175E-137.237E-137.427E-137.670E-131.893E-I0
Pb-210 2.038E-14_2.742E-143.766E-14.5.167E-141.070E-131.985E-134.425E-09
Pb-211 3.177E-124.247E-125.265E-126.236E-128.473E-121.048E-11I..491E-I0
Pb-212 4.139E-085.389E-086.249E-086.793E-087.281E-087.209E-086.758E-12

' Pb-214 .i.113E.-131.651E-132.315E-133.109E-135.706E-139.239E-134.426E-09
Bi-210 2.039E-142.744E-143.767E-145.169E-141.070E-131.986E-134.425E-09
Bi-211 3.177E-124.247E-125.265E-126.236E-128.473E-121.048E-111.491E-I0
Bi-212 4,139E-085.389E-086.249E-086.793E-087.281E-087.209E-086.758E-12
Bi-213 7.078E-137.122E-137.175E-137.237E-137.427E-137.670E-131.893E-I0
Bi-214 1.113E-131.651E-132.315E-133.109E-135.706E-139.239E-134.426E-09
Po-210 1.891E-14.2.511E-143.436E-144.719E-14 1.070E-131.986E-134.425E-09
Po-211 8.895E-151.189E-141.474E-141.746E-142.372E-142.934E-144.175E-13
Po-212 2.652E-083.453E-084.004E-084.352E-084.665E-084.619E-084.330E-12
Po-213 6.925E-136.968E-137.020E-13.7..O80E-137.267E-137.505E-131.852E-I0
Po-214 1.113E-131.651E-132.314E-133.i09E-135.705E-139.237E-134.425E-09
Po-215 3.177E-124.247E-125.265E-126.236E-128.473E-121.048E-111.491E-I0
Po-216 4.139E-085.389E-086.249E-086.793E-087.281E-087.209E-086.758E-12
Po-218 1.114E-131.651E-132.315E-133.110E-135.707E-139.241E-13.4.426E-09
At-217 7.078E-137.122E-137.175E-137.237E-137.427E-137.670E-131.893E-I0
Rn-219 3.177E-124.247E-125.265E-126.236E-128.473E-12.I.048E-111.491E-I0
Rn-220 4.139E-085.389E-086.249E-086.793E-087.281E-087.209E-086.758E-12
Rn-222 1.114E-13.1.651E-132.315E-133.110E-135.707E-139.241E-134.426E-09
Fr-221 7.078E-137.122E-137.175E-137.237E-137.427E-137.670E-131.893E-I0
Fr-223 4.380E-145.851E-147.253E-148.590E-14 1.168E-131.444E-132.058E-12
Ra-223 3.177E-124.247E-125.265E-126.236E-128.473E-121.048E-111.491E-I0
Ra-224 4.1_9E-085.389E-086.249E-086.793E-087.281E-087.209E-086.758E-12
Ra-225 7.078E-137.122E-137.175E-137.237E-137.427E-137.670E-13 1.893E-I0'
Ra-226 1.114E-131.651E-132.315E-133.110E-135.707E-139.241E-134.426E-09
Ac-225 7.078E-137.122E-137.175E-137.237E-137.427E-137.670E-131.893E-I0
Ac-227 3.174E-124.240E-125.256E-126.225E-128.461E-121.046E-111.491E-I0
Th-227 3.133E-124.188E-125.192E-126.150E-128.356E-121.033E-111.471E-I0
Th-228 4.136E-085.379E-086.235E-086.777E-087.275E-087.203E-086.758E-12
Th-229 7.078E-137.122E-137.175E-137.236E-137.427E-137.670E-131.893E-I0
Th-230 5.513E-116.938E-118.428E-119.983E-111.415E-I01.869E-I02.527E-08
Th-231 6.039E-096.040E-096.041E-096.041E-096.043E-096.044E-096.347E-09
Th-234 3.125E-073.125.E-073.125E-073.125E-073.125E-073.125E-073.125E-07
Pa-231 2.033E-112.058E-112.084E-112.109E-112.173E-112.237E-111.491E-I0
Pa-233 4.990E-075.000E-075.012E-075.027E-075.073E-075.129E-071.474E-06
Pa-243m3.125E-073.125E-073.125E-073.125E-073.125E-073.125E-073.125E-07
Pa-234 4.063E-I04.063E-I04.063E-I04.063E-I04.063E-I04.063E-I04.063E-I0
U-232 6.128E-086.816E-087.180E-087.348E-087.338E-087.093E-086.588E-12
U-233 2.165E-112.625E-113.086E-113.549E-114.652E-115.767E-114.800E-09
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. TABLED.2.g. Actinide Radioactivityby Isotopeat 50 MWd/kgM, Ci/gU
(cont'd)

Isotope 4___YYears6 Years....8 Years 10 Year____E_s15 Years 20 Years 1000 Years

U-234 7.730E-078.097E-078.460E-078 816E-079.683E-07 1.052E-063,120E-06
U-235 6.039E-096.040E-096.041E-096.041E-096.043E-096,044E-096.347E-09
U-236 2.655E-072.655E-072.655E-072.656E-072.657E-072.658E-072.846E-07
U-237 3.568E-063.240E-062,943E-062.673E-062.101E-06 1.651E-063.181E-11
U-238 3.125E-073.125E-073.125E-073.125E-073.125E-07 3.125E-073.125E-07
U-240 2.371E-122.371E-122.371E-122.371E-122.371E-122.371E-122.371E-12
Np-235 8.625E-I02.402E-I06.689E-111.863E-117.622E-133.119E-140.00
Np-236 9.994E-129.993E-129,993E-129.993E-129,993E-129.993E-129,934E-12
Np-237 4.990E-075.000E-075,012E-075.027E-075.073E-075.129E-071.474E-06
Np-238 7,421E-087.354E-087.287E-087.221E-087.058E-086.899E-087.907E-I0
Np-239 6.651E-056.649E-056.648EI-056.647E-056.644E-056.641E-056.057E-05
Np-240m 2.371E-122.371E-122.371E-122.371E-122.371E-122.371E-122.371E-12
Pu-236 5.332E-073.279E-072,016E-071.240E-073.676E-08 1,090E-088.941E-13
Pu-237 3.080E-164.636E-216,977E-260.00 0.00 0.00 0.00
Pu-238 6.540E-036.438E-036.338E-035.23BE-035.997E-035.765E-032.802E-06
Pu-239 3.177E-043.177E-043,177E-043.176E-043.176E-043.176E-043.106E-04
Pu-240 6.526E-046.549E-046.570E-046.589E-046.631E-046.665E-046.167E-04
Pu-241 1.454E-011.321E-011.200E-011.089E-018.564E-026.732E-021.299E-06
Pu-242 4.122E-064.122E-064.122E-064.122E-064.122E-064.122E-064.117E-06
Pu-243 2.795E-122.795E-122.795E-122.795E-122.795E-122.795E-122.795E-12
Pu-244 2.374E-122.374E-122,374E.-122.374E-122.374E-122.374E-122.374E-12
Am-241 1.249E-031.689E-032.087E-032.446E-033.200E-033.782E-031.269E-03
Am-242m 1.484E-051.471E-051.457E-051.444E-051.412E-051.380E-051.581E-07
Am-242 1.477E-051.463E-051.450E,051.437E-051.404E-051.373E-051.573E-07
Am-243 6.651E-056.649E-056,648E-056.647E-056.644E-056,641E-056.057E-05
Am-245 3.350E-146.885E-151.415E-152.908E-165.569E-181.066E-190.00
Cm-242 2.224E-042.156E-051.244E-051.192E-051.162E-051.136E-051.301E-07
Cm-243 6.346E-056.044E-055,757E-055.484E-054.856E-054.300E-051.916E-15
Cm-244 1.182E-021,095E-021.014E-029.397E-037.760E-036.409E-033.286E-19
Cm-245 1.406E-061.406E-061.406E-061.405E-061.405E-061.404E-061.296E-06
Cm-246 5.912E-075.911E-075.909E-075.907E-075.903E-075.899E-075.110E-07
Cm-247 2.795E-122.795E-122.795E-122.795E-122.795E-122.795E-122.795E-12
Cm-248 1.180E-111.180E-111.180E-111.181E-111.181E-111,181E-111,178E-11
Bk-249 2.310E-094 747E-I09,756E-112.005E-113.839E-137.352E-150.00
Bk-250 5.097E-148.122E-15 1.295E-152.066E-162.372E-183.011E-192.694E-19
Cf-249 1.582E-I01.622E-I01.625E-I01.620E-I01.605E-I01.589E-I02.287E-11
Cf-250 7.606E-I06.841E-I06.153E-I05.535E-I04.246E-I03.258E-I02.694E-19
Cf-251 6.160E-126.150E-126,141E-126.131E-126.108E-126.084E-122.856E-12
Cf-252 7.366E-I04.355E-I02.575E-I01.522E-I04.093E-11 1.100E-110.00
Es-254 5.094E-148.118E-151.294E-152.062E-162.069E-180.00 0.00

Total 1.665E-011.524E-011.397E-011.282E-011.038E-018.449E-022.335E-03
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TABLE D.3.a. FissionProduct Inventoryby Isotopeat 20 MWd/kgM,g/gU

Isotope 4 Years 6 Years 8 Years .!0years 15 Years, 20 Years 1000 Years

H-3 2.461E-082.200E-081.966E-081.757E-081.327E-081.002E-.081.292E-32
Li-6 1.509E-I01.509E-I01.509E-I01.509E-I01.509E-I01.509E-I01.509E-I0
Li-7 6.145E-126.145E-126.145E-126.145E-126.145E-.126.145E-126.145E-12
Be-9 1.183E-111.183E-111.183E-111.183E-111.183E-111.183E-111.183E-11
Be-t0 7.896E-117.896E-117.896E-117.896E-117.896E-117.896E-117.892E-11
C-14 1.595E-111.595E-111.595E-111.594E-111.593E-111.592E-111.414E-11
Zn-66 2.431E-142.431E-142.431E-142.431E-142.431E-142.431E-142.431E-.14
Zn-67 1.023E-151.023E-151.023E-151.023E-151.023E-151.023E-151.023E-15
Ga-71 5.077E-135.077E-135.077E-135.077E-135.077E-135.077E-135.077E-13
Ge-72 1.241E-081.241E-081.241E-081.241E-081.241E-081.241E-081.241E-08_
Ge-73 2.700E-082.700E-082.700E-082,700E-082.700E-082.700E-082.700E-08
Ge-74 5,808E-085.808E-085.808E-085.808E-085.808E-085:808E-085.808E-08
As-75 1.240E-071.240E-07,I.240E-071.240E-071.240E-071.240E-071,240E-07
Ge-76 3.118E-073.118E-073.118E-073.118E-073.118E-073.118E-073.118E-07
Se-76 1.983E-091.983E-091.983E-091.983E-091.983E-091.983E-091.983E-09
Se-77 6.556E-076,556E-076.556E-076.556E-076.556E-076.556E-076.556E-07
Se-78 1.471E-061.471E-061.471E-061.471E-061.471E-061.471E-061,471E-06
Se-79 3.651E-063.651E-063.G51E-063,651E-063.651E-063.651E-063.613E-06
Br-79 2.663E-I03.442E-I04.221E-I05.000E-I06.948E-I08.896E-I03.886E-08
Se-80 8.346E-068.346E-068.346E-068.346E-068.346E-068.346E-068.346E-06
Kr-80 1.204E-I01.204E-IO1.204E-IO1.204E-I01.204E-I01.204E-I01.204E-I0
Br-81 1.387E-051.387E-051.387E-051.387E-051.387E-051.387E-051.387E-05
Kt-81 8.864E-128.864E-128.864E-i28.864E-128.864E-128.864E-128.835E-12
Se-82 2.140E-052.140E-052,140E-052.140E-052.140E-052.140E-052.140E-05
Kr-82 3.822E-073.822E-073.822E-073.822E-073.822E-073.822E-07 3.822E-07
Kr-.83 2.941E-052.941E-052.941E-052.941E-052,941E-052.941E-052.941E-05
Kr-84 6.965E-056.965E-056.965E-056.965E-056.965E-056.965E-056.965E-05
Kr-85 1.089E-059.568E-068.407E-067.387E-065.347E-063.870E-061.177E-33
Rb-85 6.786E-056.918E-057.034E-057.136E-057.340E-057.488E-057.875E-05
Kr-86 1,237E-041.237E-041.237E-041.237E-041.237E-041.237E-041.237E-04
Sr-86 1.532E-071,532E-071.532E-071.532E-071.532E-071.532E-071.532E-07

, Rb-87 1.592E-041.592E-041.592E-041.592E-041.592E-041.592E-041.592E-04
Sr-87 1.136E-091.136E-091.136E-091.136E-091.136E-091.136E-091.138E-09
Sr-88 2.286E-042.286E-042.286E-042.286E-042.286E-042.286E-042.286E-04
Sr-89 1.850E-148.176E-193.613E-23 1.596E-270.00 0.00 0.00
Y-89 2.994E-042.994E-042.994E-042.994E-042.994E-042.994E-042.994E-04
Sr-90 3.076E-042.933E-042.797E-042.667E-042.367E-042.102E-041.557E-14
Y-90 7.714E-087.355E-087.013E-086.687E-085.937E-085.271E-083_904E-18
Zr-90 5.534E-056.965E-058.328E-059.629E-051.262E-041.528E-043.630E-04
Y-91 4.395E-137.662E-171.336E-202.329E-249.349E-340.00 0.00
Zr-91 3.836E-043.836E-043.836E-043.836E-043.836E-043.836E-043.836E-04
Zr-92 4.106E-044.106E-044.106E-044.106E-044.106E-044.106E-044.106E-04
Zr-93 4.588E-044.588E-044.588E-044.588E-044.588E-044.588E-044.586E-04
Nb-93 2.963E-I04.467E-I06.227E-I08.220E-I01.408E-092.095E-092.045E-07
Nb-93m 1.136E-091.402E-091.641E-091.858E-092.311E-092.663E-093.873E-09

,'
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'TABLED.3.a. FissionProduct Inventoryby Isotopeat 20 MWd/kgM,g/gU
(cont'd)

Isotope 4 Years 6 Years 8 Years _I0Years....15 Years 20 years 1000 Years

Zr-94 4.636E-044.636E-044.636E-044.636E-044.636E-044.636E-044.636E-04
Nb-94 3.855E-I03,855E-I03.855E-I03.855E-I03.854E-I03.853E-I03.726E-I0
Zr-95 2.927E-121.070E-153.913E-191.431E-223.657E-310,00 0.00
Nb-95 3.571E-121.306E-154.773E-191.745E-223.308E-330.00 0.00
Nb-95m 1.225E-154.479E-191,637E-225.987E-260.00 0.00 0.00
Mo-95 4,798E-044.79B.E-044.798E-044,798E-044.798E-044.798E-044.798E-04
Zr-96 4,960E-044.960E-044.960E-044.960E-044.960E-044.960E-044.960E-04
Mo-96. 1.362E-051.362E-051.362E-051.362E-051.362E-051.362E-051,362E-05
Mo-97 4.861E-044.861E-044.861E-044.861E-044.861E-044,861E-044,861E-04
Mo-98 .5.014E-045.014E-045.014E-045,014E-045,014E-045.014E-045,014E-04
Tc-98 2.245E-092,245E-092.245E-092.245E-092.245E-092.245E-092.245E-09
Tc-99 4.894E-044.894E-044.894E-044.894E-044.894E-044.894E-044.878E-04
Ru-99 1,074E-081.393E-081.711E-082.030E-082,826E-083.622E-081,594E-06
Mo-100 5.621E-045.621E-045.621E-045.621E-045.621E-045.621E-045,621E-04
Ru-100 3.402E-053.402E-053.402E-053.402E-053.402E-053,402E-053,402E-05
R_-I01 4.685E-044,685E-044,685E-044.685E-044.685E-044.685E-044.685E-04
RL-I02 4.450E-044.450E-044.450E-044.450E-044.450E-044.450E-044.450E-04
RF-lO2 1.243E-I07,707E-114.778E-112.962E-118.967E-122.714E-120.00
RL-I03 8.201E-172.070E-225.223E-281.318E-330.00 0.00 0.00 '
RF-lO3 3.033E-043,033E-043.033E-043.033E-043.033E-043.033E-043.033E-04
RL-I04 2.927E-042.927E-042.927E-042o927E-042.927E-042.927E-042.927E-04
Pc-I04 8,482E-058.482E-058.482E-058.482E-058.482E-058.482E-058.482E-05
Pd-105 2.094E-042.094E-042.094E-042.094E-042.094E-042.094E-042.094E-04
Ru-106 3.115E-067.872E-071.990E-075.030E-08 1,616E-095.190E-110.00
Rh-106 2.928E-127.400E-131,870E-134.728E-14 1.519E-154,878E-170.00
Pd-106 1.600E-041.623E-041.629E-041.630E-041,631E-041,631E-041.631E-04
Pd-107 1.043E-041,043E-041.043E-041.043E-041.043E-041.043E-041.043E-04
Ag-107 6.853E-119.078E-111.130E-I01.353E-I01.909E-I02,465E-I01.115E-08
Pd-108 7.056E-057.056E-057.056E-057.056E-057.056E-057.056E-057.056E-05
Ag-108m 5.276E-135.218E-135.162E-135.106E-134.968E-134.834E-132.299E-15
Cd-I08 1.143E-I01.143E-I01.143E-I01.143E-I01.143E-I01,143E-I01.144E-I0
Ag-t09 3.931E-053.931E-053.931E-053,931E-053,931E-053,931E-053.931E-05
Cd-I09 7,540E-152.532E-158.502E-162.855E-161.865E-171.219E-180.00
Pd-110 2.331E-052.331E-052.331E-052.331E-052.331E-052,331E-052.331E-05
Ag-t10 4.430E-175.840E-187.698E-191.015E-196.402E-224.040E-240.00
Ag-110m 2.923E-093.853E-I05.080E-116.696E-124.225E-142,666E-160.00
Cd-t10 9.737E-069.739E-069.739E-069.740E-069.740E-069,740E-069.740E-06
Cd-111 1.339E-051,339E-051.339E-051.339E-051.339E-051.339E-051.339E-05
Cd-112 8.350E-068.350E-068.350E-068.350E-068,350E-068,350E-068.350E-06
CD113 1.353E-071.353E-071.353E-071.353E-071.353E-071.353E-071.354E-07
Cd-113m9.891E-088.994E-088,179E-087.437E-085.865E-084.625E-082.780E-28

, In-113 3,411E-084.307E-085.121E-085.862E-087.433E-088.672E-081.329E-07
Cd-114 1.195E-051.195E-051.195E-051.195E-051,195E-051.195E_051.195E-05
Sn-114 7.282E-I07.282E-I07.282E-I07.282E-I07,282E-I07.282E-I07.282E-I0
In-115 2.057E-062.057E-062.057E-062.057E-062,057E-062.057E-062.057E-06

D.35



TABLE D.3.a. FissionProductInventoryby Isotopeat 20 MWd/kgM, g/gU
(cont'd)

Isotope 4 Years,,.6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Sn-115 1.813E-071.813E-071.813E-071.813E-071.813E-071.813E-071.813E-07
Cd-116 4.678E-064.678E-064.678E-064.678E-064.678E-064.678E-064.678E-06
Sn-116 3.330E-063.330E-063.330E-063.330E-063.330E-063.330E-063.330E-06
Sn-117 4.742E-064.742E-064.742E-064.742E-064.742E-064.742E-064.74,2E-06
Sn-118 4.801E-064.801E-064.801E-064.801E-064.801E-064.801E-064.801E-06
Sn-119 4.769E-064.770E-064.770E-064.770E-064.770E-064.770E-064.770E-06
Sn-119m2.347E-102.972E-113.764E-124.766E-132.720E-151.552E-170.00
Sn-120 4.8Y_E-064.875E-064.B75E-064.875E-064.875E-064.875E-064.875E-06
Sn-121m 1.746E-091.698E-091.652E-091.607E-091.499E-09I,399E-091.747E-15
Sb-121 4.894E-064.894E-064.894E-064.894E-064.894E-064.894E-,064.895E-06
Sn-122 5.384E-065.384E-065.384E-065.384E-065.384E-065.384E-065.384E-06
Te-122 1.881E-071.881E-071.881E-071.881E-071.881E-071.881E-071.881E-07
Sn-123 4.903E-119.727E-131.930E-143.829E-162.123E-201.177E-240.00
Sb-123 5.g84E-065.g84E-065.984E-065.984E-065.984E-065.984E-065.984E-06
Te-123 1.855E-091.855E-091.855E-091.855E-091.855E-091.855E-091.855E-09
Te-123m3.889E-145.653E-168.219E-181.195E-193.045E-247.760E-290.00
Sn-].24 7.335E-067.335E-067.335E-067.335E-067.335E-067.335E-067.335E-06
Sb-124 6.545E-161.455E-193.234E-237.190E-275.296E-360.00 0.00
Te-124 1.440E-071.440E-071.440E-071.440E-071.440E-071.440E-071.440E-07
Sb-125 2.220E-061.346E-068.158E-074.946E-071.4i5E-074.050E-080.00
Te-125 8.438E-069.325E-069.862E-061.019E-051.055E-051.065E-051.069E-05
Te-125m3.105E-08 1.883E-081.141E-086.919E-091.979E-095.664E-I00.00
Sn-126 1.559E-051.559E-051.559E-051.559E-051.559E-051.559E-051.548E-05
Sb-126 7.407E-137.407E-137.407E-137.407E-137.406E-137.406E-137.356E-13
Sb-126m5.632E-155.631E-155.631E-155.631E-155.631E-155.631E-15 5.593E-15
Te-126 3.782E-073.785E-073.787E-073.789E-073.794E-073.800E-,074.855E-07
Te-127 1.379E-131.325E-151.273E-171.223E-191.107E-241.001E-290.00
Te-127m 3.938E-113.784E-133.636E-153.494E-173.161E-222.861E-270.00
1-127 3.170E-053.170E-053.170E-053.170E-053.170E-053.170E-053.170E-05

Te-128 6.369E-056.369E-056.369E-056.369E-056.369E-056.369E-056.369E-05
Xe-128 9.857E-079.857E-079.857E-079.857E-079.857E-079.857E-079.857E-07
1-129 1.057E-041.057E-041.057E-041.057E-041.057E-041.057E-041.057E-04

Xe-129 3.260E-093,,270E-093.279E-093.288E-093.312E-093.335E-09 7.911E-09
Te-130 2.075E-042.075E-042.075E-042.075E-042.075E-042.075E..042.075E-04
Xe-130 4.160E-064.160E-064.160E-064.160E-064.160E-064.160E-064.160E-06
Xe-131 2.950E-042.950E-042.950E-042.950E-042.950E-042.950E-042.950E-04
Xe-132 6.026E-046.026E-046.026E-046.026E-046.026E-046.026E-046.026E-04
Ba.-1326.735E-I06.735E-I06.735E-I06.735E-I06.735E-I06.735E-I06.735E-I0
Cs-133 7.259E-047.259EL047.259E-047.259E-047.259E-047.259E-047.259E-04
Xe-13_ 8.907E-048.907E-048.907E-048.907E-048.907E-048.907E-048.907E-04
Cs-134 9.267E-064.731E-062.415E-061.233E-062.296E-074.276E-080.00
Ba-134 5.148E-055.601E-055.833E-055.g51E-056.052E-056.070E-056.075E-05
Cs-135 3.561E-043.561E-043.561E-043.561E-043.561E-043.561E-043.560E-04
Ba-135 9.345E-089.366E-089.388E-089.409E-089.463E-089.517E-082.003E-07
Xe-136 1.221E-031.221E-031.221E-031.221E-031.221E-031.221E-031.221E-03
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TABLE D.3.a. FissionProduct Inventoryby Isotopeat 20 MWd/kgM, g/gU
(cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Ba-136 9.998E-069.998E-069.998E-069,998E-069.998E-069.998E-069.998E-06
Cs-137 6.372E-046.084E-045.809E-045.547E-044.942E-044.402E-046.453E-14
Ba-137 1.069E-041.356E-041.631E-041.893E-042.499E-043.038E-047.440E-04
Ba-137m9,748E-119.307E-118.887E-118.486E-117.560E-116.735E-119.872E-21
Ba-138 7.830E-047.830E-047.830E-047.830E-047.830E-047.830E-047.830E-04
La-138 4,342E-094,342E-,094,342E-094.342E-094,342E-094.342E-094.342E-09
La-139 7.498E-047.498E-047.498E-047.498E-047.498E-047.498E-047.498E-04
Ce-140 7.545E-047,545E-047.545E-047.545E-047.545E-047.545E-047.545E-04
Pr-141 6.924E-046.924E-046.924E-046.924E-046,924E-046.924E-046,924E-04
Ce-142 6.931E-046.931E-046.931E-046.931E-046.931E-046.931E-046.931E-04
Nd-142 9.467E-069.467E-069.467E-069.467E-069.467E-069.467E-069,467E-06
Nd-143 5,576E-045.576E-045.576E-045,576E-045,576E-045,576E-045.576E-04
Ce-144 3.367E-065.671E-079.551E-081.609E-081.873E-I02,180E-120.00
Pr-144 1.422E-I02.394E-114.033E-126,792E-137.907E-159.205E-170.00
Pr-144m7.107E-131.197E-132.016E-143.395E-153.953E-174.602E-190.00
Nd-144 7.439E-047.467E-047.472E-047.473E-047.473E-047.473E-047,473Eo04
Nd-145 4.371E-044.371E-044.371E-044.371E-044.371E-044.371E-044.371E-04
Nd-146 3,993E-043.993E-043.993E-043.993E-043.993E-043.993E-043.993E-04
Pm-146 1.440E-091.119E-098.696E-I06.759E-I03.599E-I0 1.917E-I00.00
Sm-146 4.176E-094.295E-094.387E-094.458E-094.575E-094.638E-094.709E-09
Pm-147 3.316E-051.955E-051.152E-056.794E-061.813E-064.838E-070.00
Sm-147 1.487E-041.623E-041.704E-041.751E-041.801E-041.814E-041,819E-04
Nd-148 2.229E-042.229E-042.229E-042,229E-042.229E-042.229E-042.229E-04
Sm-148 8.493E-058.493E-058.493E-058.493E-058.493E-058.493E-058,493E-05
Sm-149 1.697E-061.697E-061.697E-061.697E-061.697E-061.697E-061,697E-06
Nd-150 1.028E-041.028E-041.028E-041.028E-041,028E-041.028E-041.028E-04
Sm-150 1.439E-041.439E-041.439E-041.439E-041.439E-041.439E-041,439E-04
Eu-150 2.831E-132.724E-132.621E-132.522E-132.291E-132.080E-131,330E-21
Sm-151 9.697E-069,548E-069,402E-069.259E-068,909E-068.572E-064.519E-09
Eu-151 3.288E-074.770E-076.230E-077.667E-071.116E-061.453E-061.002E-05
Sm-152 8.414E-058.414E-058.415E-058.415E-058.416E-058.417Z-058,419E-05
Eu-152 6.703E-086.053E-085.467E-084.937E-083.826E-082.966E-086,040E-30
Gd-152 3.394E-083.575E-083.738E-083.886E-084.195E-084,435E-085.261E-08
Eu-153 5.526E-055.526E-055.526E-055.526E-055.526E-055.526E-055.526E-05
Gd-153 1.641E-I02.025E-112.499E-123,084E-131.650E-158.830E-180.00
Sm-154 1.939E-051.939E-051.939E-051.939E-051.939E-051.939E-051.939E-05
Eu-154 1.009E-058.586E-067.308E-066.220E-064.157E-062.778E-060.00
Gd-154 5.788E-067.290E-068.568E-069.656E-061.172E-051.310E-051,588E-05
Eu-155 3.074E-062.324E-06 1.757E-061.329E-066.606E-073.284E-070.00
Gd-155 2.401E-063.150E-063,717E-,064.145E-064.814E-065.146E-065.474E-06
Gd-156 2.099E-052.099E-052.099E-052.099E-052.099E-052.099E-052.099E-05
Gd-157 4.740E-084.740E-084.740E-084.740E-084.740E-084.740E-084,740E-08
Gd-158 7,371E-067.371E-067.371E-067.371E-067.371E-067.371E-067.371E-06
Tb-159 1.207E-061.207E-061.207E-061.207E-061.207E-061.207E-061.207E-06
Gd-160 5.901E-075.901E-075.901E-075.901E-075.901E-075.901E-075,901E-07

D.37



TABLE D.3.a. FissionProduct Inventoryby Isotopeat 20 MWd/kgM,g/gU
(cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Tb-160 1.086E-149.874E-188.976E-218.160E-242.033E-310.00 0.00
Dy-160 8.710E-088.710E-088.710E-088.710E-088.710E-088.710E-088.710E-08
Dy-161 .2.113E-072.113E-072.113E-072.113E-072.113E-072.113E-072.113E-07
Dy-162 1.740E-071.740E-071.740E-071.740E-071.740E-071.740E-071.740E-07
Dy-163 1.122E-071.122E-071.122E-071.122E-071.122E-071.122E-071.122E-07
Dy-164 1.901E-081.901E-081.901E-081.901E-081.901E-081.901E-081.901E-08
Ho-165 4.929E-084.929Eo084.929E-084.929E-084.929E-084.929E-084.929E-08
Ho-166m3.131E-I03.127E-I03.124E-I03.120E-I03.111E-103.102E-I01.761E-I0
Er-166 1.473E-081.473E-081.473E-081.473E-081.473E-081.473E-081.487E-08
Er-167 1.790E-.091.790E-091.790E-091.790E-091.790E-091.790E-091.790E-09
Er-168 2.983E-092.983E-092.983E-092.983E-092.983E-092.983E-092.983E-09
Tm-169 1.334E-111.334E-111.334E-1!1.334E-111.334E-111.334E-111.334E-11
Er-170 3.674E-15.3.675E-153.675E-153.675E-153.675E-153.675E-153.675E-15
Tm-170 2.801E-165.460E-181.064E-192.061E-211.093E-255.800E-300.00
Yb-170 2,477E-122.477E-122.477E-122.477E-122.477E-122.477E-122.477E-12
Tm-171 7.905E-153.840E-151.865E-159.061E-161.490E-162.451E-170.00
Yb-171 7.810E-148.216E-148.414E-148.509E-148.585E-148.598E-148.600E-14
Yb-172 1.860E-151.860E-151.860E-151.860E-151.860E-151.860E-151.860E-15

Total 2.061E-022.061E-022.061E-022.061E-022,061E-022.061E-022.061E-02

D.38



TABLE D.3.b. FissionProduct Inventoryby Isotopeat 25 MWd/kgM,g/gU

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

H-3 3,140E-082.806E-082.508E-082.242E-08 1.693E-081.279E-081.649E-32
Li-6 1.633E-I01.633E-I01.633E-I01.633E-I01.633E-I01.633E-I01.633E-I0
Li-7 7.666E-127.666E-127.666E-127.666E-127.666E-127.666E-127.666E-12
Be-9 1.476E-111.476E-111.476E-111.476E-111.476E-111.476E-111.476E-11
Be-t0 9.850E-119.850E-119.850E-119.850E-119.850E-11 9.850E-119.846E-11
C-14 1.990E-111.990E-111.989E-111.989E-111.988E-111.986E-111.764E-11
Zn-66 2,895E-142.895E-142.895E-142.895E-142.895E-142.895E-142.895E-14
Zn-67 1.214E-151.214E-151.214E-151.214E-151.214E-151.214E-151.214E-15
Ga-71 6.547E-136.547E-136.547E-136.547E-136.547E-136.547E-136.547E.-13
Ge-72 1.595E-081.595E-081.595E-081.595E-081.595E-081.595E-081.595E-08
Ge-73 3.389E-083.389E-083.389E-083.389E-083.389E-083.389E-083.389E-08
Ge-74 7.297E-087.297E-087.297E-087.297E-087.297E-087.297E-087.297E-08
As-75 1.538E-071.538E-071.538E-071.538E-071.538E-071.538E-071.538E-07
Ge-76 3.838E-073.838E-073.838E-073.838E-073.838E-073.838E-073.838E-07
Se-76 3.128E-093.128E-093.128E-093.128E-093.128E-093.128E-093.128E-09
Se-77 7.987E-077.987E-077.987E-077,987E-077.987E-077.987E-077.987E-07
Se-78 1.835E-061.835E-061.835E-061.835E-061.835E-061.835E-061.835E-06
Se-79 4.509E-064.509E-064.509E-064.509E-064.508E-064.508E-064.461E-06
Br-79 3,290E-I04.252E-I05.215E-I06.177E-I08.582E-I01.099E-094.800E-08
Se-80 1.028E-051.028E-051.028E-051.028E-051.028E-051.028E-051,028E-05
Kt-80 1.626E-I01.626E-I01.626E-I01.626E-I01.626E-I01.626E-I01.626E-I0
Br-81 1.692E-051.692E-051.692E-051.692E-051.692E-051.692E-051.692E-05
Kr-81 1.357E-II1.357E-111.357E-II1.357E-II1.357E-II1.357E-111.352E-II
Se-82 2.612E-052.612E-052.612E-052,612E-052.612E-052.612E-052.612E-05
Kt-82 5.844E-075.844E-075.844E-075.844E-075.844E-075.844E-075.844E.-07
Kr-83 3.422E-053.422E-053,422E-053.422E-053.422E-053.422E-053.422E-05
Kr-84 8.609E-058.609E-058.609E-058.609E-058.609E-058.609E-058.609E-05
Kt-85 1.317E-051.157E-051.017E-058.932E-066,.465E-064.679E-061.420E-33
Rb-85 8.201E-058.361E-058.501E-,058.624E-058.871E-059.050E-059.517E-05
Kt-86 1.491E-041.491E-041.491E-041.491E-041.491E-041.491E-041.491E-04
Sr-86 2.374E-072.374E-072.374E-072.374E-07 2,374E-072.374E-072.374E-07
Rb-87 1.917E-041.917E-041.917E-041.917E-041.917E-041.917E-041.917E-04
Sr-87 1.791E-091.791E-091.791E-091.791E-091.791E-091.791E-091.794E-09
Sr-88 2.752E-042.752E-042.752E-042.752E-042.752E-042.752E-042.752E-04
Sr-89 2.151E-149.503E-194.199E-231.855E-270.00 0.00 0.00
Y-89 3.597E-043.597E-043.597E-043.597E-043.597E-043.597E-043.597E-04

Sr-90 3.696E-043.524E-043.360E-043.204E-04 2.845E-042.526E-041,871E-14
Y-90 9,269E-088.838E-088.427E-088.035E-08 7.134E-086.333E-084.691E-18
Zr-90 6.691E-058.410E-051.005E-041.161E-041,521E-041.840E-044.366E-04
Y-91 5.160E-138.997E-171.569E-202.735E-241.098E-330.00 0.00

Zr-91 4.630E-044.630E-044.630E-044.630E-044.630E-044.630E-044.630E-04
Zr-92 4.986E-044.986E-044.986E-044.986E-044.986E-044.986E-044.986E-04
Zr-93 5.589E-045.589E-045.589E-045.589E-045.589E-045.589E-045.586E-04
Nb-93 3.638E-I05.473E-I07.622E-I01.005E-091.719E-092.558E-092.492E-07
Nb-93m 1.388E-091.711E-092.003E-092.266E-092.818E-093.246E-094.718E-09
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TABLE D.3.b. Fission Product Inventoryby Isotope at 25 MWd/kgM,g/gU
(cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Zr-94 5.698E-045.698E-045.698E-045.698E-045.698E-045.698E-045.698E-04
Nb-94 5.291E-I05.291E-I05.291E-I05.290E-I05.289E-I05.288E-I05.114E-I0
Zr-95 3.565E-121.303E-154.765E-191.742E-224.453E-310.00 0.00
Nb-95 4.348E-121.590E-155.812E-192.125E-224.028E-330.00 0.00
Nb-95m 1.492E-155.453E-191.994E-227.290E-260.00 0.00 0.00
Mo-95 5.861E-045.861E-045.861E-045.861E-045.861E-045.861E-045.861E-04
Zr-96 6.123E-046.123E-046.123E-046.123E-046.123E-046.123E-046.123E-04
Mo-96 2.162E-052.162E-052.162E-052.162E-052.162E-052.162E-052.162E-05
Mo-97 6.031E-046.031E-046.031E-046.031E-046.031E-046.031E-046.031E-04
Mo-98 6.253E-046.253E-046.253E-046.253E-046.253E-046.253E-046.253E-04
Tc-98 3.577E-093.577E-093.577E-093.577E-093.577E-093.577E-093.577E-09
Tc-99 5.998E-045.998E-045.998E-045.998E-045.998E-045.997E-045.978E-04
Ru-99 1.317E-081.707E-082.097E-082.488E-083.464E-084.439E-081.954E-06
Mo-100 7.030E-047.030E-047.030E-047.030E-047.030E-047.030E-047.030E-04
Ru-100 5.415E-055.415E-055.415E-055.415E-055.415E-055.415E-055.415E-05
Ru-101 5.855E-045.855E-045.855E-045.855E-045.855E-045.855E-045.855E-04
Ru-102 5.682E-045.682E-045.682E-045.682E-045.682E-045.682E-045.682E-04
Rh-t02 1.974E-I01.224E-I07.590E-114.706E-111.424E-114.311E-120.00
Ru-103 1.067E-162.692E-226.793E-281.714E-330.00 0.00 0.00
Rh-t03 3.675E-043.675E-043.675E-043.675E-043.675E-043.675E-043.675E-04
Ru-104 3.870E-043.870E-043.870E-043.B70E-043.870E-043.870E-043.870E-04
Pd-104 1.346E-041.346E-041.346E-041.346E-041.346E-041.346E-041.346E-04
Pd-105 2.792E-042.792E-042.792E-042.792E-042.792E-042.792E-042.792E-04
Ru-106 4.381E-061.107E-062.799E-077.075E-082.272E-097.300E-110.00
Rh-t06 4.118E-12 1.041E-122.631E-136.650E-142.136E-156.861E-170.00
Pd-106 2.264E-042.297E-042.305E-042.308E-042.308E-042.308E-042.308E-04
Pd-107 1.473E-041.473E-041.473E-041.473E-041.473E-041.473E-041.473E-04
Ag-t07 9.632E-111.278E-I01.592E-I01.906E-I02.692E-I03.478E-101.575E-08
Pd-108 1.006E-041.006E-041.006E-041.006E-041.006E-041.006E-041.006E-04
Ag-108m 7.660E-137.576E-137.494E-137.413E-137.213E-137.019E-133.338E-15
Cd-I08 2.041E-I02.041E-I02.041E-I02.041E-I02.041E-I02.041E-I02.041E-I0
Ag-109 5.398E-055.398E-055.398E-055.398E-055.398E-055.398E-055.398E-05
Cd-109 1.688E-145.669E-151.904E-156.392E-164.177E-172.729E-180.00
Pd-110 3.302E-053.302E-053.302E-053.302E-053.302E-053.302E-053.302E-05
Ag-110 7.875E-171.038E-171.368E-181.804E-191.138E-217.183E-240.00
Ag-110m 5.196E-096.850E-I09.030E-111.190E-117.511E-144.740E-160.00
Cd-t10 1.735E-051.735E-051.735E-051.735E-051.735E-051.735E-051.735E-05
Cd-111 1.860E-051.860E-051.860E-051.860E-051.860E-051.860E-051.860E-05
Cd-112 1.137E-051.137E-051.137E-051.137E-051.137E-051.137E-051.137E-05
Cd-113 1.429E-071.429E-071.429E-071.429E-071.429E-071.429E-071.430E-07
Cd-113m 1.367E-071.243E-071.130E-071.028E-078.105E-086.391E-083.842E-28
In-113 4.636E-085.873E-086.999E-088.023E-08 1.019E-071.191E-071.829E-07
Cd-114 1.582E-051.582E-051.582E-051.582E-051.582E-051.582E-051.582E-05
Sn-114 1.238E-091.238E-091.238E-091.238E-091.238E-091.238E-091.238E-09
In-115 2.207E-062.207E-062.207E-062.207E-062.207E-062.207E-062.207E-06
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TABLE D.3.b. FissionProduct Inventoryby Isotopeat 25 MWd/kgM, g/gU
(cont'd) ,'

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Sn-115 2.336E-072.336E-072.336E-072.336E-072.336E-072.336E-072.336E-07
Cd-116 6.024E-066.024E-06C.024E-066.024E-066,024E-066.024E-066.024E-06
Sn-116 4.796E-064.796E-064.796E-064.796E-064.796E-064,796E-064.796E-06
Sn-117 6.098E-066.098E-066.098E.-066.098E-066.098E-066.098E-066.098E-06
Sn-I18 6.169E-066.169E-066.169E-066.169E-066.169E-066o169E-066.169E-06
Sn-119 6.135E-066.136E-066.136E-066.136E-066.136E-0_6.136E-066.136E,06
Sn-llgm3.164E-I04.006E-115.073E-126.424E-133.665E-152.091E-170.00
Sn-120 6.264E-066.264E-066.264E-066.264E-066.264E-066.264E-066.264E-06
Sn-121m2.327E-092.263E-092.202E-092.141E-091.998E-091.864E-092.328E-15
Sb-121 6.215E-066.215E-066.215E-066.215E-066.215E-066.215E-066.217E-06
Sn-122 6.907E-066.907E-066.907E-066.907E-066.907E-066.907E-066.907E-06
Te-122 3.061E-073.061E-073.061E-073.061E-073.061E-073.061E-073.061E-07
Sn-123 6.316E-111.253E-122.486E-144.932E-162,734E-201.516E-240,00
Sb-123 7.621E-067.621E-067.621E-067.621E-067.621E-067.621E-067.621E-06
Te-123 3.493E-093.494E-093.494E-093.494E-093.494E-093.494E-093.494E-09
Te-123m,8.168E-141.188E-151.726E-172;510E-196.397E-241.630E-280.00
Sn-124 9..382E-069.382E-069.382E-069.382E-069.382E-069.382E-069.382E-06
Sb-124 1.078E-152.396E-195.326E-231.184E-268.723E-360.00 0.00
Te-124 2.354E-072.354E-072.354E-072.354E-072.354E-072.354E-072.354E-07
Sb-125 2.891E-061.752E-061.062E-066.440E-071.843E-075.273E-080.00
Te-125 1.093E-051.209E-051.279E-051.321E-051.368E-051.381E-051.386E-05
Te-125m4.043E-082.452E-081.486E-089.011E-092.578E-097.376E-I00.00
Sn-126 2.017E-052.017E-052.017E-052.017E-052.017E-052.017E-052.003E-05
Sb-126 9.584E-139.584E-139.584E-139.584E-139.584E-139.583E-139.518E-13
Sb-126m7.287E-157.287E-157.287E-157.287E-157.286E-157.286E-157.237E-15
Te-126 5.164E-075.167E-075.170E-075.173E-075.180E-075.187E-076.552E-07

- Te-127 1.809E-131.738E-151.670E-171.605E-191.452E-241.314E-290.00
Te-127m5.169E-114.966E-134.771E-154.584E-174.148E-223.753E-270.00
1-127 4.096E-054.096E-054.096E-054.096E-054.096E-054.096E-054,096E-05

Te-128 8.166E-058.166E-058.166E-05 8.166E-058.166E-058.166E-058.166E-05
Xe-128 1.639E-061.639E-061.639E-061.639E-061.639E-061.639E-061.639E-06
1-129 1.343E-041.343E-041.343E-041.343E-041.343E-041.343E-041.343E-04

Xe-129 6.814E-096.826E-096.838E-096.850E-096.879E-096.909E-091.272E-08
Te-130 2.638E-042.638E-042.638E-042.638E-042.638E-042.638E-042.638E-04
Xe-130 6.775E-066.775E-066.775E-066.775E-066.775E-066.775E-066.775E-06
Xe-131 3.510E-043.510E-043.510E-043.510E-043.510E-043.510E-043.510E-04
Xe-132 7.796E-047.796E-047.796E-047.796E-047.796E-047.796E-047.796E-04
Ba-132 1.070E-091,070E-091.070E-091.070E-091.070E-091.070E-091.070E-09
Cs-133 8.848E-048.848E-048.848E-048.848E-048.848E-048.848E-048.848E-04
Xe-134 1.111E-031.111E-031.111E-031.111E-031.111E-031.111E-031.111E-03

; Cs,.-1341.441E-057.359E-063.757E-06 1.918E-063.572E-076.651E-080.00
Ba-134 8.003E-058.708E-059.069E-059.253E-059.409E-059.438E-059.444E-05
Cs-135 3.900E-043.900E-043.900E-043.900E-043.900E-043.900E-043.899E-04
Ba-135 1.871E-071.873E-071.876E-071.878E-071.884E-071.890E-073.041E-07
Xe-136 1.589E-031.589E-031.589E-031.589E-031.589E-031.589E-031.589E-03

-
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TABLE D.3.b. FissionProductInventoryby Isotopeat 25 MWd/kgM, g/gU
(cont'd)

Isotope,4 Years 6 Years 8 Years 10 Years 15 Years 20...Years1000 Years

Ba-136 1.398E-051.398E-051.398E-051.398E-051.398E-051,398E-051.398E-05
Cs-137 7,971E-047.611E-047.267E-046.939E-046.182E-045.507E-048.073E-14
Ba-137 1.337E-041.696E-042,040E-042.368E-043.125E-043.800E-049.307E-04
Ba-137m1.219E-I01.164E-I01.112E-I01.062E-I09.458E-118.426E-111.235E-20
Ba-138 9,710E-049.710E-049.710E-049.710E-049.710E-049.710E-049.710E-04
La-138 4.894E-094.894E-094.894E-094.894E-094.894E-094.894E-094.894E-09
La-139 9.288E-049.288E-049.288E-049.288E-049.288E-049.288E-049.288E-04
Ce-140 9.388E-049.388E-049.388E-049.388E-049,388E-049.388E-049.388E-04
Pr-141 8.558E-048.558E-048,558E-048.558E-048.558E-048.558E-048.558E-04
Ce-142 8.582E-048o582E-048.582E-048.582E-048.582E-048.582E-048.582E-04
Nd-142 1,513E-051.513E-051.513E-051.513E-051.513E-051.513E-051.513E-05
Nd-143 6.489E-046.489E-046.489E-046,489E-046.489E-046.489E-046.489E-04
Ce-144 4.113E-066,927E-071.167E-071.965E-082.287E-I02.663E-120.00
Pr-144 1.737E-I02.925E-114.926E-128.297E-139.659E-151.125E-160.00
Pr-144m8.682E-131.462E-132.463E-144.148E-154.828E-175.622E-190.00
Nd-144 9,543E-049.577E-049.583E-049.584E-049.584E-049.584E-049.584E-04
Nd-145 5.301E-045.301E-045.301E-045.301E-045.301E-045.301E-045.301E-04
Nd-146 5.057E-045.057E-045.057E-045.057E-045.057E-045.057E-045.057E-04
Pm-146 2.126E-091.653E-091.284E-099.982E-I05.316E-I02.831E-I00.00
Sm-146 6.169E-096.345E-096.481E-096.587E-096.759E-096.851E-096.956E-09
Pm-147 3.673E-052.165E-051.276E-057.525E-062.008E-065.359E-070.00
Sm-147 1.644E-041.795E-041.884E-041.936E-041.991E-042.006E-042.011E-04
Nd-148 2.784E-042.784E-042.784E-042.784E-042.784E-042.784,E-042.784E-04
Sm-148 1.207E-041.207E-041.207E-041,207E-041.207E-041.207E-041.207E-04
Sm-149 1.815E-061.815E-061.815E-061.815E-061.815E,061.815E-061.815E-06
Nd-150 1.310E-041.310E-041.310E-041.310E-041.310E-041.310E-041.310E-04
Sm-150 1.793E-041.793E-041.793E-041.793E-041.793E-041.793E-041.793E-04
Eu-150 3.115E-132.997E-132.884E-132.775E-132,520E-132.289E-131.462E-21
Sm-151 1.051E-051.035E-051.019E-051.003E-059.654E-069.289E-064.896E-09
Eu-151 3.497E-075.103E-076.685E-078.242E-07 1.203E-061.568E-061.085E-05
Sm-152 1,018E-041.018E-041.018E-041.018E-041.018E-041.018E-041.018E-04
Eu-152 6.024E-085.440E-084.913E-084.437E-083.439E-082.665E-085.430E-30
Gd-152 3.060E-083.223E-083.370E-083.502E-083.780E-083.996E-084.738E-08
Eu-153 7,504E-057,504E-057.504E-057.504E-057.504E-057.504E-057.504E-05
Gd-153 1.999E-I02.467E-113.044E-123.757E-132.010E-151.076E-170.00
Sm-154 2.591E-052.591E-052.591E-052.591E-052.591E-052.591E-052.591E-05
Eu-154 1.602E-051.364E-051.161E-059.879E-066.602E-064.413E-060.00
Gd-154 9.185E-06 1.157E-051.360E-051,533E-051.861E-052.080E-052.521E-05
Eu-155 4.581E-063.464E-062.619E-061.980E-069.846E-074.895E-070.00
Gd-155 3.549E-064.667E-065.511E-066,150E-067.146E-067.641E-068.130E-06
Gd-156 3.402E-053.402E-053.402E-053.402E-053.402E-053.402E-053.402E-05
Gd-157 5.829E-085.829E-085.829E-085.829E-085.829E-085.829E-085.829E-08
Gd-158 1.073E-051,.073E-051.073E-051,073E-051.073E-051.073E-051,073E-05
Tb-159 1.714E-061.714E-061.714E-061.714E-061.714E-061.714E-061.714E-06
Gd-160 8.394E-078.394E-078.394E-078.394E-078.394E-078.394E-078.394E-07
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TABLE b.3.b. Fission ProductInventoryby Isotopeat 25 MWd/kgM, g/gU
(cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Tb-160 1.970E-141.791E-171.628E-201.480E-233.689E-310.00 0.00
Dy-160 1.500E-071.500E-071.500E-071.500E-071.500E-071.500E-071.500E-07
Dy-161 2.861E-072.861E-072.861E-072.861E-072.861E-072.861E-072.861E-07
Dy-162 2.467E-072.467E-072.467E-072.467E-072.467E-072.467E-072.467E-07
Dy-163 1.735E-071.735E-071.735E-071.735E-071.735E-071.735E-071.735E-07
Dy-164 2.721E-082.721E-082.721E-082.721E-082.721E-082.721E-082.721E-08
Ho-165 7.931E-087.931E-087.931E-087.931E'087.931E-087.931E-087.931E-08
Ho-166m 6.229E-I06.222E-I06.214E-I06.207E-I06.189E-I06.172E-I03.504E-I0
Er-166 2.406E-082.406E-082.406E,082.406E-082.407E-082.407E-082.434E-08
Er-167 2.231E-092.231E-092.231E-092.231E-092.231E-092.231E-092.231E-09
Er-168 4.706E-094.706E-094.706E-094.706E-094.706E-094.706E-094.706E-09
Tm-169 2.582E-112.582E-112.582E-112.582E-112.582E-112.582E-112.582E-11
Er-170 9.168E-159.169E-159.169E-159.169E-159.169E-159.169E-159.169E-15
Tm-170 6.995E-161.363E,172.658E-195.189E-212.752E-251.460E-290.00
Yb-170 6.155E-126.156E-126.156E-126.156E-126.156E-126.156E-126.156E-12
Tm-171 2.570E-141.249E-146.065E-152.946E-154.846E-167.969E-170.00
Yb-171 2.501E-132.633E-132,698E-132.729E-132.754E-132.758E-132.758E-13
Yb-172 7.660E-157.660E-157.660E-157.660E-157.660E-157.660E-157.660E-15

Total 2.573E-022.573E-022.573E-022.573E-022.573E-022.573E-022.573E-02
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TABLE D.3.c. FissionProduct Inventoryby Isotopeat 30 MWd/kgM,g/gU

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years.

H-3 3.838E-083.431E-083.066E-082.741E-082.070E-081.563E-082.017E-32
Li-6 1.692E-I01.692E-I01.692E-I01.692E-I01.692E-I01.692E-I01.692E-I0
Li-7 9.183E-129.183E-129.183E-129.183E-129.183E-129.183E-129.183E-12
Be-9 1.768E-111.768E-111.768E-111.768E-111.768E-111.768E-111.768E-11
Be-t0 1.180E-I0.I.180E-I01.180E-I01.180E-I01.180E-I01.180E-I01.179E-I0
C-14 2.384E-112.38_E-112.383E-112.382E-112.381E-112.379E-112.113E-11
Zn-66 3.318E-143.31LE-143.318E-143.318E-143.318E-143.318E-143.318E-14
Zn-67 1.386E-151.386E-151.386E-151.386E-151.386E-151.386E-151.386E-15
Ga-71 8.052E-138.052E-138.052E-138.052E-138.052E-138.052E-138.052E-13
Ge-72 1.966E-081.966E-081.966E-081.966E-081.966E-081.966E-081.966E-08
Ge-73 4.085E-084.085E-084.085E-084.085E-084.085E-084.085E-084.085E-08
Ge-74 8.807E-088.807E-088.807E-088.807E-088.807E-088.807E-088.807E-08
As-75 1.831E-071.831E-071.831E-071.831E-071.831E-071.831E-071.831E-07
Ge-76 4.539E-074.539E-074.539E-074.539E-074.539E-074.539E-074.539E-07
Se-76 4.560E-094.560E-094.560E-094.560E:094.560E-094.560E-094.560E-09
Se-77 9.341E-079.341E-079.341E-079.341E-079.341E-079.341E-079.341E-07
Se-78 2.198E-062.i98E-062.198E-062.198E-062.198E-062.198E-062.198E-06
Se-79 5.348E-065.348E-065.347E-065.347E-065.347E-065.347E-065.291E-06
Br-79 3.902E-I05.043E-I06.184E-I07.325E-I01.018E-091.303E-095.692E-08
Se-80 1.217E-051.217E-051.217E-051.217E-051.217E-051.217E-051.217E-05
Kr-80 2.074E-I02.074E-I02.074E-I02.074E-I02.074E-I02.074E-I02.074E-I0
Br-81 1.981E-051.981E-051.981E-051.981E-051.981E-051.981E-051.981E-05
Kr-81 1.941E-II1.941E-111.941E-111.941E-111.941E-111.941E-111.935E-11
Se-82 3.064E-053.064E-053.064E-053.064E-053.064E-053.064E-053.064E-05
Kr-82 8.285E-078.285E-078.285E-078.285E-078.285E-078.285E-078.285E-07
Kr-83 3.816E-053.816E-053.816E-053.816E-053.816E-053.816E-053.816E-05
Kr-84 1.023E-041.023E-041.023E-041.023E-041.023E-041.023E-041.023E-04
Kr-85 1.531E-051.345E-051.182E-051.039E-P57.518E-065.441E-061.645E-33
Rb-85 9.530E-059.715E-059.879E-051.002E-041.031E-041.052E-041.106E-04
Kt-86 1.729E-041.729E-041.729E-041.729E-041.729E-041.729E-041.729E-04
Sr-86 3.417E-073.417E-073.417E-073.417E-073.417E-073.417E-073.417E-07
Rb-87 2.220E-042.220E-042.220E-042.220E-042.220E-042.220E-042.220E-04
Sr-87 2.687E-092.687E-092.687E-092.687E-092.687E-092.687E-092.690E-09
Sr-88 3.185E-043.185E-043.185E-043.185E-043.185E-043.185E-043.185E-04
Sr-89 2.395E-141.058E-184.677E-232.067E-270.00 0.00 0.00
Y-89 4.157E-044.157E-044.157E-044.157E-044.157E-044.157E-044.157E-04
Sr-90 4.271E-044.073E-043.883E-043.703E-043.287E-042.919E-042.162E-14
Y-90 1.071E-071.021E-079.738E-089.286E-088.244E-087.319E-085.421E-18
Zr-90 7.780E-059.766E;051.166E-041.347E-041.762E-042.131E-045.050E-04
Y-91 5.817E-131.014E-161.768E-203.083E-241.237E-330.00 0.00
Zr-91 5.374E-045.374E-045.374E-045.374E-045.374E-045.374E-045.374E-04
Zr-92 5.821E-045.821E-045.821E-045.821E-045.821E-045.821E-045.821E-04
Zr-93 6.544E-046.544E-046.544E-046.544E-046.544E-046.544E-046.541E-04
Nb-93 4.290E-I06.444E-I08.964E-I01.181E-092.018E-093.000E-092.918E-07
Nb-g3m 1.630E-092.008E-092.349E-092.657E-093.302E-093.803E-095.524E-09
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TABLE D.3.c. FissionProductInventoryby Isotopeat 30 MWd/kgM,g/gU
(cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years...20 Years 1000 Years

Zr-94 6.730E-046,730E-046.730E-046.730E-046.730E-046,730E-046.730E-04
Nb-94 6.819E-I06.819E-I06.818E-I06.818E-I06.817E-I06.816E-I06.591E-I0
Zr-95 4.173E-121.526E-155.578E-192.040E-225.213E-310.00 0.00
Nb-95 5.090E-121.861E-156.804E-192.488E-224.715E-330.00 0.00
Nb-95m 1.746E.-156.384E-192.334E-228.534E-260.00 0.00 0.00
Mo-95 6.873E-046.873E-046.873E-046.873E-046.873E-046.873E-046.873E-04
Zr-96 7.261E-047.261E-047.261E-047.261E-047.261E-047.261E-047.261E-04
Mo-96 3.173E-053.173E-053.173E-053.173E-053.173E-053.173E-053.173E-05
Mo-97 7.185E-047.185E-047.185E-047.185E-047.)g5E-047.185E,047.185E-04
Mo-98 7,488E-047.488E-047.488E-047.488E-047.488E-047.488E-047.488E-04
Tc-98 5.265E-095,265E-095.265E-095.265E-095.265E-095.265E-095.264E-09
Tc-99 7.048E-047.048E-047.048E-047.043E-047.048E-047.047E-047.025E-04
Ru-99 1.548E-082.007E-082.465E-082.924E-084.071E-085.217E-082.296E-06
Mo-100 8.437E-048.437E-048.437E-048.437E-048.437E-048.437E-048.437E-04
Ru-100 7.959E-057.959E-057.959E-057.959E-057.959E-057.959E-057.959E-05
Ru-I01 7.020E-047.020E-047.020E-047.020E-047.020E-047.020E-047.020E-04
Ru-102 6.957E-046,957E-046.957E-046.957E-046.957E-046.957E-046.957E-04
Rh-t02 2.886E-I0 1.790E-I01.110E-I06.879E-112.082E-116.302E-120.00
Ru-I03 1.332E-163.362E-228.485E-282.141E-330.00 0.00 0.00
Rh-103 4.244E-044.244E-044.244E-044.244E-044.244E-044.244E-044.244E-04
Ru-104 4.878E-044.878E-044.878E-044.878E-044.878E-044.878E-044.878E-04
Pd-104 1.965E-041,965E-041.965E-041.965E-041.965E-041.965E-041.965E-04
Pd-105 3.531E-043,531E-043.531E-043.531E-043.531E-043.531E-043.531E-04
Ru-106 5.788E-061.463E-063.698E-079.348E-083.003E-099.645E-110.00
Rh-106 5.441E-12 1.375E-123.476E-138.787E-142.822E-159.066E-170.00
Pd-106 3.024E-043.067E-043.078E-043.081E-043.082E-043.082E-043.082E-04
Pd-107 1.954E-041,954E-041.954E-041.954E-041.954E-041.954E-041.954E-04
Ag-t07 1.272E-I01.690E-I02.107E-I02.524E-103.566E-I04.609E-I02.090E-08
Pd-108 1.343E-041.343E-041.343E-0.41.343E-041.343E-041.343E-041.343E-04
Ag-108m 1.040E-121,029E-121.018E-121.007E-129.796E-139.532E-134.533E-15
Cd-I08 3.296E-I03.296E-I03.296E-I03.296E-I03.296E-I03.296E-I03.297E-I0
Ag-t09 6.934E-056,934E-056.934E-056.934E-056.934E-056.934E-056.934E-05
Cd-I09 3.296E-14 1,107E-143.717E-151.248E-158.155E-175.329E-180.00
Pd-110 4.400E-054,400E-054.400E-054.400E-054.400E-054.400E-054.400E-05
Ag-110 1.271E-161.675E-172.208E-182.911E-191.837E-211.159E-230.00
Ag-110m8.387E-09 1.106E-091.457E-I01.921E-111.212E-137.647E-160.00
Cd-110 2.795E-052.796E-052.796E-052.796E-052.796E-052.796E-052.796E-05
Cd-111 2.446E-052.446E-052.446E-052.446E-052.446E-052.446E-052.446E-05
Cd-112 1.476E-051.476E-051.476E-051.476E-051.476E-051.476E-051.476E-05
Cd-113 1.466E-071.466E-071.466E-071.466E-071.466E-071.466E-071.467E-07
Cd-113m 1.809E-071.645E-071.496E-071.360E-071.073E-078.457E-085.083E-28
In-113 6.035E-087.672E-089.162E-081.052E-071.339E-071.565E-072.410E-07
Cd-114 2.004E-052.004E-052.004E-052.004E-052.004E-052.004E-052.004E-05
Sn-114 1.945E-091.945E-091.945E-091.945E-091.945E-091.945E-091.945E-09
In-115 2.302E-062.302E-062.302E-062.302E-062.302E-062.302E-062.302E-06
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TABLE I).3.c. Fission ProductInventoryby Isotopeat 30 MWd/kgM,g/gU
(cont'd)

Isotope 4 years 6 Years 8 Years 10 Year,s__15.._,years_20 Years 1000 Years

sn-115 2.886E-072.886E-072.886E-072.886E-072.886E-072.886E-072.886E-07
Cd-116 7.438E-067,438E-067.438E-067.438E-067.438E-067.438E-067.438E-06
Sn-116 6,426E-066.426E-066.426E-O6,6.426E-066.426E-066.426E-066,426E-06
Sn-117 7.520E-067.520E-067.520E-067.520E-067.520E-067,_20E-067.520E-06
Sn-118 7.602E-067.602E-067.602F-067.602E-067.602E-067.602E-067.602E-06
Sn-119 7.568E-067.568E-067.568E-067.568E-067.568E-067.568E-067.568E-06
Sn-119m4.101E-I05,.193E-116.576E-128.327E-134.752E-152.711E-170.00
Sn-120 7,720E-067.720E-067.720E-067.720E-067.720E-067.720E-067.720E-06,
Sn-121m2.942E-092.862E-092.783E-092.707E-092.526E-092.357E-092.943E-15
Sb-121 7,564E-067.564E-067.564E-067.564E-067.564E-067.565E-067.567E-06
Sn-122 8.497E-068.497E-068.497E-068.497E-068.497E-068.497E-068.497E-06
Te-122 4.598E-074.598E-074.598E-074.598E-074.598E-074,598E-074.598E-07
Sn-123 7.861E-111.560E-123.094E-146,139E-163.403E-201.887E-240.00
Sb-123 9.303E-069.303E-069.303E-069.303E-069.303E-069.303E-069.303E-06
Te-123 5.871E-095.871E-095.871E-095.871E-095.871E-095.871E-095.871E-09
Te-123m 1.561E-132.269E-153.299E-174.797E-191.222E-233,115E-280.00
Sn-124 1.150E-051.150E-051.150E-051.150E-051,150E-051.150E-051.150E-05
Sb-124 1.676E-153.725E-198.280E-23 1.841E-261.356E-350.00 0.00
Te-124 3.559E-073.559E-073.559E-073.559E-073.559E-073.559E-073.559E-07
Sb-125 3.598E-062.181E-061.322E-068.015E-072.294E-076 563E-080.00
Te-125 1.354E-051.498E-051.585E-051.638E-051.696E-051.713E-051.719E-05
Te-125m5.032E-083.051E-081.850E-081.121E-083.208E-099.180E-I00.00
Sn-126 2.496E-052.496E-052.496E-052.496E-052.496E-052.495E-052.479E-05 r

Sb-126 1.186E-121.186E-121.186E-121.186E-121.186E-121.186E-121.178E-12
Sb-126m9.015E-159.015E-,159.015E-159.015E-159.014E-159.014E-158.953E-15
Te-126 6.722E-076.725E-076.729E-076.732E-076.741E-076.749E-078.439E-07
Te-127 2.273E-132.184E-152.098E-172.016E-191.824E-241.651E-290.00
Te-127m6.492E-116.238E-135.993E-155.758E-175.211E-224.715E-270.00
1-127 5.049E-055.049E-055.049E-055.049E-055.049E-055.049E-055.049E-05

Te-12O 1.002E-041.002E-041.002E-041.002E-041.002E-041.002E-041.002E-04
Xe-128 2.508E-062.508E-062.508E-062.508E-062.508E-062.508E-062.508E-06
1-129 1.630E-041.630E-041.630E-041.630E-041.630E-041.630E-041.630E-04

Xe-129 1.269E-081.270E-081.272E-081.273E-081.277E-081.280E-081.986E-08
Te-130 3.213E-043.213E-043.213E-043.213E-043,213E-043.213E-043.213E-04
Xe-130 1.018E-051.018E-051.018E-051.018E-051.018E-05,1.018E-051.018E-05
Xe-131 3.993E-043.993E-O43.993E-04 3.993E-043.993E-043.993E-043.993E-04
Xe-132 9.668E-049.668E-049.668E-049.668E-049.668E-049.668E-049.668E-04
Ba-132 1.568E-091.568E-091.568E-091.568E-091.568E-091.568E-091.568E-09
Cs-133 1.034E-031.034E-031.034E-031.034E-031.034E-031.034E-031.034E-03
Xe-134 1.330E-031.330E-031.330E-031.330E-.031.330E-031.330E-031.330E-03
Cs-134 2.070E-051.057E-055.394E-062.754E-065.128E-079.550E-080.00
Ba-134 1.147E-041.249E-041.300E-041.327E-041.349E-041.353E-041.354E-04
Cs-135 4.167E-044.167E-044.167E-044.167E-044.167E-044.167E-044.166E-04
Ba-135 3.337E-073.339E-073.342E-073.344E-073.351E-073.357E-074.587E-07
Xe-136 1.968E-031.968E-031.968E-031.968E-031.968E-031.968E-031.968E.03

D.46



TABLE D.3.c. Fission Product Inventoryby Isotopeat 30 MWd/kgM,g/gU
(cont'd)

Isotope 4Ye r_z_t 6 Years _8 Years .10,Years!5 Years, .20Years 1000 Years.

Ba-136 1.838E-051,838E-05 1,838E-051.838E-051.838E'051.838E-051.838E-05
Cs-137 9,571E-049.139E-048.726E-048.332E-047.423E-046.613E-049.693E-14
Ba-137 1.604E-042,037E-042.449E-042.843E-043.753E-044.562E-041.118E-03
Ba-137m 1.464E-I01.398E-I01.335E-I01.275E-I01.136E-I01.012E-I01.483E-20
Ba-138 1.157E-031,157E-031,157E-031,157E-031.157E-031.157E-031.157E-03
La-138 5.278E-095.278E-095.278E-095.278E-095:278E-095.278E-095.278E-09
La-139 1.105E-031.105E-031.105E-031.105E-031.105E-031.105E-031.105E-03
Ce-140 1.122E-031.122E-031.122E-031.122E-031.122E-031.122E-031.122E-03
Pr-141 1.015E-031.015E-031.015E-031.015E-031.015E-031.015E-031.015E-03
Ce-142 1.021E-031.021E-031.021E-031,021E-031.021E-031.021E-031.021E-03
Nd-142 2.234E-052.234E-052.234E-052.234E-052.234E-052.234E-052.234E-05
Nd-143 7.231E-047.231E-047.231E-047.231E-047.231E-047.231E-047.231E-04
Ce-144 4.832E-068.138E-07 1.371E-072.308E-082.687E-I03.128E-120.00
Pr-144 2.040E-I03.436E-115,787E-129.747E-131.135E-141.321E-160.00
Fr-144m 1.020E-121.718E-13'2.893E-144.872E-155.672E-176.603E-190.00
Nd-144 1.175E-031.179E-031.179E-031.180E-031.180E-031.180E-031.180E-03
Nd-145 6.170E-046,170E-046.170E-046.170E-046,170E-046.170E-046.170E-04
Nd-146 6.156E-046.156E-046.156E-046.156E-046.156E-046.156E-046.156E-04
Pm-146 2.904E-092.257E-09 1,754E-091.363E-097.260E-I03.866E-I00.00
Sm-146 8.415E-098.654E-098.840E-098.985E-099.221E-099.346E-099.489E-09
Pm-147 3.903E-052.301E-051.357E-057,997E-062.134E-065.695E-070.00
Sm-147 1.742E-041.902E-041.997E-042,052E-042.111E-042.127E-042.132E-04
Nd-148 3.339E-043.339E-043.339E-043.339E-043.339E-043.339E-043.339E-04
Sm-148 1.592E-041.592E-041.592E-041,592E-041,592E-041.592E-041.592E-04
Sm-149 1.866E-061.866E-061.866E-061.866E-061.866E-061.866E-061.866E-06
Nd-150 1.600E-041.600E-041.600E-041.600E-041.600E-041.600E-041.600E-04
Sm-150 2.146E-042.146E-042.146E-042.146E-042.].46E-042.146E-042.146E-04
Eu-150 3.364E-133.237E-13 3.115E-132.997E-132.722E-132.472E-131.579E-21 '
Sm-151 1.114E-051.097E-051.080E-051.064E-051.024E-059.851E-065.193E-09
Eu-151 3.660E-075.364E-077.041E-078.693E-071.271E-061.658E-061.150E-05
Sm-152 1.174E-041.174E-041.174E-041.174E-041.174E-041.174E-041,174E-04
Eu-152 5.381E-084.859E-084.389E-083.963E-083.072E-082.381E-084.851E-30
Gd-152 2.730E-082.875E-083.006E-083.125E-083.373E-083.566E-084.229E-08
Eu-153 9.523E-059.523E-059.523E-059.523E-059.523E-059.523E-059.523E-05
Gd-153 2.319E-I02.862E-113.532E,-124.359E-132.332E-151.248E-170.00
Sm-154 3.299E-053.299E-053.299E-053.299E-053,299E-053.299E.-053.299E-05
Eu-154 2.300E-051.958E-051.666E-051.418E-059.479E-066.335E-060.00
Gd-154 1.319E-051.661E-051.953E-052.201E-052.671E-052.986E-053.619E-05
Eu-155 6,409E-064.846E-063.664E-062.771E-061.378E-066.848E-070.00
Gd-155 4.935E-066.499E-067.680E-068.574E-069.967E-.061.066E-051.134E-05
Gd-156 5,234E-055.234E-055.234E-055.234E-055.234E-055.234E-055.234E-05
Gd-157 7.118E-087.118E-087.118E-087.118E-087.118E-087.118E-087.118E-08
Gd-158 1.488E-051.488E-051.488E-051.488E-051.488E-051.488E-051.488E-05
Tb-159 2.287E-062.287E-062.287E-062.287E-062.287E-062.287E-062.287E-06
Gd-160 1.121E-061.121E-061.121E-061.121E-061.121E-061.121E-061.121E-06
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TABLE D.3.c. Fission Product Inventoryby Isotopeat 30 MWd/kgM,g/gU
(cont'd)

Isotope 4 years. 6 Years 8 Years. ,!0Years 15 Years.....20 yea.rs 1000 Years
¢

Tb-160 3.299E-142.999E-172.726E-202.478E-236.175E-310.00 0.00
Dy-160 2.343E-072.343E-072.343E-072,343E-072.343E-072.343E-072.343E-07
Dy.-1613.670E-073.670E-073.670E-073.670E-073.670E-073,670E-073,670E-07
Dy-162 3.278E-073.278E-073.278E-073.278E-073.278E-073.278E-073.278E-07
Dy-163 2.501E-072,501E-072.501E-072.501E-072.501E-072.501E-072.501E-07
Dy-164 3.742E-083.742E-083.742E-083.742E-083.742E-083.742E-083.742E-08
Ho-165 1.205E-071.205E-071.205E-071.205E-071.205E-071.205E-07I.205E-07 _,
Ho-166m 1.130E-091.129E-091.128E-091.126E-091.123E-091.120E-096.358E-I0
Er-166 3.759E-083.759E-083.759E-083.760E-083.760E-083.760E-083.809E-08
Er-167 2.760E-092.760E-092.760E-092.760E-092.760E-092.760E-092.760E-09
Er-168 6.960E-096.960E-096.960E-096.960E-096.960E-096.960E-096.960E-09
Tm-169 4.468E-114.468E-114.468E-114.468E-114.468E-114.468E-114.468E-11
Er-170 1.959E-141.959E-141.959E-141.959E-141,959E-141.959E-141.959E-14
Tm-170 1.519E-152.960E-175.770E-191.124E-205.964E-253.164E-290.00
Yb-170 1.309E-111.309E-111.309E-111.309E-111.309E-111.309E-111.309E-11
Tm-171 6.885E-143.344E-141.625E-147.892E-151.298E-152.134E-160.00
Yb-171 6.584E-136.938E-137.110E-137.193E-137.259E-137.270E-137.272E-13
Yb-172 2.495E-142.495E-142.495E-142.495E-142.495E-142.495E-142,'495E-14

Total 3.084E-023.084E-023.084E-023.084E-023.084E-023,084E-023.084E-02
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TABLE D.3.d. FissionProductInventoryby Isotopeat 35 MWd/kgM, g/gU

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years..

H-3 4.555E-084.072E-083.639E-083.253E-082.457E-081.856E-082.394E-32
Li-6 1.703E-I01.703E-I01.703E-I01.703E-I01.703E-I01.703E-I01.703E-I0
Li-7 1.070E-111.070E-111.070E-111.070E-111.070E-111.070E-111.070E-11
Be-9 2.058E-112.058E-112.058E-112.058E-112.058E-112.058E-112.058E-11
Be-t0 1.374E-I01.374E-I01.374E-I01.374E-I01.374E-I01.374E-I01.373E-I0
C-14 2.776E-112.776E-112.775E-112.774E-112.773E-112.771E-112.461E-11
Zn-66 3.699E-143.699E-143.699E-143.699E-143.699E-143.699E-143.699E-14
Zn-67 1.538E-151.538E-151.538E-151.538E-151.538E-151.538E-151.538E-15
Ga-71 9.584E-139.584E-139.584E-139.584E-139.584E,139.584E-139.584E-13
Ge-72 2.354E-082.354E-O8.2.354E-082.354E-082.354E-082.354E-082.354E-08

' Ge-73 4.785E-084,785E-084.785E-084.785E-084.785E-084.785E-084.785E-08
Ge-74 1.034E-071.034E-071.034E-071.034E-071.034E-071.034E-.071.034E-07
As-75 2.121E-072.121E-072.121E-072.121E-072.121E-072.121E-072.121E-07
Ge-76 5.224E-075.224E-075.224E-075.224E-075.224E-075.224E-075.224E-07
Se-76 6.291E-096.291E-096.291E-096.291E-096.291E-096.291E-096.291E-.09
Se-77 1.062E-061.062E-061.062E-061.062E-061.062E-061.062E-061.062E-06
Se-78 2.558E-062.558E-062.558E-062.558E-062.558E-062.558E-062.558E-06
Se-79 6.166E-066.166E-066.166E-066.166E-066.166E-066.165E-066.101E-06
Br-79 4.496E-I05.812E-I07.128E-I08.444E-I01.173E-091.502E-096.564E-08
Se-80 1.400E-051.400E-051.400E-051.400E-051.400E-051.400E-051,400E-05
Kr-80 2.543E-.I02.543E-I02.543E-I02.543E-IO'2.543E-102.543E-I02.543E-I0
Br-81 2.254E-052.254E-OS2.254E-052.254E-052.254E-052.254E-052.254E-05
Kr-81 2.654E-112.654E-112.654E-112.654E-112.654E-112.654E-112.645E-11
Se-82 3.496E-053.496E-053.496E-053.496E-053.496E-053.496E-053.496E-05
Kr-82 1.114E-061.114E-061.114E-061.114E-061.114E-061.114E-06 1.114E-06
Kr-83 4.125E-054.125E-054.125E-054.125E-054.125E-054.125E-054.125E-05
Kr-84 1.184E-041.184E-041.184E-041.184E-041.184E-04 1.184E-041.184E-04
Kr-85 1.732E-051.522E-051.337E-051.175E-058.505E-066.156E-06 1.863E-33
Rb-85 1.077E-041.098E-041.117E-041.133E-041.165E-041.189E-041.250E-04
Kr-86 1.951E-041.951E-041.951E-041.951E-041.951E-041.951E-041.951E-04
Sr-86 4.668E-074.668E-074.668E-074.668E-074.668E-074.668E-074.668E-07
Rb-87 2.501E-042.501E-042.501E-042.501E-042.501E-042.501E-042.501E-04
Sr-87 3.892E-093.892E-093.892E-093.892E-093.892E-093.892E-093.895E-09
Sr-88 3.587E-043.587E-043.587E-043.587E-043.587E-043.587E-043.587E-04
Sr-89 2.589E-141.144E-185.055E-232.234E-270.00 0.00 0.00

- Y-89 4.673E-044.673E-044.673E-044.673E-044.673E-044.673E-044.673E-04
i Sr-90 4.801E-044.578E-044.365E-044.162E-043.695E-043.281E-042.430E-14
! Y-90 1.204E-071.148E-071.095EL071.044E-079.267E-088.227E-086.094E-18i

Zr-90 8.803E-05 1.104E-041.317E-041.520E-041.987E-042.401E-045.683E-04
Y-91 6.366E-131.110E-161.935E-203.374E-241.354E-330.00 0.00

Zr-91 6.069E-046.069E-046.069E-046.069E-046.069E-046.069E-046.069E-04
Zr-92 6.612E-046.612E-046.612E-046.612E-046.612E-046.612E-046.612E-04
Zr-93 7.452E-047.452E-047.452E-047.452E-047.452E-047.452E-047.449E-04
Nb-93 4.920E-I07.378E-I01.025E-091.350E-092.304E-093.423E-093.323E-07
Nb-g3m 1.862E-092.LgIE-092.679E-093.030E-093.764E-094.333E-096.291E-09
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TABLE D.3.d. Fission ProductInventoryby Isotopeat 35 MWd/kgM, g/gU
(cont'd)

Isotope 4 Yea_'s__6 Years 8 Years 10 Years ],5Years 20 Years 1000 Years

Zr-94 7.733E-047.733E-047.733E-047.733E-047.733E-047.733E-047.733E-04
Nb-94 8.424E-I08.423E-I08.423E-108.422E-I08.421E-I08.419E-I08.142E-10
Zr-95 4o749E-121.736E-156.348E-192.321E-225.933E-310.00 0.00
Nb-95 5.792E-122.118E-157.743E-192.831E-225.366E-330.00 0.00
Nb-95m 1.987E-157.265E-192.656E-229.712E-260.00 0.00 0.00
Mo-95 7.834E-047.834E-047.834E-047,834E-047.834E-047.834E-047.834E-04
Zr-g6 8.375E-048.375E-048.375E-048.375E-048.375E-048.375E-048.375E-04
Mo-96 4.408E-054.408E-054.408E-054.408E_054.408E-054.408E-054.408E-05
Mo-97 8.324E-048.324E-048.324E-048.324E-048.324E-048.324E-048.324E-04

' Mo-98 8.718E-048.718E-048.718E-048,718E-048.718E-048.718E-048.718E-04
Tc-98 7.329E-097.329E-097.329E-097.329E-097.329E-097.329E-097.328E-09
Tc-99 8.041E-048.041E-048.041E-048.041E.-048.041E-048.041S-048.015E-04
Ru-99 1.767E-082.290E-082.814E-083.337E-084.645E-085.954E-082.620E-06
Mo-t00 9.843E-049.843E-049.843E-049.843E-0_9.843E-049.843E-049.843E-04
Ru-lO0 1.107E-041.107E-041.107E-041.107E-041.107E-041.107E-041.107E-04
Ru-101 8.176E-048.176E-048.176E-048.176E-048.176E-048.176E-048.176E-04
Ru-102 8.275E-048.275E-048.275E-048.275E-048.275E-048.275E-048.275E-04
Rh-t02 3.975E-I02.465E-I01.528E-I09.474E-112.868E-118.680E-120,00
Ru-103 1.622E-164.092E-22i.033E-272.606E-330.00 0.00 0.00
Rh-t03 4.740E-044.740E-044.740E-044.740E-0_4.740E-044.740E-044.740E-04
Ru-104 5.949E-045.949E-045.949E-045.949E-045.949F-045.949E-045.949E-04
Pd-104 2.703E-042.703E-042.703E-042.703E-042.703E-042.703E-042.703E-04
Pd-105 4.306E-044.306E-044.306E-044,306E-044.306E-044.306E-044.306E-04
Ru-106 7.355E-061.859E-064.699E-071.188E-073.815E-091.225E-I00.00
Rh-t06 6.913E-121.747E-124.417E-131.116E-133.586E-151.152E-160o00
Pd-106 3.883E-043.937E-043.951E-043.955E-043.956E-043.956E-043.956E-04
Pd-107 2.485E-042.485E-042.485E-042.485E-042.485E-042.485E-042.485E-04
Ag-t07 1.611E-I02.141E-I02.672E-I03.202E-I04.528E-I05.854E-I02.657E-08
Pd-108 1.716E-041.716E-041.716E-041.716E-041.716E-041.716E-041.716E-04
Ag-108m 1.352E-121.337E-121.323E-121.308E-121.273E-121.239E-125.892E-15
Cd-I08 4.958E-I04.958E-I04.958E-I04.958E-I04.958E-I04.958E-I04.959E-I0
Ag-t09 8.519E-058.519E-058.519E-058.519E-058.519E-058.519E-058.519E-05
Cd-I09 5.825E-141.956E-146.568E-152.205E-151.441E-169.416E-180.00
Pd-110 5.625E-055.625E-055.625E-055.625E-055.625E-055.625E-055.625E-05
Ag-t10 1.902E-162.508E-173.306E-184.358E-192.749E-211.735E-230.00
Ag-110m 1.255E-081.655E-092.182E-I02.876E-111.814E-131.145E-150.00
Cd-t10 4.193E-054.194E-054.194E-054.194E-054.194E-054.194E-054.194E-05
Cd-111 3,102E-053.102E-053.102E-053.102E-053.102E-053.102E-053.102E-05
Cd-112 1.85_-05 1.855E-05!.855E-051.855E-051.855E-051.855E-051.855E-05
Cd-113 1.517E-071.518E-071.518E-071.518E-071.518E-071.519E-071.520E-07
Cd-113m 2.324E-072.113E-071.922E-071.748E-071.378E-071.087E-076.532E-28
In-113 7.630E-089.734E-081.165E-071.339E-071.708E-071.999E-073.085E-07
£d-114 2.462E-052.462E-052.462E-052.462E-052.462E-052.462E-052.462E-05
Sn-114 2.889E-092.889E-092.889E-092.889E-092.889E-092.889E-092.889E-09
In-115 2.366E-062.366E-062.366E-062.366E-062.366E-062.366E-062.366E-06
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TABLE D.3.d. FissionProduct Inventoryby Isotopeat 35 MWd/kgM,g/gU
(cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Sn-115 3.462E-073.462E-073.462E-073.462E-073.462E-073.462E-073.462E-07
Cd-116 8.923E-068.923E-068.923E-068,923E-068.923E-068.923E-068.923E-06
Sn-116 8.200E-068.200E-068.200E-068.200E-068.200E-068.200E-068.200E-06
Sn-117 9.010E-069.010E-069.010E-069.010E-069.010E-059.010E-069.010E-06
Sn-118 9.104E-069.104E-069.104E-069.104E-069.104E-069.104E-069.104E-06
Sn-119 9.068E-069.069E-069.069E-069.069E-069.069E-069.069E-069.069E-06
Sn-119m5.165E-I06.540E-118,282E-12 1.049E-125.983E-153.414E-170.00
Sn-120 9.244E-069.244E-069.244E-069.244E-069.244E-069.244E-069.244E-06
Sn-121m3.589E-093,490E-093.395E-093.302E-093.081E-092.874E-093.590E-15
Sb-121 8,938E-068.938E-068.938E-068.938E-068.939E-068.939E-068.942E-06
Sn-122 I 016E-05 1.016E-051.016E-051.016E-051.016E-051.016E-051.016E-05
Te-122 6 530E-076.530E-076.530E-076.530E-076.530E-076.530E-076.530E-07
Sn-123 9 458E-11 1.876E-123.723E-147.386E-164.095E-202.270E-240.00
Sb-123 1 I03E-051.103E-051.103E-051.103E-051.103E-051.103E-051.103E-05
Te-123 9 133E-099,133E-099.133E-099.133E-099.133E-099.133E-099.133E-09
Te-123m 2 706E-133.934E-155.719E-178.315E-192.119E-235.401E-280.00
Sn-124 1 370E-05 1.370E-051.370E-051.370E-051.370E-051.370E-051.370E-05
Sb-124 2 432E-155.407E-191.202E-222.672E-261.969E-350.00 0,00
Te-124 5.096E-075.096E-075.096E-075.096E-075.096E-075.096E-075_096E-07
Sb-125 4 340E-062.631E-061.595E-069,670E-072.767E-077,918E-080.00
Te-125 1 627E-05 1.800E-051.905E-051.969E-052.039E-052.059E-052.067Z-05
Te-125m 6 071E-083.681E-082.232E-081.353E-083.871E-091.108E-090.00
Sn-126 2 994E-05 2.994E-052.993E-052.993E-052.993E-052.993E-052.973E-05
Sb-126 1 422E-12 1.422E.,121.422E-121.422E-121.422E-121.422E-121.412E-12
Sb-126m I 081E-14 1.081E-141.081E-141.081E-141.081E-14I.Q81E-141.074E-14
Te-126 8.469E-078.473E-078.478E-078.482E-078.492E-078.502E-071.053E-06
Te-127 2.761E-132.653E-152.549E-172.449E-192.216E-242.005E-290.00
Te-127m 7.887E-117.578E-137.282E-156.995E-176.330E-225.728E-270.00
1-127 6.025E-056.025E-056.025E-056.025E-056.025E-056.025E-056.025E-05

Te-128 1.192E-041.192E-041.192E-041.192E-041.192E-041.192E-041.192E-04
Xe-128 3.6iRE-063.618E-063.618E-063.618E-063.618E-063.618E-063.618E-06
1-129 1.916C-041.918E-041.918E-041.918E-041.918E-041,918E-041.918E-04

Xe-129 2.176E 08 2.178E-082.180E-082.182E-082,186E-082.190E-083.020E-08
Te-130 3.798E-C,,_3.798E-043,798E-043.798E-043.798E-043.798E-043.798E-04
Xe-130 1.445E-051.445E-051.445E-051.445E-051.445E-051.445E-051.445E-05
Xe-131 4.400E-044.400E-044.400E-044.400E-044.400E-044.400E-044_,400E-04
×e-132 1.164E-031.164E-031,164E-031.164E-031.164E-031.164E-031.164E-03
Ba-132 2.175E-092.175E-092.175E-092.175E-092.175E-092.175E-092.175E-09
Cs-133 1.172E-031.172E-031.172E-031.172E-031.172E-031.172E-031.172E-03
Xe-134 1.548E-031.548E-031.548E-031.548E-031.548E-031.548E-031.548E-03
Cs-134 2.804E-051.432E-057.308E-063.731E-066.948E-07 1.294E-070.00
Ba-134 1.553E-041.691E-041.761E-041.796E-041.827E-041.832E-041.834E-04
Cs-135 4.395E-044.395E-044.395E-044.395E-044.395E-044.395E-044.393E-04
Ba-135 5.481E-075.484E-075.487E-075.489E-075.496E-075.503E-076.800E-07
Xe-136 2.355E-032.355E-032.355E-032.355E-032,355E-032.355E-032.355E-03
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TABLE D.3.d. FissionProduct Inventoryby Isotopeat 35 MWd/kgM,g/gU
(cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Ba-136 2.320E-052.320E-052.320E-052.320E-052.320E-052.320E-052.320E-05
Cs-137 1.117E-031.067E-031.019E-039.726E-048.665E-047.719E-041.131E-13
Ba-137 1.872E-042.377E-042.859E-043.319E-044.380E-045.325E-041.304E-03
Ba-137m 1.709E-101.632E-I01.558E-I01.488E-I01.326E-I01.181E-I01.731E-20
Ba-138 1.341E-031.341E-031.341E-031.341E-031.341E-031.341E-O3.1.341E-03
La-138 5.504E-095.504E-095.504E-095.504E-095.504E-095.504E-095.504E-09
La-139 1.278E-031.278E-031.278E-031.278E-031.278E-031.278E-031.278E-03
Ce-140 1.305E-031.305E-031.305E-031.305E-031.305E-031.305E-031.305E-03
Pr-141 1.171E-031.171E-031.171E-031.171E-031.171E-031.171E-031,171E-03
Ce-142 1.181E-031.181E-031.181E-031.181E-031.181E-031.181E-031.181E-03
Nd-142 3.122E-053.122E-053.122E-053.122E-053.122E-053.122E-053o122E-05
Nd-143 7.809E-047.809E-047.809E-047.809E-047.809E-047.809E-047.809E-04
Ce-144 5.521E-069.298E-071.566E-072.637E-083.070E-I03.574E-120.00
Pr-144 2.331E-103.926E-116.612E-121.114E-121.296E-141.509E-160.00
Pr-144m 1.165E-121.963E-133.305E-145.5_7E-156.481E-177.545E-190.00
Nd-144 1.404E-031.409E-031.410E-031.410E-031.410E-031.410E-031.410E-03
Nd-145 6.976E-046.976E-046.976E-046.976E-046.976E-046.976E-046.976E-04
Nd-146 7.293E-047.293E-047.293E-047.293E-047.293E-047.293E-047.293E-04
Pm-146 3.753E-092.917E-092.267E-091.762E-099.383E-I04.997E-I00.00
Sm-146 1.085E-081.116E-081.140E-081.159E-081.189E-081.205E-081.224E-08
Pm-147 4.037E-052.380E-051.403E-058.271E-062.207E-065.889E-070.00
Sm-147 1.791E-041.957E-042.055E-042.112E-042.173E-042.189E-042.195E-04
Nd-148 3.892E-043.892E-043.892E-043.892E-043.892E-043.892E-043.892E-04
Sm-148 1.992E-041.992E-041.992E-041.992E-041.992E-041.992E-041.992E-04
Sm-149 1.945E-061.945E-061.945E-061.945E-061.945E-061.945E-061.945E-06
Nd-150 1.897E-041.897E-041.897E-041.897E-041.897E=041.897E-041.897E-04
Sm-150 2.493E-042.493E-042.493E-042.493E-042.493E-042.493E-042.493E-04
Eu-150 3.583E-133.447E-133.317E-133.192E-132.899E-132.633E-131.682E-21
Sm-151 1.181E-051.163E-051.145E-051.127E-051.085E-051.044E-055.501E-09
Eu-151 3.843E-075.648E-077.425E-079.175E-071.343E-061.753E-061.218E-05
Sm-152 1.310E-041.310E-041.310E-041.310E-041.310E-041.310E-041.310E-04
Eu-152 4.773E-084.311E-083.893E-083.516E-082.725E-082.112E-084.302E-30
Gd-152 2.412E-082.541E-082.657E-082.763E-082.983E-083.154E-083.742E-08
Eu-153 1.151E-041.151E-041.151E-041.151E-041.151E-041.151E-041.151E-04

- Gd-153 2.587E-I03.193E-113.941E-124.864E-132.602E-151.392E-170.00
Sm-154 4.062E-054.062E-054.062E-054.062E-054.062E-054.062E-054.062E-05
Eu-154 3.068E-052.611E-052.222E-051.892E.-051.264E-058.449E-060.00
Gd-154 1.761E-052.218E-052.607E-052.938E-053.565E-053.984E-054.829E-05
Eu-155 8.506E-066.431E-064.863E-063.677E-061.828E-069.088E-070.00

' Gd-155 6.523E-068.597E-061.017E-051.135E-051.320E-051.412E-051.503E-05
Gd-156 7.717E-057.717E-057.717E-057.717E-057.717E-057.717E-057.717E-05
Gd-157 8.826E-088.826E-088.826E-088.826E-088.826E-088.826E-088.826E-08
Gd-158 2.006E-052.006E-052.006E-052.006E-052.006E-052.006E-052.006E-05
Tb-159 2.931E-062.931E-062.931E-062.931E-062.931E-062.931E-062.931E-06
Gd-160 1.436E-061.436E-061.436E-061.436E-061.436E-061.436E-061.436E-06
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TABLE D.3.d. FissionProduct Inventoryby Isotopeat 35 MWd/kgM, g/gU
(cont'd)

Isotope 4 Years 6 Years. 8 Years 10 Years 15 Years 20 Years 1000 Years

Tb-160 5.092E-144.629E-174.208E-203.826E-239.534E-310.00 0.00
Dy-160 3.415E-073.415E-073.415E-073.415E-073.415E-073.415E-073.415E-07
Dy-161 4.563E-074.563E-074.563E-074.563E-074.563E-074.563E-074.563E-07
Dy-162 4.170E-074.170E-074.170E-074.170E-074.170E-074.170E-074.170E-07
Dy-163 3.427E-073.427E-073.427E-073.427E-073.427E-073.427E-073.427E-07
Dy-164 4.991E-084.991E-084.991E-084.991E-084.991E-084.991E-084.991E-08
Ho-165 1.758E-071.758E-071.758E-071.758E-071.758E-071.758E-071.758E-07
Ho-166m1.925E-091.923E-091.921E-091.918E-091.913E-091.907E-091.083E-09
Er-166 5.703E-085.703E-085.703E-085.704E-085.704E-085.705E-085.787E-08
Er-167 3.457E-093.457E-093.457E-093.457E.-093.457E-093.457E-093.457E-09
Er'168 9.920E-099.920E-099.920E-099.920E-099.920E-099.920E-099.920E-09
Tm-169 7.196E-117.196E-117.196E-117.196E-117.196E-!.17.196E-117.196E-11
Er-170 3.771E-143.771E-143.771E-143.771E-143.771E-143.771E-143.771E-14
Tm-170 2.961E-155.773E-17 1.125E-182.193E-20 1.163E-246.170E-290.00
Yb-170 2.509E-112.50gE-II2.509E-112.509E-112.509E-112.509E-112.509E-11
Tm-171 1.619E-137.866E-143.821E-141.856E-143.053E-155.020E-160.00
Yb-171 1.517E-121.600E-121.641E-121.660E-121.676E-121.678E-121.679E-12
Yb-172 6.912E-146.912E-146.912E-146.912E-146.912E-146.912E-146.912E-14

Total 3.594E-023.594E-023.594E-023.594E-023.594E-023.594E-023.594E-02
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TABLE D.3.e. FissionProduct Inventoryby Isotopeat 40 MWd/kgM,g/gU

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

H-3 5.290E-084.728E-084.226E-083.777E-082.853E-082.155E-082.779E-32
Li-6 1.683E-I01.683E-I01.683E-I01.683E-I01.683E-I01.683E-I01.683E-I0
Li-7 1.220E-111.220E-11I..220E-111.220E-111.220E-111.220E-111.220E-11
Be-9 2.347E-112.347E-112.347E-112.347E-112.347E-112.347E-112.347E-11
Be-10 1.568E-I01.568E-I01.568E-I01.568E-I01.568E-I01.568E-I01.567E-I0
C-14 3.167E-113.167E-113.166E-113.165E-113.163E-113.161E-112.808E-11
Zn-66 4.043E-144.043E-144.043E-144.043E-144.043E-144.043E-144.043E-14
Zn-67 1.672E-151.672E-151.672E-15.I.672E-151.672E-151.672E-151.672E-15
Ga-71 1.113E-121.113E-121.113E-121.113E-121.113E-121.113E-121.113E-12
Ge-72 2.757E-082.757E-082.757E-082.757E-082.757E-082.757E-082.757E-08
Ge-73 5.486E-085.486E-085.486E-085.486E-085.486E-085.486E-085.486E-08
Ge-74 1.189E-071.189E-071.189E-071.189E-071.189E-071.189E-071.189E-07
As-75 2.405E-072.405E-072.405E-072.405E-072.405E-072.405E-072.405E-07
Ge-76 5.891E-075.891E-075.891E-075.891E-075.891E-075.891E-075.891E-07
Se-76 8.312E-098.312E-098.312E-398.312E-098.312E-098.312E-098.312E-09
Se-77 1.182E-061.182E-061.182E-061.182E-061.182E-061.182E-061.182E-06
Se-78 2.917E-062.917E-062.917E.-062.917E-062.917E-062.917E-062.917E-06
Se-79 6.965E-066.965E-066.965E-066.965E-066.965E-066.964E-066.892E-06
Br-79 5.073E-I06.560E-I08.046E-I09.533E-I01.325E-091.696E-097.414E-08
Se-80 1.577E-051.577E-051.577E-051.577E-051.577E-051.577E-051.577E-05
Kr-80 3.029E-I03.029E-I03.029E-I03.029E-I03.029E-I03.029E-I03.029E-I0
Br-81 2.512E-052.512E-052.512E-052.512E-052.512E-052.512E-052.512E-05
Kr-81 3.503E-113.503E-113.503E-113.503E-113.503E-113.503E-113.491E-11
Se-82 3.911E-053_911E-053.911E-053.911E-053.911E-053.911E-053.911E-05
Kr-82 1.437E-061.437E-061.437E-061.437E-061.437E-061.437E-061.437E-06
Kr-83 4.361E-054.361E-054.361E-054.361E-054.361E-054.361E-054.361E-05
Kr-84 1.342E-041.342E-041.342E-041.342E-041.342E-041.342E-041.342E-04
Kr-85 1.921E-051.688E-051.484E-051.304E-059.435E-066.828E-062.062E-33
Rb-85 1.194E-041.217E-04!.238E-041.256E-041.292E-041.318E-041.386E-04
Kr-86 2.157E-042.157E-042.157E-042.157E-042.157E-042.157E-042.157E-04
Sr-86 6.123E-076.123E-076.123E-076.123E-076.123E-076.123E-076.123E-07
Rb-87 2.763E-042.763E-042.763E-042.763E-042.763E-042.763E-042.763E-04
Sr-87 5.467E-095.467E-095.467E-095.467E-095.467E-095.467E-095.471E-09
Sr-88 3.960E-043.960E-043.960E-043.960E-043.960E-043.960E-043.960E-04
Sr-89 2.748E-141.214E-185.365E-232.371E-270.00 0.00 0.00
Sr-89 5.150E-045.150E-045.150E-045.150E-045.150E-045.150E-045.150E-04
Sr-90 5.291E-045.045E-044.811E-044.587E-044.072E-043.615E-042.678E-14
Y-90 1.327E-071.265E-071.206E-071.150E-071.021E-079.066E-086.716E-18
Zr-90 9.766E-051.223E-041.457E-041.681E-042.196E-042.653E-046.269E-04
Y-91 6.844E-131.193E-162.081E-203.628E-241.456E-330.00 0.00
Zr-91 6.718E-046.718E-046.718E-046.718E-046.718E-046.718E-046.718E-04
Zr-92 7.364E-047.364E-047.364E-047.364E-047.364E-047.364E-047.364E-04
Zr-93 8.318E-048.318E-048.318E-048.318E-048.318E-048.318E-048.314E-04
Nb-93 5.530E-I08.279E-I01.149E-091.512E-092.578E-093_828E-093.709E-07
Nb-93m 2.084E-092.563E-092.995E-093.386E-094.204E-094.839E-097.021E-09
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TABLE D,3,e, FissionProduct Inventoryby Isotopeat 40 MWd/kgM,g/gU
(cont'd)

Isotope 4 Years 6 Years 8 Years .10 Years 15 Years 20 Years 1000 Years

Zr-94 8.7].IE-048.711E-048,711E-048,711E-048.711E-048.711E-048,711E-04
Nb-94 1.008E-091.008E-091.008E-091.008E-091.008E-091.008E-099.744E-I0
Zr-95 5.303E-121.939E-157.089E-192.592E-226.625E-310.00 0.00
Nb-95 6,468E-122.365E-158,646E-193.161E-225.992E-330.00 0.00
Nb-95m 2.219E-158.113E-192.966E-22 1.085E-250.00 0.00 0.00
Mo-95 8.746E-048.746E-048.746E-048.746E-048,746E-048,746E-048,746E-04
Zr-96 9.465E-049.465E-049.465E-049.465E-049,465E-049,465E-049.465E-04
Mo-96 5.864E-055,864E-055.864E-055.864E-055.864E-055.864E-055.864E-05
Mo-97 9.446E-049.446E-049.446E-049.446E-049,446E-049.446E-049.446E-04
Mo-98 9,944E-049.944E-049.944E-049.944E-049,944E-049.944E-049.944E-04
Tc-98 9.769E-099.769E-099.769E-099,769E-099,769E-099..769E-099.767E-09
Tc-99 8.978E-048.978E-048.978E-048.978E-048,978E-048.978E-048,949E-04
Ru-99 1.974E-082,558E-083.143E-083.727E-085,188E-086.649E-082.925E-06
Mo-t00 1.125E-031.125E-031,125E-031.125E-031.125E-031.125E-031.125E-03
Ru-100 1.473E-041.473E-041.473E-041.473E-041,473E-041.473E-041,473E-04
Ru-101 9.323E-049.323E-049,323E-049.323E-049.323E-049.323E-049.323E-04
Ru-102 9.636E-049.636E-049.636E-049.636E-049,636E-049.636E-049.636E-04
Rh-t02 5.221E-I03.237E-I02.007E-I01,244E-I03,766E-111.140E-110.00
Ru-103 1,906E-164.809E-221.213E-273.062E-330.00 0.00 0.00
Rh-103 5.167E-045.167E-045,167E-045.167E-045o167E-045.167E-045.167E-04
Ru-104 7.077E-047.077E-047,077E-047.077E-047.077E-047.077E-047.077E-04
Pd-104 3.551E-043.551E-043.551E-043.551E-043,551E-043.551E-043.551E-04
Pd-105 5.109E-045.109E-045.109E-045.109E-045,109E-045.109E-045,109E-04
Ru-106 9.050E-062.288E-065.782E-071.461E-074,695E-091.508E-I00.00
Rh-t06 8.507E-122.150E-125.435E-131.374E-134,413E-151.417E-160.00
Pd-106 4.838E-044.906E-044.923E-044.927E-044.929E-044,929E-044.929E-04
Pd-107 3.061E-043.061E-043,061E-043.061E-043.061E-043.061E-043,061E-04
Ag-t07 1.976E-I02.630E-I03.283E-I03.936E-I05,569E-I07.202E-I03.273E-08
Pd-108 2,122E-042.122E-042.122E-042.122E-042,122E-042.122E-042.122E-04

- Ag-1OSm 1.700E-121.682E-121.664E-121.646E-121,601E-121.558E-127.410E-15
Cd-108 7.060E-I07.060E-I07.060E-I07.060E-I07,060E-I07.060E-I07,061E-I0
Ag-t09 1.013E-041.013E-041,013E-041.013E-041.013E-041.013E-041.013E-04

• Cd-I09 9,505E-14 3.192E-14 1.072E-14 3.599E-15 2.352E-16 1.537E-17 0.00
Pd-llO 6.969E-05 6.969E-05 6.969E-05 6.969E-05 6.969E-05 6.969E-05 6.969E-05
Ag-10 2.683E-16 3.537E-17 4.662E-18 6.146E-19 3.877E-21 2.446E-23 0.00
Ag-110m 1.770E-08 2.334E-09 3.076E-I0 4.055E-11 2,558E-13 1.614E-15 0.00
Cd-110 5.951E-05 5.953E-05 5.953E-05 5.953E-05 5.953E-05 5.953E-05 5.953E-05
Cd-111 3,828E-05 3,828E-05 3.828E-05 3.828E-05 3.828E-05 3.828E-05 3.828E-05
Cd-112 2.272E-05 2.272E-05 2.272E-05 2.272E-05 2.272E-05 2.272E-05 2.272E-05
Cd-113 1.557E-07 1.558E-07 1.558E-07 1.558E-07 1.558E-07 1.559E-07 1.560E-07
Cd-113m 2o918E-07 2.654E-07 2.413E-07 2.195E-07 1.731E-07 1.365E-07 8.202E-28
In-I13 9.436E-08 1.208E-07 1.448E-07 1.667E-07 2.130E-07 2.496E-07 3,859E-07
Cd-114 2.944E-05 2.944E-05 2.944E-05 2.944E-05 2.944E-05 2.944E-05 2.944E-05
Sn-114 4.100E-09 4.100E-09 4.100E-09 4.100E-09 4.100E-09 4.100E-09 4.100E-09
In-115 2.416E-06 2.416E-06 2.416E-06 2.416E-06 2.416E-06 2.416E-06 2.416E-06
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TABLE D.3.e. FissionProductInventoryby Isotopeat 40 MWd/kgM, g/gU
(cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years ,1000Years

Sn-115 4.060E-074.060E'-074.060E-074.060E-074.060E-074.060E-074.060E-07
Cd-116 1.047E-051.047E-051.047E-051.047E-051.047E-05i.047E-051.047E-05
Sn-116 1,009E-051,009E-051.009E-051.009E-051.009E-051.009E-051.009E-05
Sn-117 1.056E-051.056E-051.056E-051.056E-051.056E-051.056E-051.056E-05
Sn-118 1.067E-051.067E-051.067E-051.067E-051.067E-051.067E-051.067E-05
Sn-119 1.063E-051.063E-051.063E-051.063E-051.063E-051.063E-051.063E-05
Sn-119m6.345E-I08.034E-111.017E-111.288E-127.355E-154.195E-170.00
Sn-120 1.083E-051.083E-051.083E-051.083E-051.083E-051.083E-051.083E-05
Sn-121m4.261E-094.144E-094.031E-093.920E-093.658E-093.413E-094.262E-15
Sb-121 1.033E-051.033E-051.033E-051.033E-051.033E-051.033E-051.033E-05
Sn-122 1.188E-051.188E-051.188E-051.188E-051.188E-051.188E-051.188E-05•
Te-122 8.874E-078,874E-078.874E-078.874E-078.874E-078.874E-078.874E-07
Sn-123 1.110E-I02o201E-124.367E-148.665E-164.804E-202.663E-240.00
Sb-123 1.278E-051.278E-051.278E-051.278E-051.278E-051.278E-051.278E-05
Te-123 1.338E-081.338E-081.338E-081.338E-081.338E-081.338E-081.338E-08
Te-123m4.400E-136.396E-159.300E-171.352E-183.446E-238.782E-280.00
Sn-124 1.597E-051,597E-051.597E-051.597E-051.597E-051.597E-051.597E-05
Sb-124 3.360E-157.470E-191.661E-223.691E-262.720E-350.00 0.00
Te-124 6.992E-076.992E..076.992E-076.992E-076.992E-076.992E-076.992E-07
Sb-125 5.111E-063.098E-061.878E-061.139E-063.258E-079.324E-080.00
Te-125 1.908E-052,112E-052.236E-052.311E-052.393E-052.417E-052.427E-05
Te-125m 7.148E-084,335E-082.628E-081.593E-084.557E-091.304E-090.00
Sn-126 3.508E-053.508E-053.508E-053.508E-053.508E-053.507E-053.484E-05
Sb-126 1.667E-121.667E-121.666E-121.666E-121.666E-121.666E-121.655E-12
Sb-126m1.267E-141.267E-141.267E-141.267E-141.267E-141.267E-141.258E-14
Te-126 1.041E-061.042E-061.042E,-061.043E-061.044E-061.045E-061.282E-06
Te-127 3.263E-133.136E-153.013E-172.895E-192.619E-242.370E-290.00
Te-127m 9.322E-118.957E-138.607E-158.269E-177.482E-226.770E-270.00
1-127 7.016E-057.016E-057.016E-057.016E-057.016E-057.016E-057.016E-05

Te-128 1.386E-041.386E-041.386E-041.386E-041.386E-041.386E-041.386E-04
Xe-128 4.987E-064.987E-064.987E-064.987E-064.987E-064.987E-064.987E-06
1-129 2.204E-042.204E-042.204E-042.204E-042.204E-042.204E-042.204E-04

Xe-129 3.497E-083.499E-083.501E-083.503E-083.508E-083.512E-084.466E-08
Te-130 4.392E-044.392E-044.392E-044.392E-044.392E-044.392E-044.392E-04
Xe-130 1.963E-05Io963E-051.963E-051.963E-051.963E-051.963E-051.963E-05
Xe-131 4.738E-044.738E-044.738E-044.738E-044.738E-044.738E-044.738E-04
Xe-132 1.370E-031.370E-031.370E-031.370E-031.370E-031.370E-031.370E-03
Ba-132 2.887E-092.887E-092.887E-092.887E-092.887E-092.887E-092.887E-09
Cs-133 1.300E-031.300E-031.300E-031.300E-031.300E-031.300E-031.300E-03
Xe-134 1.767E-031.767E-031.767E-031.767E-031.767E-031.767E-031.767E-03
Cs-134 3.626E-051.851E-059.450E-064.824E-068.984E-07 1.673E-070.00
Ba-134 2.012E-042.189E-042.280E-042.326E-042.365E-042.372E-042.374E-04
Cs-135 4.613E-044.613E-044.613E-044.613E-044.613E-044.613E-044.612E-04
Ba-135 8.435E-078.438E-078.441E-078.444E-078.451E-078.457E-079.820E-07
Xe-136 2.747E-032.747E-032.747E-032.747E-032.747E-032.7a7E-032.747E-03
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TABLE D.3.e. FissionProduct Inventoryby Isotopeat 40 MWd/kgM,g/gU
(cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Ba-136 2.841E-052.841E-052.841E-052.841E-052.841E-052.841E-052.841E-05
Cs-137 1.277E-031.220E-031.165E-031.112E-039.907E-048.826E-041.294E-13
Ba-137 2.140E-042.717E-043.268E-043.794E-045.007E-046.088E-041.491E-03
Ba-137m 1.954E-I01.866E-i01.782E-I01.701E-I01.516E-I01.350E-I01.979E-20
Ba-138 1.522E-031.522E-031.522E-031.522E.-031.522E-031.522E-031.522E-03
La-138 5.599E-095.599E-095.599E-095.599E-095.599E-095.599E-095.599E-09
La-139 1.449E-031.449E-031.449E-031.449E-031.449E-031.449E-031.449E-03
Ce-140 1.486E-031.486E-031.486E-031.486E-031.486E-031.486E-031.486E-03
Pr-141 1.323E-031.323E-031.323E-031.323E-031.323E-031.323E-031.323E-03
Ce-142 1.338E-031.338E-031.338E-031.338E-031.338E-031.338E-031.338E-03
Nd-142 4.178E-054.178E-054.178E-054.178E-054.178E-054.178E-054.178E-05
Nd-143 8.245E-048.245E-048.245E-048.245E-048.245E-048.245E-048.245E-04
Ce-144 6.187E-061.042E-061.755E-072.956E-083.441E-I04.006E-120.00
Pr-144 2.612E-I04.400E-117.410E-121.248E-121.453E-141.692E-160.00
Pr-144m 1.306E-122.199E-133.704E-146.239E-157.263E-178.456E-190.00
Nd-144 1.642E-031.647E-031.648E-031.648E-031.648E-031.648E-031.648E-03
Nd-145 7.723E-047.723E-047.723E-047.723E-047.723E-047.723E-047.723E-04
Nd-146 8.467E-048.467E-048.467E-048.467E-048.467E-048.467E-048.467E-04
Pm-146 4,653E-093.617E-092.811E-092.185E-091.163E-096.195E-I00.00
Sm-146 1.338E-081.377E-081.407E-081.430E-081.467E-081.488E-081.510E-08
Pm-147 4.108E-052o422E-051.428E-058.418E-062.246E-065.994E-070.00
Sm-147 1.806E-041.975E-042.074E-042.133E-042.195E-042.211E-042.217E-04
Nd-148 4.445E-044.445E-044.445E-044.445E-044.445E-044.445E-044.445E-04
Sm-148 2.391E-042.391E-042.391E-042.391E-042.391E-042.391E-042.391E-04
Sm-149 2.037E-062.037E-062.037E-062.037E-062.037E-062.037E-062.037E-06
Nd-150 2.201E-042.201E-042.201E-042.201E-042.201E-042.201E-042.201E-04
Sm-150 2.836E-042.836E-042.836E-042.836E-042.836E_042.836E-042.836E-04
Eu-150 3.784E-133.641E-133.504E-133.371E-133.062E-132.781E-131.777E-21
Sm-151 1.248E-051.229E-051.210E-051.192E-051.147E-051.103E-055.816E-09
Eu-151 4.037E-075.944E-077.823E-079.673E-071.417E-061.851E-061.288E-05
Sm-152 1.430E-041.430E-041.430E-041.430E-041.430E-041.430E-041.430E-04
Eu-152 4.275E-083.860E-083.486E-083.148E-082.440E-081.891E-083.853E-30
Gd-152 2.145E-082.260E-082.365E-082.459E-082.656E-082.809E-083.336E-08
Eu-153 1.340E-041.340E-041.340E-041.340E-041.340E-041.340E-04 1.340E-04
Gd-153 2.805E-I03.462E-114.273E-125.273E-132.821E-151.509E-170.00
Sm-154 4.879E-054.879E-054.879E-054.879E-054.879E-054.879E-054.879E-05
Eu-154 3.862E-053.287E-052.797E-052.381E-051.591E-051.063E-050.00
Gd-154 2.224E-052.799E-053.288E-053.705E-054.494E-055.022E-056.085E-05
Eu-155 1.075E-058.126E-066.144E-064.646E-062.310E-061.148E-060.00
Gd-155 8.217E-061.084E-05I.282E-051.432E-051.665E-051.782E-051.896E-05
Gd-156 1.094E-041.094E-041.094E-041.094E-041.094E-041.094E-041.094E-04
Gd-157 1.095E-071.095E-071.095E-071.095E-071.095E-071.095E-071.095E-07
Gd-158 2.651E-052.651E-052.651E-052.651E-052.651E-052.651E-052.651E-05
Tb-159 3.646E-063.646E-063.646E-063.646E-063.646E-063.646E-063.646E-06
Gd-160 1.781E-061.781E-061.781E-061.781E-061.781E-061.781E-061.781E-06
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TABLE D.3.e. FissionProduct Inventoryby Isotopeat 40 MWd/kgM,g/gU
(cont'd)

Isotope.4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Tb-160 7.421E-146.747E-176.133E-205.576E-231.389E-300.00 0.00
Dy-160 4.718E.074.718E-074.718E-074.718E-074.718E-074.718E-074.718E-07
Dy-161 5.557E-075.557E-075.557E-075.557E-075.557E-075.557E-075.557E-07
Dy-162 5.143E-075.143E-075.143E-075.143E-075.143E-075.143E-075'.143E-07
Dy-163 4.512E-074.512E-074.512E-074.512E-074.512E-074.512E-074.512E-07
Dy-164 6.469E-086.469E-086.469E-086.469E-086.469E-086.469E-086.469E-08
Ho-165 2.477E-072.477E-072.477E-072.477E-072.477E-072.477E-072.477E-07
Ho-166m3.115E-093.111E-093.108E-093.104E-093.095E-093,086E-091.752E-09
Er-166 8.436E-088.436E-088.437E-088.437E-088.438E-088.439E-088.572E-08
Er-167 4.405E-094.405E-094.405E-094.405E-094.405E-094.405E-094.405E-09
Er-168 1.384E-081.384E-081.384E-081.384E-081,384E-081.384E-.081.384E-08
Tm-169 1.102E-I01.102E-I01.102E-I01.102E-I01.102E-I01.102E-I01.102E-I0
Er-170 6.710E-14 6.710E-146.710E-146.710E-146.710E-146.71,0E-146.710E-14
Tm-170 5.337E-151.040E-162.028E-183.951E-202°096E-241.112E-280.00
Yb-170 _4.443E-114.444E-114.444E-114.444E-114.444E-114.444E-114.444E-11
Tm-171 3.430E-131.666E-138.093E-143.931E-146.466E-151.063E-150.00
Yb-171 3.153E-123.329E-123.415E-123.457E-123.490E-123.495E-123.496E'-12
Yb-172 1.688E-131.688E-131.688E-131.688E-131.688E-131.6B8E-131.688E-13

Total 4.103E-02,4.103E-024.103E-024.103E_024.103E-024.103E-024.103E-02
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TABLE D.3.f. FissionProduct Inventoryby Isotopeat 45 MWd/kgM, g/gU

Isotope,4 Years 6 Years....8 Years 10 Years 15 Years 20 Years 1000 Years

H-3 6.038E-085,396E-084,823E-084.311E-083,256E-082.459E-083,171E-32
Li-6 1,647E-I01.647E-I01.647E-I01.647E-I01.647E-I01.647E-I01.647E-I0
Li-7 1.371E-111.371E-111.371E-111,371E-111,371E-111.371E-111,371E-11
Be-9 2.635E-112.635E-112.635E-112.635E-112.635E-112.635E-112.635E-11
Be-t0 1,761E-I01.761E-I01,761E-I01.761E-I01.761E-I01.761E-I01.760E-I0
C-14 3.557E-113.556E-113.556E-113,555E-113.553E-113.550E-113.153E-11
Zn-66 4.355E-144.355E-144.355E-144.355E-144,355E-144.355E-144.355E-14
Zn-67 1.792E-151.792E-151.792E-151.792E-151,792E-151.792E-151,792E-15
Ga-71 1.268E-121.268E-121.268E-121.268E-121.268E-121.268E-121.268E-12
Ge-72 3.171E-083,171E-083,171E-083.171E-083.171E-083.171E-083.171E-08
Ge-73 6,187E-086,187E-086,187E-086,187E-086,187E-086.187E-086.187E-08
Ge-74 1.346E-071.346E-071.346E-071.346E-071.346E-071.346E-071.346E-07
As-75 2.684E-072.684E-072.684E-072.684E-072,684E-072.684E-072,684E-07
Ge-76 6,544E-076.544E-076.544E-076,544E-076.544E-076.544E-076.544E-07
Se-76 1.061E-081.061E-081.061E-081.061E-081.061E-081.061E-081.061E-08
Se-77 1.294E-061.294E-061.294E-061.294E-061.294E-061.294E-061.294E-06
Se-78 3.273E-063.273E-063.273E-063.273E-063.273E-063.273E-063,273E-06
Se-79 7.746E-067.746E-067.746E-067.746E-067.745E-067.745E-067.664E-06
Br-79 5.634E-I07.287E-I08.940E-I01.059E-091.473E-091.886E-098.245E-08
Se-80 1.750E-051.750E-051.750E-051,750E-051.750E-051.750E-051,750E-05
Kr-80 3,525E-I03.525E-I03.525E-I03,525E-I03.525E-I03.525E-I03,525E-I0
Br-B1 2.756E-052.756E-052.756E-052.756E-052.756E-052.756E-052.756E-05
Kr-81 4.493E-II4.493E-114 493E-114.493E-114.493E-114.493E-114,479E-11
Se-82 4.309E-054.309E-054 309E-054.309E-054.309E-054.309E-054.309E-05
Kr-82 1.794E-061.794E-061 794E-06 1.794E-061.794E-061.794E-061.794E-06
Kr-83 4.534E-054.534E-054 534E-054,534E-054,534E-054.534E-054.534E-05
Kr-84 1.499E-041.499E-041 499E-04 1.499E-041.499E-041.499E-041.499E-04
Kr-85 2.100E-051.846E-.051 622E-05 1.425E-051.031E-057.465E-062.257E-33
Rb-85 1.303E-041.329E-041.351E-041.371E-041.410E-041.439E-041.513E-04
Kr-86 2,351E-042.351E-042.351E-042.351E-042.351E-042.351E-042.351E-04

- Sr-86 7.777E-07 7.777E-07 7.777E-07 7.777E-07 7.777E-07 7.777E-07 7.777E-07
Rb-87 3.008E-04 3.008E-04 3.008E-04 3.008E-04 3.008E-04 3.008E-04 3.008E-04
Sr-87 7.476E-09 7.476E-09 7.476E-09 7.476E-09 7.476E-09 7.476E-09 7.481E-09
Sr-88 4.309E-04 4.309E-04 4.309E-04 4.309E-04 4.309E-04 4.309E-04 4.309E-04
Sr-89 2.885E-14 1.275E-18 5.634E-23 2.489E-27 0.00 0.00 0.00
Y-89 5.593E-04 5.593E-04 5.593E-04 5.593E-04 5.593E-04 5.593E-04 5.593E-04

Sr-90 5.746E-04 5.479E-04 5.224E-04 4,981E-04 4.422E-04 3.926E-04 2.908E-14
Y-90 1.441E-07 1.374E-07 1.310E-07 'I.249E-07 1.109E-07 9.846E-08 7.293E-18

- Zr-90 1.068E-04 1.335E-04 1.589E-04 1,832E-04 2.391E-04 2.888E-04 6.815E-04
Y-91 7.279E-13 1.269E-16 2.213E-20 3.858E-24 1.549E-33 0.00 0.00

Zr-91 7.328E-04 7.328E-04 7.328E-04 7.328E-04 7,328E-04 7.328E-04 7.328E-04
Zr-92. 8.080E-04 8.080E-04 8,080E-04 8.080E-04 8.080E-04 8.080E-04 8.080E-04
Zr-93 9.144E-04 9.144E-04 9.144E-04 9.144E-04 9.144E-04 9.144E-04 9.140E-04
Nb-93 6.119E-I0 9.148E-I0 1.269E-09 1.668E-09 2.841E-09 4.216E-09 4.077E-07
Nb-93m 2.298E-09 2.823E-09 3.298E-09 3.727E-09 4.626E-09 5.322E-09 7.719E-09
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TABLE D.3.f. FissionProductInventoryby Isotopeat 45 MWd/kgM, g/gU
(cont'd).

Isotope...4Ye.ar..s.6 Year.s.8 Years 10 Years 15 Years_ 20 Years ,!000Years

Zr-94 9.665E-049.665E-049.665E-049.665E-049.665E-049.665E-049.665E-04
Nb-94 1.177E-091.177E-091.176E-091.176E-091.176E-091.176E-091.137E-09
Zr,95 5.843E-122.136E-157.810E-192.856E-227.299E,310.00 0.00
Nb-95 7.126E-122.606E-159.526E-193.483E-226.602E-330.00 0.00
Nb-95m 2.445E-158.939E-193.268E-221.195E-250.00 0.00 0.00
Mo-95 9.612E-049.612E-049.612E-049.612E-049.612E-049.612E-049.612E-04
Zr-96 1.054E-031.054E-031.054E-031.054E-031.054E-031.054E-031.054E-03
Mo-96 7.539E-057.539E-057.539E-057.539E-057.539E-057.539E-057.539E-05
Mo-97 1.055E-031.055E-031.055E-031.055E-031.055E-031.055E-031.055E-03
Mo-98 1.117E-031.117E-031.117E-031.117E-031.117E-031.117E-031.117E-03
Tc-98 1.258E-081.258E-081.258E-081.258E-081.258E-081.258E-081.258E-08
Tc-99 9.860E-049.860E-049.860E-049.860E-049.860E-049.860E-049.828E-04
Ru-g9 2.169E-082.811E-083.453E-084.094E-085.699E-087.303E-083.212E-06
Mo-t00 1.265E-031.265E-031.265E-031.265E-031.265E-031.265E-031.265E-03
Ru-100 1.894E-041.894E-041.894E-041.894E-041.894E-041.894E-041.894E-04
Ru-101 1.046E-031.04_E-031.046E-031.046E-031.046E-031.046E-031.046E-03
Ru-102 1.104E-03I.IU4E-031.104E-031.104E-031.104E-031.104E-03IOI04E-03
Rh-102 6.605E-I04.095E-I02.539E-I01.574E-I04.765E-111.442E-110.00
Ru-103 2.197E-165.545E-221.399E-273.531E-330.00 0.00 0.00

, Rh-103 5.529E-045.529E-045.529E-045.529E-045.529E-045.529E-045.529E-04
Ru-104 8.254E-048.254E-048.254E-048.254E-048.254E-O4'8.254E-048.254E-04
Pd-104 4.496E-044.496E-044.496E-044.496E-044.496E-044.496E-044.496E-04
Pd-105 5.929E-045.929E-045.929E-045_929E-045.929E-045.929E-045.929E-04
Ru-106 1.085E-052.741E-066.929E-071.751E-075.626E-091.807E-I00.00
Rh-t06 1.019E-112.577E-126.513E-131.646E-135.288E-151.699E-160.00.
Pd-106 5.885E-045.966E-045.986E-045.991E-045.993E-045.993E-045.993E-04
Pd-107 3.673E-043.673E-043.673E-043.673E-043.673E-043.673E-043.673E-04
Ag-107 2.364E-I03.147E-I03.931E-I04.715E-I06.675E-I08.635E-I03.927E-08
Pd-108 2.553E-042.553E-042.553E-042.553E-042.553E-042.553E-042.553E-04

Ag-108m 2.084E-122.061E-122.039E-122.017E-121.963E-121.910E-129.082E-15
Cd-I08 9.621E-I09.621E-I09.621E-I09.621E-I09.621E-I09.621E-I09.623E-I0

Ag-t09 1.173E-041.173E-041.173E-041.173E-041.173E-041.173E-041.173E-04
Cd-I09 1.455E-134.887E-141.641E-145.511E-153.601E-162.353E-170.00
Pd-110 8.415E-058.415E-058.415E-058.415E-058.415E-058.415E-058.415E-05
Ag-li0 3.610E-164.758E-176.272E-188.268E-195.216E-213.292E-230.00
Ag-110m 2.382E-083.140E-094.139E-I05.456E-113.442E-132.172E-150.00
Cd-110 8,082E-058.085E-058.085E-058.085E-058.085E-058.085E-058.085E-05
Cd-111 4.620E-054.628E-054.620E-054.620E-054.620E-054.620E-054.620E-05
Cd-112 2.727E-052.727E-052.727E-052.727E-052.727E-052.727E-052.727E-05
Cd-113 1.591E-071.591E-071.592E-071.592E-071.592E-071.593E-071.595E-07
Cd-113m3.597E-073.271E-072.974E-072.705E-072.133E-071.682E-071.011E-27
In-113 1.146E-071.472E-071.768E-072.038E-072.609E-073.059E-074.740E-07
Cd-114 3.453E-053.453E-053.453E-053.453E-053.453E-053.453E-053.453E-05
Sn-114 5.613E-095.613E-095.613E-095.613E-095.613E-095.613E-095.613E-09
In-115 2.456E-062.456E-062.456E-062.456E-062.456E-062.456E-062.456E-06
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TABLE D.3.f. Fission ProductInventoryby Isotopeat 45 MWd/kgM,g/gU
(cont'd)

Isotope..4Years. 6 Years 8 Years 10 Years .1,5Year.s,,,20Y,.earsI000 Years

Sn-115 4.676E-074,676E-074.676E-074.676E-074.676E-074.676E-074.676E-07
Cd-116 1.207E-051.207E-051.207E-051.207E-051.207E-051.207E-051.207E-05
Sn-116 1.209E-051.209E-051.209E-051.209E-051.209E-051.209E-051,209E-05
Sn-117 1.216E-051.216E-051.216E-051,216E-051.216E-051.216E-051.216E-05
Sn-118 1.228E-051,228E-051.228E-051.228E-051.228E-051.228E-051.228E-05
Sn-119 1.224E-051.224E-051.224E-O51.224E-051.224E-051.224E-051.224E-05
Sn-119m7.639E-I09.673E-111.225E-111.551E-128.847E-155.047E-170.00
Sn-120 1.246E-051,246E-051.246E-051,246E-051.246E-051.246E-051.246E-05
Sn-121m4.953E-094.818E-094,686E-094.558E-094,252E-093.967E-094.954E-15
Sb-121 I,,172E-051.172E-051.172E-051.172E-051.172E-051.172E-051.172E-05
Sn-122 1.365E-051.365E-051.365E-051.365E-051.365E-051.365E-051.365E-05
Te-122 1.164E-061.164E-061.164E-061.164E-061.164E-061.164E-061.164E.06
Sn-123 1.278E-I02.536E-125.032E-149.982E-165.534E-203.068E-240.00
Sb-123 1.455E-051.455E-051.455E-051.455E-051,455E-051.455E-051.455E-05
Te-123 1.871E-081.872E-081.872E-081,872E-081.872E-081.872E-081.872E-08
Te-123m 6.724E-139.777E-151.421E-162.066E-185.266E-231.342E-270.00
Sn-124 1.829E-051.829E-051.829E-051.829E-051.829E-051.829E-051.829E-05
Sb-124 4.465E-159.925E-192.206E-224.905E-263.614E-350.00 0.00
Te-124 9.271E-079.271E-079.271E-079.271E-079.271E-079.271E-079.271E-07
Sb-125 5.902E,063.578E-062.169E-061.315E-063.763E-071.077E-070.00
Te-125 2,198E-052.433E-052.576E-052.663E-052.758E-052.785E-052.796E-05
Te-125m8.256E-085.006E-083.035E-081.840E-085.264E-091.506E-090.00
Sn-126 4.035E-054.035E-054.035E-054.035E-054.035E-054.035E-054.008E-05
Sb-126 1.917E-121.917E-121.917E-121.917E-121.917E-121.917E-121.904E-12
Sb-126m 1.458E-141.458E-141.458E-141.458E-141.458E-141,457E-141.448E-14
Te-126 1.255E-061,255E-061,256E-061.257E-061.258E-061.259E-061.532E-06
Te-127 3.774E-133.626E-153.484E-173.348E-193.029E-242.74,1E-290.00
Te-127m 1.078E-I01.036E-129.953E-159.563E-178,653E-227.830E-270.00
1-127 8.012E-058.012E-058.012E-058.012E-058.012E-058.012E-058.012E-05

Te-128 1.584E-041.584E-041.584E-041.584E-041.584E-041.584E-041.584E-04
Xe-128 6.624E-066.624E-066.624E-066.624E-066.624E-066.624E-066.624E-06
1-129 2.487E-042.487E-042.487E-042.487E-042.487E-042.487E-042.487E-04

Xe-129 5.328E-085.330E-085.332E-085.335E-085.340E-085.346E-086.422E-08
, Te-130 4.993E-044.993E-044.993E-044.993E-044.993E-044.993E-044.993E-04

Xe-130 2.574E-052.574E-052.574E-052.574E-052.574E-052.574E-052.574E-05
Xe-131 5.013E-045.013E-045.013E-045.013E-045.013E-045,013E-045.013E-04
Xe-132 1.584E-031.584E-031.584E-031.584E-031.584E-031,584E-031.584E-03
Ba-132 3.702E-093.702E-093.702E-093.702E-093.702E-093.702E-093.702E-09
Cs-133 1.418E-031.418E-031.418E-031.418E-031.418E-031.418E-031.418E-03
Xe-134 1.984E-031.984E-031.984E-031.984E-031.984E-031.984E-031.984E-03
Cs-134 4.518E-052.307E-051.178E-056.012E-061.119E-062.085E-070.00
Ba-134 2.515E-042.736E-042.849E-042.906E-042.955E-042.964E-042.966E-04
Cs-135 4.842E-044.842E-044.842E-044.842E-044.842E-044.842E-044.840E-04

- Ba-135 1.232E-061.233E-061.233E-061.233E-061.234E-061.235E-061.378E-06
Xe-136 3.144E-033.144E-033.144E-033.144E-033.144E-033.144E-033.144E-03
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TABLE D.3.f. FissionProduct Inventoryby Isotopeat 45 MWd/kgM,g/gU
(cont'd)

Isotope 4 Years ....6 Years 8 Years 10 Ye,,,ars15 Years, 20 Years ,!000,Years,

Ba-136 3.401E-053.401E-053.401E-053.401E-053.401E-053.401E-053.401E-05
Cs-137 1.437E-031.373E-031.311E-031.251E-031.115E-039.932E-041,456E-13
Ba-137 2.408E-043.057E-043.677E-044.268E-045.634E-046.850E-041,678E-03
Ba-137m 2.199E-I02.100E-I02.005E-I01.914E-I01.706E-I01.520E-I02.227E-20
Ba-138 1.702E-031.702E-031.702E-031.702E-031.702E-031,702E-031,702E-03
La-138 5.590E-095.590E-095.590E-095.590E-095.590E-095.590E-095.590E-09
La-139 1.617E-031.617E-031.617E-031.617E-031.617E-031.617E-031,617E-03
Ce-140 1.668E-031.668E-031.668E-031.668E-031,668E-031.668E-031.668E-03
Pr.-1411.472E-031.472E-031.472E-031.472E-031.472E-031.472E-031.472E-03
Ce-142 1.494E-031.494E-031.494E-031.494E-031.494E-031.494E-031.494E-03
Nd-142 5.404E-055.404E-055,404E-055.404E-055.404E-055.404E-055.404E-05
Nd-143 8.562E-048.562E-048.562E-048.562E-048.562E-048.562E-048.562E-04
Ce-144 6.835E-O6I.151E-06 1.939E-073.266E-083.802E-I04.426E-120.00
Pr-144 2.886E-I04.861E-118.187E-121.379E-121.605E-141.869E-160.00
Pr-144m 1.443E-122.430E-134.093E-146.893E-158.025E-179.342E-190.00
Nd-144 1.885E-031.891E-031.892E-031.892E-031.892E,-031.892E-031.892E-03
Nd-145 8.414E-04B.414E-048.414E-048.414E-048.414E-048.414E-048.414E-04
Nd-146 9,.678E-049.678E-049,679E-049.679E-049.679E-049.679E-049.679E-04
Pm-146 5.589E-094.343E-093.376E-092.624E'091.397E-097,440E-I00.00
Sm-146 1.595E-081.641E-081.677E-081.704E-081.750E-081.774E-081.801E-08
Pm-147 4.141E-052.441E-051.439E-058.485E-062.264E-066.042E-070.00
Sm-147 1.797E-041.967E-042.067E-042.126E-042.188E-042.205E-042.211E-04
Nd-148 4.997E-044.997E-044.997E-044.997E-044.997E-044.997E-044.997E-04
Sm-148 2.784E-042.784E-042.784E-042.784E-042.784E-042.784E-042.784E-04
Sm-149 2.139E-062.139E-062.139E-062.139E-062.139E-062.139E-062.139E-06
Nd-150 2.510E-042.510E=042.510E-042.510E-042.510E-042.510E-042.510E-04
Sm-150 3.172E-043.172E-043.172E-043.172E-043.172E-043.172E-043.172E-04
Eu-150 3.976E-133.826E-133.682E-133.542E-133.217E-132.922E-131.866E-21
Sm-151 1.315E-051.295E-051.275E-051.255E-051.208E-051.162E-056.127E-09
Eu-151 4.233E-076.242E-078.221E-07 1.017E-061.491E-061.948E-061.357E-05
Sm-152 1.537E-041.537E-041.537E-041.537E-041.537E-041.537E-041.537E-04
Eu-152 3.876E-083.500E-083.161E-082.855E-082.213E-081.715E-083.493E-30
Gd-152 1.928E-082.032E-082.127E-082.212E-082.391E-082.530E-083.008E-08
Eu-153 1.515E-041.515E-041.515E-041.515E-041.515E-041.515E-041.515E-04
Gd-153 2.992E-I03.693E-114.557E-125.624E-133.008E-151.610E-170.00
Sm-154 5.742E-055.742E-055.742E-055.742E-055.742E-055,742E-055.742E-05
Eu-154 4.646E-053.954E-053.366E-052.865E-051.914E-051.279E-050.00
Gd-154 2.686E-053.378E-053.966E-054.467E-055.417E-056.052E-057.332E-05
Eu-155 1.302E-059.842E-067.442E-065.627E-062.798E-061.391E-060.00
Gd-155 9.941E-061.312E-051.552E-051.733E-052.016E-052.157E-052.296E-05
Gd-156 1.494E-041.494E-041.494E-041.494E-041.494E-041.494E-041.494E-04
Gd-157 1.351E-071.351E-071.351E-071.351E-071.351E-071.351E-071.351E-07
Gd-158 3.450E-053.450E-053.450E-053.450E-053.450E-053.450E-053.450E-05
Tb-159 4.433E-064.433E-064.433E-064.433E-064.433E-064.433E-064.433E-06
Gd-160 2.152E-062.152E-062.152E-062.152E-062.152E-062.152E-062.152E-06
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TABLE D,3.f. Fission ProductInventoryby Isotopeat 45 MWd/kgM,g/gU
(cont'd)

,,

isotope,_4 Ye,ars,.,,6Years, 8 Years_ .!0ye,ars....15 Years 20 Years,,,I000 Years,

Tb-160 1,034,E-139,401E-178.Ba6E-207.769E-231.936E-30.0.00 0.'00
Dy-160 6.252E-076.252E-076,252E-076.252E-076.252E-076.252E-076.252E-07
Dy,,1616.660E-076,660E-076.660E-076,660E-OT'6.660E-076.660E-076.660E-07
Dy-162 6,196E-076.196E-076.196E-076.196E-076.196E,076,196E-076,196E-07
Dy-163 5,748E-075.748E-075.748E-075.748E-075.748E-075.748E-075.748E-07
Dy-164 8.167E-088.167E-.088.167E-088,167E-088.167E-088.167E-088.167E-08
Ho-165 3.384E-073.384E-073.384E-073.384E-073,384E-073.384E,.073.384E-07
Ho-166m4,828E-094.823E-094,817E-094.812E-094.798E-094.784E-092.716E-09
Er-166 1.219E-071.219E-071.219E-071.219E-071,219E-071.219E-071.240E-07
ErL167 5.696E-095,696E-095,696E-095.696E-095,696E-095.696E-095.696E-09
Er-168 1.907E_,081.907E-081.907E-081.907E-081,907E-081.907E-081.907E-08
Tm-169 1.628E-I01.628E-I01,628E-I01.628E-I01.628E-I01.628E-I01.628E-I0
Er-170 1.125E-131,125E-131.125E-131.125E-131.125E-131,125E-131.125E-13
Tm-170 9.062E-15 1.766E-163.443E-18 6.712E-203.561E-241.889E-280.00
Yb-170 7.416E-117.417E-117.417E-117.417E-117,417E-117.417E-117.417E-11
Tm-171 6.703E-133.256E-131.582E-137.683E-141.264E-142,078E-150.00
Yb-171 6.051E-126.395E-126.563E-126.644E1126.708E-126.719E_.126.721E-12
Yb-172 3,734E-133.734E-133,734E-.133.734E-133.734E-133.734E-133.734E-13

Total 4.612E-024.612E-024.612E-024.612E-024.612E-024.612E-024,612E-02

D.63



TABLE D.3.g. FissionProductInventoryby Isotopeat 50 MWd/kgM, g/gU

Isotope,4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

H,.3 6.797E-086.075E-085.430E-084.853E-083.666E-082.769E-083.571E-32
Li-6 1.602E-I01.602E-I01.602E-101.602E-I01.602E-I01.602E-101.602E-10
Li-7 1.520E-111.520E-111.520E-111.520E-111.520E-111.520E-111.520E-11
Be-9 2.923E-112.923E-112.923E-112.923E-112.923E-112.923E-112.923E-11
Be-t0 1.953E-I01.953E-I01.953E-I01.953E-I01.953E-I01.953E-I01.952E-I0
C-14 3.946E-113.945E-113.944E-113.943E-113.941E-113.939E--113.498E-11
Zn-66 4.640E-144.640E-144.640E-144.640E-144.640E-144.640E-144.640E-14
Zn_67 1.898E-151.898E-151.898E-151.898E-151.898E-151.898E-151.898E-15
Zn-68 5.351E-175.351E-175.351E-175.351E-175.351E-175.351E-175.351E-17
Ga-71 1.424E-121.424E-121.424E-121.424E-121.424E-121.424E-121.424E-12

• Ge-72 3.596E-083.596E-083.596E-083.596E-083.596E-083.596E-083.596E-08
Ge-73 6.883E-086.883E-086.883E-086.883E-086.883E-086.883E-086.883E-08
Ge-74 1.504E-071.504E-N71.504E-071.504E-071.504E-071.504E-071.504E-07
As-75 2.958E-072.958E-072.958E-072.958E-072.958E-072,958E-072.958E-07
Ge-76 7.184E-077.184E-077.184E-077 _-_E-077.184E-077.184E-077.184E-07
Se.-76 i.318E-081.318E-081.318E-081.318E-081.318E-081.318E,..081.318E-08
Se-77 1.401E-061.401E-061.401E-061.401E-061.401E-061.401E-061.401E-06
Se-78 3.628E-063.628E-063.628E-063.628E-063.628E-063.628E-063.628E-06
Se-79 8.512E-068.512E-068.511E-068.511E-068.511E-068.510E-068.422E-06
Br-79 6.179E-I07.996E-I09.812E-I0 1.163E-091.617E-092.071E-099.060E-08
Se-80 1.919E-051.919E-051.919E-051.919E-051.919E-051.919E-051.919E-05
Kr-80 4.028E-!0,_.028E-I04.028E-I04.028E-I04.028E-I04.028E-I04.028E-I0
Br-81 2.987E-052.987E-052.987E-052.987E-052.987E-052.987E-052.987E-05
Kr-81 5.633E-115.632E-115.632E-115.632E-115.632E-115.632E-115.614E-11
Se-82 4.694E-054.694E-054.694E-054.694E-054.694E-054.694E-054.694E-05
Kr-82 2.1e1E-062.181E-062.181E-062.181E-062.181E-062,181E-062.181E-06
Kt-83 4.654E-054.654E-054.654E-054.654E-054.654E-054.654E-054.654E-05
Kr-8,_ 1.653E-041.653E-041.653E-041.653E-041.653E-041.653E-041.653E-04
Kr-85 2.271E-051.996E-051.754E-051.541E-051.115E-058.072E-062.446E-33
Rb-85 1.407E-041.435E-041.459E-041.480E-041.523E-041.554E-041.634E-04
Kr-86 2.535E-042.535E-042.535E-042.535E-042.535E-042.535E-042.535E-04
Sr-86 9.626E-079.626E-079.626E-079.626E-079.626E-079.626E-079.626E-07
Rb-87 3.238E-043.238E-0_3.238E-043.238E-043.238E-043.238E-043.238E-04
Sr-87 9.981E-099.981E-099.981E-099.981E-099.981E-099.981E-099.986E-09

" Sr-88 4.636E-044.636E-044.636E-044.636E-044.636E-044.636E-044.636E-04
Sr-89 3.014E-141.332E-185.885E-232.600E-270.00 0.00 0.00
Y-89 6.006E-046.006E-046.006E-046.006E-046.006E-046.006E-046.006E-04
Sr-90 6.171E-045.884E-045.611E-045.350E-044.750E-044.217E-043.123E-14
Y-90 1.548E-071.476E-07!.407E-07i.342E-071.191E-071.057E-077.833E-18
Zr-90 1.154E-041.441E-041.714E-041.975E-042.576E-043.109E-047.327E-04
Y-91 7.693E-131.341E-162.338E-204.077E-241.637E-330.00 0.00
Zr-91 7.905E-047.905E-047.905E-047.905E_047.905E-047.905E-047.905E-04
Zr-92 8.767E-048.767E-048.767E-048.767E-048.767E-048.767E-048.767E-0_
Zr-93 9.938E-049.938E-049.938E-049.938E-049.938E-049.938E-049.934E-04
Nb-93 6.691E-I09.989E-I01.384E-091.819E-093.095E-094.590E-094.431E-07
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TABLE D.3.g. FissionProduct Inventoryby Isotopeat 50 MWd/kgM,g/gU
(cont'd)

Isotope,4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Nb-93m 2.503E-093.074E-093.590E-094.055E-095.031E-095.787E-098.389E-09
Zr-94 1.060E-031.060E-031.060E-031.060E-031.060E-031.060E-031.060E-03
Nb-94 1.347E-091.346E-091.346E-091.346E-09I.346E-09 1.346E-091.302E-09
Zr-95 6.374E-122.331E-158.521E-193.115E-227.963E-310.00 0.00
Nb-95 7.775E-122.843E-151.039E-183.800E-227.203E-330.00 0.00
Nb-95m 2.667E-159.752E-193.565E-221.304E-250.00 0.00 0.00
Mo-95 1.044E-031.044E-031.044E-031.044E-031.044E-031.044E-031.044E-03
Zr-96 1.159E-031.159E-031.159E'031.159E-031.159E-031.159E-031.159E-03
Mo-96 9.429E-059.429E-059.429E-059.429E-059.429E-059.429E-059.429E-05
Mo-97 1.165E-031.165E-031.165E-031.165E-031.165E-031.165E-031.165E-03
Mo-98 1.239E-031.239E-031.239E-031.239E-031.239E-031.239E-031.239E-03
Tc-98 1.575E-081,575E-081.575E-081.575E-081.575E-081.575E-081.575E-08
Tc-99 1.069E-031.069E-031.069E-031.069E-031.069E-031.069E-031.065E-03
Ru-99 2.352E-083.048E-083.744E-084.439E-086.178E-087.917E-083.482E-06
Mo-t00 1.404E-031.404E-031.404E-031.404E-031.404E-031.404E-031.404E-03
Ru-100 2.368E-042.368E-042.368E-042.368E-042.368E-042,368E-042.368E-04
Ru-101 1.158E-031.158E-031.158E-031.158E-031.158E-031.158E-031.158E-03
Ru-102 1.247E-031.247E-031.247E-031.247E-031.247E-031.247E-031.247E-03
Rh-t02 8.107E,_05.026E-I03.116E-101.932E-I05.848E-111.770E-110.00
Ru-103 2.497E-166.301E-221.590E-274.013E-330.00 0.00 0.00
Rh-t03 5.832E-045.832E-045.832E-045.832E-045.832E-045.832E-045.832E-04
Ru-104 9.472E._049.472E-049.472E-049.472E-049.472E-049.472E-049.472E-04
Pd-104 5,529E-045.529E-045.529E-045.529E-045.529E-045.529E-045.529E-04
Pd-105 6o757E-046.757E-046.757E-046.757E-046.757E-046.757E-046.757E-04
Ru-106 1.271E-053.212E-068.120E-072.052E-076.592E-092.118E-I00.00
Rh-t06 1.195E-113.019E-127.632E-131.929E-136.197E-151.990E-160.00
Pd-106 7.015E-047.110E-047.134E-047.140E-047.142E-047.142E-047.142E-04
Pd-107 4.314E-044.314E-044.314E-044.314E-044.314E-044.314E-044.314E-04
Ag-t07 2,768E-I03.689E-I04.609E-105.530E-I07.832E-I01.013E-094.613E-08
Pd-108 3,005E-043.005E-043.005E-043.005E-043.005E-043.005E-043.005E-0_'
Ag-108m 2.502E-122.475E-122.448E-122.422E-122.356E-122.293E-121.090E-14
Cd-I08 1.265E-091.265E-091.265E-091.265E-091.265E-091.265E-091.266E-09
Ag-109 1.329E-041.329E-041.329E-041.329E-041.329E-041.329E-041.329E-04
Cd-I09 2.117E-137.107E-142.387E-148.014E-155.237E-163.422E-170.00
Pd-110 9.947E-059.947E-059,947E-059.947E-059.947E-059.947E-059.947E-05
Ag-t10 4.674E-166.161E-178.121E-181.071E-186.756E-214.262E-230.00
Ag-110m3.084E-084.065E-095.359E-I07.064E-114.458E-132.812E-150.00
Cd-t10 1,059E-041.059E-041.059E-041.059E-041.059E-041.059E.-041.059E-04
Cd-111 5.475E-055.475E-055.475E-055.475E-055.475E-055.475E-055.475E-05
Cd-112 3,218E-053.218E-053.218E-053.218E-053.218E-053.218E-053.218E-05
Cd-113 1.618E-071.618E-071.618E-071.619E-071.619E-071.620E-071.622E-07
Cd-113m 4.363E-073.967E-073.608E-073.281E-072.587E-072.040E-071.226E-27
In-113 1.373E-071.768E-072.127E-072.454E-073.147E-073.693E-075.731E-07
Cd-!14 3.983E-053.983E-053.983E-053.983E-053.983E-053.983E-053.983E-05
Sn-114 7.461E-097.461E-097.461E-097.461E-097.461E-097.461E-097.461E-09
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TABLE D.3.g. FissionProduct Inventoryby Isotopeat 50 MWd/kgM,g/gU
(cont'd)

Isotope,4 Years 6 Years 8 Years I0 Years 15 Years 20 Years 1000 Years

In-115 2.492E-062.492E-062.492E-O6,2.492E-062.492E-062.492[-062.492E-06
Sn-115 5.304E-075.304E-075.304E-075.304E-075.304E-075.304E-075.304E-07
Cd-116 1.371E-051.371E-051.371E-051.371E-051.371E-051.371E-051.371E-05
Sn-116 1.417E-051.417E-051.417E-051.417E-051.417E-051,417E-051.417E-05
Sn-117 1,381E-051.381E-051.381E-051.381E-051.381E-051.381E-051.381E-05
Sn-118 1.394E-05,I.394E-051.394E-051.394E-051.394E-051,394E-051.394E-05
Sn-119 1.390E-051.390E-051.390E-051.390E-051.390E-051.390E-051.390E-05
Sn-119m9.044E-I01.1,45E-I01.450E-111.836E-121.048E-145.978E-170.00
Sn,120 1,414E-051.414E-051.414E-051.414E-051.414E-051.414E-051.414E-05
Sn-121m 5.663E-095.508E-095.357E-095._11E-094.861E-094.536E-095.665E-15
Sb-121 1.310E-051.310E-051.310E-051.310E-051.310E-051.310E-051.310E-05
Sn-122 1.546E-051.546E-051.546E-051.546E-051.546E-051.546E-051.546E-05
Te-122 1.484E-061.484E-061.484E-061.484E-061.484E-061,484E-061.484E-06
Sn-123 1.449E-I02.874E-125.702E-141.131E-156.271E-203.477E-240.00
Sb-123 1.634E-051.634E-051.634E-051.634E-051.634E-051.634E-051.634E-05
Te-123 2.521E-082.521E-082.521E-082.521E-082.521E-082.521E-082.521E-08
Te-123m 9.865E-131.434E-142.085E-163.031E-187,726E-231.969E-270.00
Sn-124 2.065E-052.065E-052,.065E-052.065E-052.065E-052.065E-052.065E-05
Sb-].24 5.746E-151.277E-182.840E-226.312E-264.651E-350.00 0.00
Te-124 1.195E-061.195E-061.195E-061.195E-061.195E-061.195E-061.195E-06
Sb-125 6.711E-064.068E-062.466E-061.495E-064.279E-071.224E-070.00
Te-125 2.494E-052.762E-052.924E-053.023E-053.131E-053.162E-053.17_E-05
Te-125m 9.387E-085.692E-083.451E-082.092E-085.985E-091.712E-090.00
Sn-126 4.574E-054.574E-054.574E-054.574E-054.574E-054.573E-054.542E-05
Sb-126 2.173E-122.173E-122.173E-122.173E-122.173E-122.173E-122.158E-12
Sb-126m 1.652E-141.652E-141.652E-141.652E-141.652E-141.652E-141.641E-14
Te-126 1.489E-061.489E-061.490E-061.491E-061.492E-061.494E-061.803E-06
Te-127 4.289E-134,121E-153.960E-173.804E-193.442E-243.115E-290.00
Te-127m 1.225E-I01.177E-121.131E-141.087E-169.83,3E-228.898E-270.00
1-127 9.008E-059.008E-059,rOO8E-059.008E-059.008E-059,008E-059.008E-05

Te-128 1.784E-041.784E-041.784E-041.784E-041.784E-041.784E-041.784E-04
Xe-128 8.541E._068.541E-068.541E-068.541E-068.541E-068.541E-068.541E-06
1-129 2.765E-042.765E-042.765E-042.765E-042.765E-042.765E-042.765E-04

Xe-129 7.771E-087.773E-087.776E-087.778E-087.784E-087,790E-088.987E-08
Te-130 5.600E-045.600E-045.600E-045.600E-045.600E-045.600E-045.600E-04
Xe-130 3.279E-053.279E-053.279E-053.279E-053.27'9E-053.279E-053.279E-05
Xe-131 5.?34E-045.234E-045.234E-045.234E-045.234E-045.234E-045.234E-04
Xe-132 1.806E-031.806E-031.806E-031.806E-031.806E-031.806E-031.806E-03
Ba-132 4.617E-094.617E-094.617E-094.617E-094.617E-094.617E-094.617E-09
Cs-133 1.527E-031.527E-031.527E-031.527E-031.527E-031.527E-031.527E-03
Xe-134 2.201E-032.201E-q32.201E-032.201E-_32.201E-032.201E-032.201E-03
Cs-134 5.464E-052.789E-051.424E-057.270E-061.354E-062.521E,,070.00
Ba-134 3.055E-043.322E-043.459E-043.529E-043.588E-043.599E-043.601E-04
Cs-135 5.095E-045.095E-045.095E-045.095E-045.095E-045.095E-045.094E-04
Ba-135 1.726E-061.726E-061.726E-061.726E-061.727E-061.728E-061.878E-06
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TABLE D.3.g. FissionProduct Inventoryby Isotopeat 50 MWd/kgM, g/gU
(cont'd)

__o.tope 4 Years 6 .Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Xe-136 3.544E-033.544E-033.544E-033.544E-033.544E-033,544E-033.544E-03
Ba-136 4.004E-054.004E-054.004E-054.004E-054.004E-054.004E-054.004E-05
Cs-137 1.598E-031.525E-031.457E-031.391E-031.239E-031.104E-031.618E-13
Ba-137 2.675E-043.396E-044.085E-044.743E-046.260E-047.612E-041.865E-03
Ba-137m2.444E-I02.334E-I02.228E-I02.128E-I01.896E-I01.689E-I02.475E-20
Ba-138 1.881E-031.881E-031.881E-031.881E-031.881E-031.881E-031.881E.-03
La-13.85.501E-095.501E-095.501E-095.501E-095.501E-095.501E-095.501E-09
La-139 1.783E-031.783E-031.783E-031.783E-031.783E-031.783E-031.783E-03
Ce-140 1.849E-031.849E,031.849E-031.849E.-031.849E-031.849E-031.849E-03
Pr-141 1.617E-031.617E-031.617E-031.617E-031.617E-031.617E-031.617E-03
Ce-142 1.648E-031.648E-031.648E-031.648E-031.648E-031.648E-031.648E-03
Nd-142 6.799E-056.799E-056.799E-056.799E-056.799E-056.799E-056.799E-05
Nd-143 8.780E-048.780E-048.780E-048.780E-048.780E-048.780E-048.780E-04
Ce-144 7.472E-061.258E-062.119E-073.570E-084.156E-I04.838E-120.00
Pr-144 3.155E-I05.314E-118.949E-121.507E-121.755E-142.043E-160.00
Pr-144m1.577E-122.656E-134.474E-147.535E-158.771E-171.021E-180.00
Nd-144 2.134E-032.140E-032.141E-032.141E-032.141E-032.142E-032.142E-03
Nd-145 9.054E-049.054E-049.054E-049.054E-049.054E-049.054E-049.054E-04
Nd-146 1.093E-031.093E-031.093E-031.093E-031.093E-031.093E-031.093E-03
Pm-146 6.548E-095.089E-093.955E-093.074E-09 1.637E-098.717E-I00.00
Sm-146 1.849E-081.903E,081.945E-081.977E-082.030E-082.059E-082.091E-08
Pm-147 4.152E-052.448E-051.443E-058.508E-062.270E-066.059E-070.00
Sm-147 1.771E-041.942E-042.042E-042.101E-042.164E-042.180E-042.187E-04
Nd-148 5.547E-045.547E-045.547E-045.547E-045.547E-045.547E-045.547E-04
Sm-148 3.164E-043.164E_043.164E-043.164E-043.164E-043.164E-043.164E-04
Sm-149 2.247E-062.247E-062.247E-062.247E-062.247E-062.247E-062.247E-06
Nd-150 2.823E-042.823E-042.823E-042.823E-042.823E-042.823E-042.823E-04
Sm-150 3.499E-043.499E-043.499E-043.499E-043.499E-043.499E-043.499E-04
Eu-150 4.162E-134.004E-133.853E-133.708E-133.367E-133.058E-131.955E-21
Sm-151 1.380E-051.359E-051.338E-05].318E-051.268E-051.220E-056.432E-09
Eu-151 4.427E-076.537E-078.615E-07 1.066E-061.564E-062.043E-061.424E-05
Sm-152 1.633E-041.633E-041.633E-041.633E-041.633E-041.633E-041.633E-04
Eu-152 3.557E-083.212E-082.901E-082.620E-082.031E-081.574E-083.206E-30
Gd-152 1.752E-081.848E-081.935E-082.013E-082.177E-082.305E-082.743E-08
Eu-153 1.675E-041.675E-041.675E-041.675E-041.675E-041.675E-041.675E-04
Gd-153 3.157E-I03.897E-114.809E-125.935E-133.177E-151.700E-170.00
Sm-154 6.648E-056.648E-056.648E-056.648E-056.648E-056.648E-056.648E-05
Eu-154 5.395E-054.592E-053.908E-053.326E-052.223E-051.486E-050.00
Gd-154 3.133E-053.936E-054.620E-055.202E-056.305E-057.042E-058.528E-05
Eu-155 1.522E-051.151E-058.704E-066.581E-063.272E-061.627E-060.00
Gd-155 1.160E-051.532E-051.812E-052.025E-052.356E-052.520E-052.683E-05
Gd-156 1.968E-041.968E-041.968E-041.968E-041.968E-041.968E-041.968E-04
Gd-157 1.648E-071.648E-071.648E-071.648E-071.648E-071.648E-071.648E-07
Gd-158 4.428E-054.428E-054.428E-054,428E-054.428E-054.428E-054.428E-05
Th--159 5.294E-065.294E-065.294E-065.294E-065.294E-065.294E-065.294E-06
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TABLE D.3.g. FissionProduct Inventoryby Isotopeat 50 MWd/kgM, g/gU
(cont'd)

Isotope 4 Years..6 YeArs. 8 Years .10Years 15 Years .20Years 1000 Years.

Gd-160 2.545E-062.545E-062.545E-062.545E-062.545E-062.545E-062.545E-06
Tb-160 1.390E-131.264E-161.149E-191.044E-222.603E-300.00 0.00
Dy-160 8.015E-078.015E-078.015E-078.015E-078.015E-078.015E-078.015E-07
Dy-161 7.880E-077.880E-077.880E-077.880E-077.880E-077.880E-077.880E-07
Dy-162 7.335E-077.335E-077.335E-077.335E-077.335E-077.335E-077.335E-07
Dy-163 7.133E-077.133E-077.133E-077.133E-077.133E-077.133E-077.133E-07
Dy-164 1.008E-071.008E-071.008E-071.008E-071.008E-071.008E-071.008E-07
Ho-165 4.499E-074.49gE-074.499E-074.499E-074.499E-074.499E-074.499E-07
Ho-166m7.214E-097.206E-097.197E-097.189E-097.168E-097.148E-094.058E-09
Er-166 1.722E-071,723E-071.723E-071.723E-071.723E-071.723E-071.754E-07
Er-167 7.435E-097.435E-097.435E-097.435E-097.435E-097.435E-097.435E-09
Er-168 2.610E-082.610E-082.610E-082.610E-082.610E-082.610E-082.610E-08
Tm-169 2.350E-I02.350E-I02.350E-I02.350E-102.350E-I02.350E-I02.350E-I0
Er-170 1.803E-131.803E-131.803E-131.803E-131.803E-131.803E-131.803E-13
Tm-170 1.472E-142.870E-165.594E-181.090E-195.784E-243.069E-280.00
Yb-170 1.183E-I01.183E-I01.183E-I01.183E-I01.183E-I01.183E-I01.183E-I0
Tm-171 1.230E-125.976E-132.903E-131.410E-132.319E-143.814E-150.00
Yb-171 1.090E-111.153E-111.184E-111.199E-11.I.211E-111.213E-111.213E-11
Yb-172 7.628E-137.628E-137.628E-137.628E-137.628E-137.628E-137.628E-13

Total 5.119E-025.119E-025.119E-025.119E-025.119E-025.119E-025.119E-02
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TABLE D.4.a. Actinide Inventoryby Isotopeat 20 MWd/kgM,g/gU

Isotope 4 Years 6 Years _8 Years _10Years 15 Years 20 Years I000 Years

He-4 4.022E-074.389E-074.777E-075.185E-076.279E-077,456E-071.575E-05
Ph-207 4.119E-157.212E-151.123E-141.618E-143.264E-145.500E-141.264E-I0
Pb-208 9.233E-121.580E-112.343E-113.174E-115.379E-117.602E-115.378E-I0
Pb-212 5.234E-156.404E-157.166E-157.624E-157.973E-157.831E-157,838E-19
Ra-224 4.566E-145.586E-146.251E-146.651E-146.955E-146,831E-146.837E-18
Ra-226 1,881E-132,791E-133.886E-135.167E-139.185E-131.438E-.122.463E-09
Ac-227 4.572E-146.159E-147,754E-1491356E-141.339E-131.746E-138.766E-12
Th-228 8.865E-121.083E-111.212E-111.289E-111,350E-111.326E-111.329E-15
Th-229 4.399E-134.528E-134,671E-134.826E-135.268E-135.787E-133,238E-I0
Th-230 4.633E-095,681E-096.734E-097.791E-091.045E-081.314E-086.497E-07
Th-231 5.505E-145.505E-145.505E-145.505E-145.505E-145.505E-145.556E-14
Th-232 5.993E-I07.695E-I09.397E-I01.110E-091.535E-091.961E-098.746E-08
Th-234 1.387E-111.387E-111.387E-111.387E-111.387E-111.387E-111.387E-11
Pa-231 4.507E-I04.770E-I05,032E-I05.295E-I05.950E-I06.605E-I01.342E-08
Pa-233 7.507E-127.527E-127.554E-127,584E-127.680E-127.796E-122.709E-11
U-232 4.640E-I04.994E-I05.171E-I05.240E-I05,178E-I04.990E-I04.934E-14
U-233 1.439E-091.588E-091.737E-091.886E-092.244E-092.606E-091.839E-07
U-234 1,877E-041,885E-041.893E-041.901E-041.920E-041.939E-042.401E-04
U-235 1.354E-021.354E-021.354E-021,354E-021.354E-021.354E-O2I.367E-02
U-236 2.923E-032.9_.4E-032.924E-032.924E-032.925E-032.926E-033.067E-03
U-237 1.775E-111.612E-111.464E-111.330E-111.045E-118.218E-122.635E-18

: U-238 9.555E-019.555E-019.555E-019.555E,-019.555E-019.555E-019.555E-01
Np-235 9.706E-142,703E-147.527E-152.096E-158.577E-173.510E-180.00
Np-236 1.698E-I01.698E-I01.698E-I01.698E-I01.698E-I01.698E-I01,688E-I0
Np-237 2.210E-042,216E-042.224E-042.233E-042.261E-042.295E-047.977E-04
Np-238 1.643E-131.629E-131.614E-131.599E-131.563E-131.528E-131.751E-15
Np-239 1.361E-111.361E-111.361E-111.361E-111.360E-111.359E-111.240E-11
Pu-236 1.182E-I07.266E-114.468E-112.748E-118.147E-122.416E-123.765E-16
Pu-238 5.313E-055.231E-055.150E-055.070E-054.875E-054.688E-053.035E-08
Pu-239 4.578E-034.577E-034.577E-034,577E-034.576E-034.576E-034.450E-03
Pu-240 1.461E-031.461E-031,461E-031.461E-031.460E-031.460E-031.317E-03
Pu-241 5.733E-045.207E-044.729E-044.295E-043.376E-042.654E-048.522E-11

-- Pu-242 1.431E-041.431E-041.431E-041.431E-041.431E-041.431E-041.430E-04
Pu-244 1.581E-091.581E-091.581E-091.581E-091.581E-091.581E-091.581E-09
Am-241 1.671E-042.191E-042.661E-043.086E-043.977E-044.664E-041.539E-04
Am-242m8.765E-078.686E-078,607E-078.529E-078.336E-078.149E-079.340E-09
Am-242 1.049E-111.039E-111,030E-111.020E-119.972E-129_747E-121.117E-13
Am-243 1.584E-051.584E-051.584E-051.583E-051.583E-051.582E-051.443E-05
Cm-242 1.445E-082,658E-092.110E-092,068E-092.017E-091.972E-092.259E-11
Cm-243 8.767E-088.351E-087.954E-087.576E-086.709E-085.941E-082.647E-18
Cm-244 1.985E-061,839E-061.703E-061.578E-061.303E-061.076E-065.517E-23
Cm-245 5.537E-085.536E-085.535E-085,534E-085.532E-085.530E-085.105E-08
Cm-246 3.471E-093.470E-093.469E-093.468E-093.466E-093.463E-093.000E-09
Cm-247 1.747E-111.747E-111,747E-111.747E-111.747E-111.747E-111.747E-11
Cm-248 4.646E-134.646E-134.646E-134o646E-134.646E-134,646E-134.637E-13

q Cf-249 3.076E-153.146E-153,151E-153.142E-153.112E-153,081E-154.435E-16

Total 9.793E-019.793E-019.793E-019.793E-019.793E-019.793E-019.793E-01
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TABLE D.4.b. Actinide Inventoryby Isotopeat 25 MWd/kgM, g/gU

Isotop,e4 Years 6 Years 8 Years 10 Years 15 Years .20Ye..ars,,1000 Years

He-4 6.785E-077.351E-077.940E-078.551E-071.016E-061.187E-062.065E-05
Pb-207 4.307E-157.538E-151.172E-141.683E-143.365E-145.614E-141.026E-I0
Pb-208 1.367E-112.386E-113.585E-114.900E-118.413E-111.197E-I08.598E-I0
Pb-212 8.048E-151.001E-141.130E-141.210E-141.274E-141.254E-141.241E-18
Ra-224 7.020E-148.728E-149.861E-141.055E-131.111E-131.094E-131.083E-17
Ra-226 1.742E-132.583E-133.597E-134.786E-138.528E-13 1.339E-122.635E-09
Ac-227 4.786E-146.419E-148.036E-149.637E-141.358E-131.744E-137.051E-12
Th-228 1.363E-111.693E-111.912E-112.046E-112.157E-112.124E-112.104E-15
Th-229 6.969E-137.120E-137.288E-137.473E-138.012E-138.656E-134.348E-I0
Th-230 4.276E-095.256E-096.243E-097.238E-099.758E-091.232E-087.037E-07
Th-231 4.377E-144.377E-144.377E-144.377E-144.377E-144.377E-144.431E-14
Th-232 6.917E-I08.860E-I01.080E-091.275E-091.760E-092.246E-091.001E-07
Th-234 1.382E-111.382E-111.382E-111.382E-111.382E-111.382E-111.382E-11
Pa-231 4.682E-I04.890E-I05.099E-I05.308E-I05.829E-I06.349E-I01.079E-08
Pa-233 1.031E-111.033E-111.037E-111.041E-111.053E-111.069E-113.622E-11
U-232 7.287E-I07.912E-I08.232E-I08.364E-I08.290E-I07.994E-I07.831E-14
U-233 1.658E-091.862E-092.066E-092.272E-092.762E-093.259E-092.465E-07
U-234 1.751E-041.765E-041.779E-041.792E-041.825E-041.857E-042.644E-04
U-235 1.076E-021.076E-021.076E-021.076E-021.077E-021.077E-021.090E-02
U-236 3.337E-03 3.338E-03 3.338E-03 3.338E-03 3.339E-03 3.340E-03 3.518E-03

• U-237 2.357E-11 2.141E-11 1.944E-II 1.766E-1i 1.388E-II 1.091E-11 9.759E-18
U-238 9,516E-01 9.516E-01 9.516E-01 9.516E-01 9.516E-01 9.516E-01 9.516E-01

Np-235 1.597E-13 4,446E-14 1.238E-14 3.448E-15 1.411E-16 5.774E-18 0.00
Np-236 2.582E-I0 2.582E-I0 2,582E-I0 2.582E-I0 2.582E-I0 2.581E-I0 2.566E-I0
Np-237 3.035E-04 3.043E-04 3.053E-04 3.065E-04 3.102E-04 3.147E-04 1,066E-03
Np-238 2.218E-13 2.198E-13 2.178E-13 2.158E-13 2.109E-13 2.062E-13 2.363E-15
Np-239 3.088E-II 3.088E-II 3,087E-11 3.086E-11 3.085E-II 3.083E-II 2.812E-II
Pu-236 2.041E-I0 1.255E-I0 7.717E-II 4.746E-II 1.407E-11 4.173E-12 5,726E-16
Pu-238 9.046E-05 8.907E-05 8.768E-05 8.631E-05 8.299E-05 7.980E-05 4.814E-08
Pu-239 4.818E-03 4.818E-03 4.818E-03 4.817E-03 4.817E-03 4.816E-03 4.685E-03
Pu-240 1,832E-03 1.832E-03 1.832E-03 1.832E-03 1.832E-03 1.832E-03 1.654E-03
Pu-241 7.612E-04 6.914E-04 6.279E-04 5.703E-04 4.483E-04 3.524E-04 3.156E-I0
Pu-242 2.540E-04 2.540E-04 2.540E-04 2.540E-04 2.540E-04 2.540E-04 2.538E-04
Pu-244 4.881E-09 4.881E-09 4.881E-09 4.881E-09 4.881E-09 4.881E-09 4.881E-09
Am-241 2.185E-04 2.876E-04 3.500E-04 4.065E-04 5.247E-04 6.160E-04 2.037E-04
Am-242m1.183E-06 1.172E-06 1.161E-06 1.151E-06 1.125E-06 1,100E-06 1.260E-08
Am-242 1.415E-II 1,402E-11 1.389E-11 1.377E-II 1.346E..11 1.315E-11 1.508E-13
Am-243 3.593E-05 3.593E-05 3.592E-05 3.591E-05 3.590E-05 3,588E-05 3.273E-05
Cm-242 2.333E-08 3.760E-09 2.855E-09 2.790E-09 2.722E-09 2.661E-09 3.048E-II
Cm-243 1.879E-07 1.790E-07 1.705E-07 1.624E-07 1.438E-07 1.273E-07 5.674E-18
Cm-244 6.049E-06 5.604E-06 5.191E-06 4.808E-06 3.971E-06 3.279E-06 1.681E-,22
Cm-245 2.050E-07 2.050E-07 2.050E-07 2,049E-07 2.049E-07 2.048E-07 1.890E-07
Cm-246 1.731E-08 1.731E-08 1.730E-08 1.730E-08 1.728E-08 1.727E-08 1.496E-08
Cm-247 1.141E-I0 1,141E-I0 1.141E-I0 1.141E-I0 1.141E-I0 1.141E-I0 1.141E-I0
Cm-248 4.020E-12 4.020E-12 4.020E-12 4.020E-12 4.020E-12 4.020E-12 4.012E-12

L
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TABLE D.4.b. Actinide Inventoryby Isotopeat 25 MWd/kgM,g/gU '
(cont'd)

Isotop_e4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Yea.rs

Bk-249 1.114E-152,289E-164.705E-179.670E-181.852E-193,552E-210.00
Cf-249 3.246E-143.321E-143.326E-143.317E-143.285E-143.253E-144.683E-15

•.Cf-250 4.079E-153.669E-153.300E-152.968E-152.277E-151.747E-154.876E-25
Cf-251 1.682E-151.679E-151.677E-151.674E-151.667E-151.661E-157.796E-16

Total 9.742E-019.742E-019.742E-019.742E-019.742E-019.742E-019.742E-01
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TABLE D.4.c. Actinide Inventoryby Isotopeat 30 MWd/kgM,g/gU

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

He-4 1.017E-06 1.101E-06 1,186E-06 1.273E-06 1.499E-06 1.732E-06 2.517E-05
Pb-207 4.390E-15 7.685E-15 1.193E-14 1.710E-14 3.399E-14 5.629E-14 8.232E-II
Pb-208 1.895E-11 3.360E-11 5.103E-II 7,026E-II 1.219E-I0 1.743E-I0 1.267E-09
Pb-212 1.150E-14 1.448E-14 1.648E-14 1.772E-14 1.875E-14 1.849E-14 1.808E-18,,
Bi-212 1.091E-15 1.374E-15 1.563E-15 1.681E-15 1.779E-15 1.754E-15 1.715E-19
Ra-224 1.003E-13 1.263E-13 1.438E-13 1.546E-13 1.636E-13 1.613E-13 1.577E-17
Ra-226 1.607E-13 2.381E-13 3.318E-13 4.420E-13 7.903E-13 1.245E-12 2.890E-09
Ac-227 4.886E-14 6.536E-14 8.150E-14 9.731E-14 1.355E-13 1.719E-13 5.595E-12
Th-228 1,947E-II 2.450E-11 2.788E-II 2.997E-II 3.177E-11 3,132E-II 3.065E-15

,Th-229 1.043E-12 1.060E-12 1.079E-12 I.I00E-12 1.163E-12 1.239E-12 5.370E-I0
Th-230 3.933E-09 4.848E-09 5,776E-09 6.714E-09 9.110E-09 1.157E-08 7.811E-07
Th-231 3.423E-14 3.423E-14 3.423E-14 3.423E-14 3.423E-14 3.424E-14 3.479E-14
Th-232 7.663E-I0 9.790E-I0 1.192E-09 1.404E-09 1.937E-09 2.469E-09 1.099E-07
Th-234 1.376E-II 1,376E-II 1.376E-11 1.376E-II 1.376E-II 1.376E-II 1.376E-11
Pa-231 4.763E-I0 4.926E-I0 5.089E-I0 5.252E-I0 5.659E-I0 6,067E-I0 8.565E-09
Pa-233 1.323E-II 1.326E-II 1.330E-II 1.335E'II 1.350E-11 1.368E-II 4.423E-II
U-232 1.059E-09 1.158E-09 1.209E-09 1.231E-09 1.222E-09 1.180E-09 1.142E.,13
U-233 1.836E-09 2.097E-09 2.359E-09 2.622E-09 3.251E-09 3.888E-09 3.031E-07
U-234 1,633E-04 1.654E-04 1,675E-O4,1.695E-04 1.745E-04 1.793E-04 2.983E-04
U-235 8.418F-03 8.418E-03 8.419E-03 8.419E-03 8.420E-03 8.420E-03 8.556E-03
U-236 3.654E-03 3.655E-03 3.655E-03 3.656E-03 3.657E-03 3.658E-03 3.871E-03
U-237 2.832E-11 2.572E-11 2.336E-11 2.122E-11 1.668E-11 1.311E-11 2.758E-17
U-238 9.475E-01 9.475E-01 9.475E-01 9.475E-01 9.475E-01 9.475E-01 9.475E-01

Np-235 2.370E-13 6.599E-14 1.838E-14 5.117E-15 2,094E-16 8.569E-18 0.00
Np-236 3.566E-I0 3.566E-I0 3.566E-I0 3.566E-I0 3.566E-I0 3,565E-I0 3.544E-I0
Np-237 3.894E-04 3.903E-04 3.915E-04 3.929E-04 3.973E-04 4.027E-04 1.302E-03
Np-238 2.602E-13 2.578E-13 2.555E-13 2.531E-13 2.474E-13 2.419E-13 2.772E-15
Np-239 5.839E-II 5.838E-II 5.837E-II 5.836E-II 5.833E-11 5.831E-II 5.318E-II
Pu-236 3.178E-I0 1.954E-I0 1.202E-I0 7.390E-II 2.191E-II 6.498E-12 7.909E-16
Pu-238 1.369E-04 1,348E-04 1.327E-04 1.307E-04 1.256E-04 1,208E-04 6.828E-08
Pu-239 4.972E-03 4.972E-03 4.972E-03 4.972E-03 4.971E-03 4.970E-03 4.838E-03
Pu-240 2.182E-03 2.182E-03 2.183E-03 2.183E-03 2.184E-03 2.185E-03 1.976E-03
Pu-241 9.148E-04 8.308E-04 7.546E-04 6.853E-04 5.387E-04 4.235E-04 8.920E-I0
Pu-242 3.884E-04 3.884E-04 3.88_E-04 3.884E-04 3.884E-04 3.884E-04 3.879E-04
Pu-244 1.206E-08 1.206E-08 1.206E-08 1.206E-08 1.206E-08 1.206E-08 1.206E-08
Am-241 2.575E-04 3.405E-04 4.156E-04 4.834E-04 6.255E-04 7.353E-04 2.437E-04
Am-242m1.388E-06 1.375E-06 1.362E-06 1.350E-06 1.320E-06 1.290E-06 1.478E-08
Am-242 1.660E-II 1.645E-11 1.630E-II 1.615E-II 1.579E-11 1.543E-11 1.769E-13
Am-243 6o795E-05 6.793E-05 6.792E-05 6.791E-05 6.788E-05 6.785E-05 6.188E-05
Cm-242 3.294E-08 4.660E-09 3.361E-09 3.274E-09 3.193E-09 3.121E-09 3.576E-II
Cm-243 3.346E-07 3.187E-07 3.035E-07 2.891E-07 2.560E-07 2.267E-07 1.010E-17
Cm-244 1.467E-05 1.359E-05 1.259E-05 1.166E-05 9.627E-06 7.950E-06 4.077E-22
Cm-245 5.795E-07 5.794E-07 5.793E-07 5.793E-07 5.790E-07 5.788E-07 5.343E-07
Cm-246 6.289E-08 6.288E-08 6.286E-08 6.284E-08 6.279E-08 6.275E-08 5,435E-08
Cm-247 5.176E-I0 5,176E-I0 5.176E-I0 5.176E-I0 5.176E-I0 5.176E-I0 5.175E-I0
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TABLE D.4.c. Actinide Inventoryby Isotopeat 30 MWd/kgM, g/gU
(cont'd)

Isotope 4 Years 6 Years 8 Years !O,_e.ars,,.15 Years 20 Years 1000 Years

Cm-248 2.314E-112,314E-112.314E-112.314E-112.314E-112.314E-112.310E-11
1 Bk-249 7.621E-151.566E-153.219E-166.615E-171.267E-182.425E-200.00

Cf-249 2.186E-132.238E-132.241E-132.235E-132.213E-132.192E-133.155E-14
Cf-250 3.063E-142.755E-142.478E-142.229E-141.710E-141.312E-144.626E-24
Cf-251 1.389E-141,387E-141.385E-141.383E-141.377E-141.372E-146.439E-15
Cf-252 2.351E-151.390E-158.219E-164.859E-161.306E-Ii33.511E-170.00

Total 9.691E-019.691E-019.691E-019.691E'019.691E-019.691E-019.691E-01
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TABLE D.4,d. Actinide Inventoryby Isotopeat 35 MWd/kgM,g/gU

Isotope _4 Years _6 Years _ 10 Years !,,,5Years_ ,20,Ye,,ars....1000 Years

He-4 1,407E-061,528E-061.649E-061.771E-062.081E-062,393E-062.988E-05
Pb-207 4.381E-157.672E-151,190E-141.705E-143.372E-145.556E-146,559E-11
Pb-208 2.497E-114.489E-116.878E-119.525E-111.666E-I02,393E-I01.756E-,09
Pb-212 1.554E-141.978E-142.265E-142.444E-142,598E-142.565E-142.479E-18
Bi-212 1.474E-151.876E-152.149E-152.319E-152.464E-152.433E-152.351E-19
Ra-224 1,355E-131.725E-131.976E-132.132E-132,266E-132.238E-132.162E-17
Ra-226 1.476E-132,188E-133.051E-134.069E-137.310E-131.158E-123.216E-09
Ac-227 4.882E-146,523E-148.113E-149.656E-141.332E-131.675E-134.398E-12
Th-228 2.632E-113.346E-113.831E-114.134E-114.401E-114.345E-114.202E-15
Th-229 1.485E-121.503E-121.524E-121,548E-121.619E-121.706E-126.405E-I0
Th-230 3.603E-094.458E-095.331E-096.219E-098.508E-091.089E-088.787E-07
Th-231 2.641E-142.641E-142.642E-142.642E-142.642E-142,.642E-.142.699E-14
Th-232 8.237E-I01.049E-091.275E-09I,.501E-092.065E-092.630E-091.168E-07
Th-234 1.369E-111.369E-111.369E-111.369E-11,1.369E-111.369E-111.369E-11
Pa-231 4.757E-I04,883E-I05.009E-I05.135E-I05.449E-I05.763E-I06,732E-09
Pa-233 1.619E-111.623E-111.627E-111.633E-111.650E-111.672E-115.234E-11
U-232 1.451E-091.595E-091.671E-091.704E-091.696E-091.637E-091.567E-13
U-233 1.979E-092.299E-092.620E-092,942E-093.711E-094.489E-093.604E-07
U-234 1.521E-041.551E-041.580E-041,608E-041.678E-041.744E-043,405E-04
U-235 6.496E-036.497E-036.497E-036,497E-036.498E-036.499E-036.637E-03
U-236 3.878E-033.878E-033.879E-033,879E-033.880E-033.882E-034.122E-03
U-237 3.321E-113.016E-112.739E-112.488E-111.956E-111,537E-116.420E-17
U-238 9.432E-019.432E-019.432E-019.432E-019.432E-019.432E-019.432E-01

. Np-235 3.262E-139.083E-142.529E-147.043E-152.882E-161,179E-170.00
Np-236 4,610E-IO,4.610E-104.610E-I04.610E-I04,610E-I04.610E-I04,583E-I0
Np-237 4.767E-044,778E-044,792E-044.808E-044.859E-044.922E-041.541E-03
Np-238 2.807E-132.782E-132.757E,132.732E-132.670E-132.610E-132.991E-15
Np-239 9.791E-119.789E-119.787E-119.785E-119.781E-119.776E-ii8.917E-11
Pu-236 4.594E-I02.825E-I01.737E-I01.068E-I03.168E-119.394E-121.023E-15
Pu-238 1.912E-041.882E-041,853E-041.824E-041.754E-041.686E-049.030E-08
Pu-239 5,058E-035.058E-035.057E-035.057E-035.056E-035.056E-034.925E-03
Pu-240 2.452E-032.453E-032,455E-032.456E-032.459E-032.461E-032.233E-03
Pu-241 1.073E-039.741E-048.847E-048,035E-046.316E-044.965E-042.076E-09
Pu-242 5.435E-045.435E-045.435E-045.435E-045.435E-045.435E-045.428E-04
Pu-244 2,547E-082,547E-082,547E-082.547E-082.547E-082.547E-082.547E-08
Am-241 2,940E-043.914E-044.794E-045.589E-047.256E-048.544E-042.842E-04
Am-242m 1.497E-061.484E-061.470E-061.457E-061.424E-061.392E-061.595E-08
Am-242 1.791E-111.775E-111.759E-111.743E-111.704E-111.665E-111.908E-13
Am-243 1.139E-041.139E-041.139E-041.139E-041.138E-041.138E-041.038E-04
Cm-242 4.230E-085.333E-093.641E-093.534E-093.446E-093.368E-093.859E-11
Cm-243 5.218E-074.970E-074.734E-074.510E-073.993E-073.536E-071.575E-17
Cm-244 3.021E-052.799E-052.592E-052.401E-051.983E-051.638E-058.397E-22
Cm-245 1.349E-061.349E-061.348E-061.348E-061.348E-061.347E-061.244E-06
Cm,-246 1.837E-071.837E-071.836E-071.836E-071.834E-071,833E-071.588E-07
Cm-247 1.837E-091.837E-091.837E-091.837E-091.837E-091.837E-091.837E-09
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TABLE D.4.d. Actinide Inventoryby Isotopeat 35 MWd/kgM,g/gU
(cont'd)

l

Isotope ,4Year.s,6 Years _8.Years !,0Years _!.5Yea,rs,,.20 Years,.1000 Years,

Cm-248 1.014E-I01.014E-I0i.014E-I01.014E-I01.014E-I01.014E-,I01.012E-I0
Bk-249 3.B41E-147.895E-15 1.623E-153.335E-166.385E-181.223E-190.00
Cf-249 1.087E-121.113E-121.115E-121.112E-121.101E-121.091E-1Z1.570E-13
Cf-250 1.659E-131.492E-131.342E-131.207E-139.263E-147.107E-143.123E-23
Cf-251 8.092E-148.080E-148.067E-148.055E-148.024E-147.993E-143.751E-14
Cf-252 1.698E-141.004E-145.935E-153.509E-159.432E-162.535E-160.00

Total 9.640E-019.640E-019.640E-019.640E-019.640E-019.640E-019.640E-01
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TABLED.4.e. Actinide Inventory by Isotope at 40 MWd/kgM,g/gU

Iso_to e 4 Years 6 Yea_s, 8...LYears_ !0 Years__15 Years ....20 ,,.Years .1000 years.

He,4 1,854E-06 g.Og5E-06 g.194E-06 g.362E-06 g.180E-06 3.19gE-06 3,451E-05
Pb-g07 4.g9gE-15 7.517E-15 1,166E-14 1.668E,-14 3.g90E-14 5.400E-14 5.gOIE-11
Pb-g08 3.155E-II 5.738E,II 8.855E-II I.g3gE-IO g.170E-IO 3,127E-I0 g.31gE-09
Pb-gl2 g,OO4E-14 2.574E-14 2.96gE-14 3.gO6E-14 3.419E-14 3.380E-14 3,g30E-18
Bi-g09 1.309E-15 1.659E-15 g.OIgE-15 g.370E-15 3.g85E-15 4.g39E-15 1.930E-11
Bi-212 1,901E-15 g,44gE-15 g.810E-15 3.041E-15 3.g43E-15 3.gO6E-15 3,064E-19
Ra-g24 1.748E-13 g.g45E-13 g,584E-13 g.797E-13 g.983E-13 2.948E-13 2.818E-17
Ra-g26 1.35gE-13 2.004E-13 2.798E-13 3.739E-13 6,756E-13 1,077E-12 3.603E-09
Ac-gg7 4.786E-14 6,391E-14 7.935E-14 9.423E-14 I.gBgE-13 1.613E-13 3,430E-Ig
Th-gg8 3.394E-II 4.355E-11 5,011E-II 5.4ggE-II 5.79gE-11 5.725E-II 5.475E-15
Th-g29 g.OgOE-Ig 2.039E-12 g.O61E-12 g.O87E-Ig g.165E-Ig g.g63E-12 7,365E-I0
Th-g30 3,g91E-09 4.092E-09 4,914E-09 5,758E-09 7.957E-09 I.OgSE-08 9.937E-07
Th-g31 g.OI4E-14 2.014E-14 2,014E-14 g.OI4E-14 g.O15E-14 g.OISE-14 2.07gE-14
Th-232 8.657E-I0 1.100E-09 1.334E-09 1.567E-09 g.15gE-09 g,738E-09 I,glgE-07
Th-g34 1.363E-11 1.363E-II 1.363E-11 1.363E-II 1.363E-II 1.363E-II 1.363E-II
Pa-g31 4.669E-I0 4.765E-I0 4,861E-I0 4.957E-I0 5.196E-I0 5.435E-I0 5.g51E-09
Pa-g33 1.905E-11 1.909E-11 1.914E-II 1.9gOE-II 1.940E-11 1.964E-II 5.973E-11
u-g3g 1.893E-09 g.O91E-09 2.195E-09 g.g4gE-09 g.g34E-09 g.158E-09 g.O43E-13
u-g33 g.O91E-09 g.468E-09 g.,845E-09 3.gg4E-09 4.128E-09 5.043E-09 4.13gE-07
u-g34 1.418E-04 1.457E-04 1,495E-04 1.533E-04 1.624E-04 1.71gE.-04 3.897E-04
U-235 4.953E-03 4.953E-03 4.954E-03 4.954E-03 4.955E-03 4.955E-03 5.095E-03
u-g36 4.018E-03 4.019E-03 4.019E-03 4.020E-03 4.OglE-03 4.0ggE-03 4.g84E-03
u-g37 3.756E-11 3.412E-11 3,099E-11 g.814E-I1 g.glgE-II 1.739E-II 1.295E-16
u-g38 9.387E-01 9,387E-01 9.387E-01 9.387E-01 9.387E-01 9.387E,-01 9.387E-01

Np-g35 4.221E-13 1.175E-13 3.g73E-14 9,116E-15 3.730E-16 1.526E-17 0.00
Np-g36 5.660E-I0 5.660E-I0 5.660E-I0 5.660E-I0 5.659E-I0 5.659E-I0 5.626E-I0
Np-g37 5.608E-04 5.6gOE-04 5.636E-04 5.654E-04 5.711E-04 5.781E-04 1.759E-03
Np-g38 2,911E-13 2.884E-13 g.858E-13 g.83gE-13 g.768E-13 g.706E-13 3.101E-15
Np-g39 1.498E-I0 1.498E-I0 1.498E-I0 1.497E-I0 1.497E-I0 1.496E-I0 1.364E-I0
Pu-236 6.g49E-10 3.843E-I0 2.363E-I0 1.453E-I0 4.309E-11 1.278E-11 I.g55E-15
Pu-g38 g.518E-04 2,479E-04 g.440E-04 g,4OgE-04 g.310E-04 g.ggoE-04 1.141E-07
Pu-g39 5.094E-03 5,094E-03 5.094E-03 5.094E-03 5.093E-03 5.093E-03 4.966E-03
PL,-g40g.646E-032.64gE-032.653E-032,.656E-03g.66gE-03g.666E-032.430E-03
Pu-g41 1.213E-031.102E-031.001E-039.089E-047.145E-045,616E-044.189E-09
Pu-g4g 7.157E-047.157E-047.157E-047.157E-047.157E-047.157E-047.147E-04
Pu-g44 4.813E-084.813E-084.813E-084.813E-084.813E-084.813E-084._BI3E-08
Am-g41 3.248E-044.349E-045.345E-046.g45E-048.131E-049.588E-043.199E-04
Am-g4gm 1.552E-061.538E-061.524E-061.510E-061.476E-061.443E-061,654E-08
Am-g4g 1.857E-111.840E-111.823E-111.807E-111.766E-111.726E-111.979E-13
Am-g43 1.743E-041.743E-041.743E-041.742E-041.74gE-041.741E-041.588E-04
Cm-24g 5.148E-085.871E-093.790E-093.664E-093.57gE-093.49gE-094.001E-11
Cm-g43 7.436E-077.083E-076.747E-076.427E-075.691E-075.039E-07g.245E-17
Cm-g44 5.556E-055,147E-054.768E-054.416E-053.647E-053.01gE-051.544E-gl
Cm-g45 g.7ggE-062.721E-062.721E-06g.7gOE-06g.lIgE-06g.lI8E-06g.509E-06
Cm-g46 4.534E-074,533E-074.532E-074.530E-074.527E-074.524E-073.gIgE-07
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TABLE D.4.e. Actinide Inventoryby Isotopeat 40 MWd/kgM, g/gU
(cont'd)

4__.__(_e___tL.6 Years ,,8,Yea_ 10__Yea,rs,.!5Years 20,_Yea,r,,s1_000Years,

Cm-247 5.366E-095.366E-095.366E-095.366E-095.366E-095.366E-095.366E-09
Cm-248 3.574E-I03.575E-I03.575E-I03.575E-I03.575E-I03.575E-I03.568E-I0
Bk-249 ,I.519E-133.122E-146.417E-151.319E-152.525E-174.836E-190.00
Cf-249 4.249E-124.352E-124.360E-124.348E-124.306E-124.264E-126.138E-13
Cf-250 6.934E-136.237E-135.610E-135.046E-133.871E-132.970E-131.617E-22
Cf-g51 3.576E-133.571E-133.565E-133.560E-133.546E-133.532E-131.658E-13
Cf-252 9.076E-145.366E-143.173E-141.876E-14_.043E-151.356E-150.00

Total 9.589E-019.B89E-019.589E-019.589E-019.589E-019.589E-019.589E-01
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TABLE D.4.f. Actinide Inventoryby Isotopeat 45 MWd/kgM,g/gU

Isotope 4 Years 6 Years 8 Year_s_E_10 Years 15 Years 20 Years 1000 Years

He-4 2.348E-062,583E-062.814E-063.042E-063.596E-064.130E-063.892E-05
Pb-207 4.138E-157,248E-151.124E-141.608E-143.164E-145.177E-144.114E-11

' Pb-208 3.846E-117.062E-11Io096E-I01.532E-I02.713E-I03.920E-I02.915E-09
Pb-212 2.484E-14 3.215E-143.715E-144.031E-144.311E-144.265E-144.035E-18
Bi-209 1.743E-152.200E-152.660E-153.125E-154.310E-155.536E-I_2.156E-11
Bi-212 2.357E-153.050E-153.524E-153.823E-154.089E-154.045E-153.827E-19
Ra-224 2.167E-132.804E-133.241E-133.516E-133.760E-133.720E-133.519E-17
Ra-226 1.235E-131.831E-132.561E-133.430E,,136.242E-13 1.002E-124,030E-09
Ac-227 4.614E-146.162E-,147.643E-149.062E-141.236E-131.535E-132.662E-12
Th-228 4.209E-115.439E-116.284E-116.817E-117.301E-117.223E-116.839E-15
Th-229 2.638E-122.659E-122.682E-122.710E-122.794E-122.901E-128.204E-I0
Th-230 3.000E-093.751E-Og4.529E-09 5.333E-097.457E-099.738E-091.120E-06
Th-231 1.519E-141.519E-14i,,_19E-141,520E-141.520E-141.520E-141.577E-14
Th-232 8.944E-I01.132E-091.370E-091.608E-092.204E-092.799E-091.236E-07_
Th-234 1.356E-111.356E-111.356E-111.356E-111.356E-111,356E-111.356E-11
Pa-231 4,512E-I04.584E-I04.656E-I04.729E-I04.909E-I05.090E-I04.075E-09
Pa-233 2,_.6_,-112.173E-112.179E-112.186E-112.207E-112.232E-116.600E-11
U-232 2.S_DE-092.627_-092.763E-092.825E-092.818E-092.723E-092.553E-13
U-233 2.175E-092.604E-093,034E-093.465E-094,494E-095.534E.-094.587E-07
U-234 1.323E-041.372E-041.420E-041,467E-041,582E-041.692E-044.434E-04
U-235 3.736E-033.737E-033.737E-033.737E-033.738E-033.739E-033.879E-03
U-236 4.088E-034.089E-034.090E-034.090E-034.092E-034.093E-034.371E-03
U-237 4.110E-113.732E-113.390E-113.079E-112.420E-111.902E-112.344E-16
U-238 9.341E-019.341E-019.341E-019.341E-019.341E-019.341E-019.341E-01
Np-235 5.198E-131.447E-134.031E-141.122E-144.593E-161.880E-170.00
Np-236 6.664E-I06.664E-I06.664E-I06.664E-I06.663E-I06.663E-I06.624E-I0
Np-237 6.386E-046.399E-046.415E-046.435E-046.497E-046.573E-041.943E-03
Np-23B 2.924E-132.897E-132.871E-132.845E-132.781E-132.718E-133.116E-15
Np-239 2.132E-I02.132E-I02.132E-I02.131E-I02.130E-I02.129E-I01.942E-I0
Pu-236 8.085E-I04.971E-I03.057E-I01.880E-I05.574E-111.653E-111.478E-15
Pu-238 3.162E-043,113E-043,065E-043.017E-042.900E-042,788E-041.389E-07
Pu-239 5.107E-035.107E-035.107E-035.107E-035.106E-035.106E-034.985E-03
Pu-240 ,2.777E-032.783E-032.788E-032.794E-032.805E_032.814E-032.581E-03
Pu-241 1.327E-031.205E-031.095E-039.943E-047.816E-046.144E-047.580E-09
Pu-242 8.972E-048.972E-048.972E-048.972E-048.972E-048.972E-048.960E-04
Pu-244 8.315E-088.315E-088.315E-088.315E-088.315E-088.315E-088.315E-08
Am-241 3.482E-044.688E-045.777E-046.762E-048.826E-041.042E-033.487E-04
Am-242m 1,560E-061.545E-061.531E-061.517E-061.483E-061.450E-061.662E-OB
Am-242 1.866E-111.849E-111.832E-111.815E-111.774E-111.734E-111.988E-13
Am-243 2,481E-042.481E-042.480E-042.480E-042.479E-042.477E-042.260E-04
Cm-242 5.993E-086.267E-093.824E-093.682E-093.589E-093.508E-094.019E-11
Cm-243 9.840E-079.372E-078.927E-078.504E-077.530E-076.668E-072.971E-17
Cm-244 9.338E-058,650E-058.013E-057.422E-056.129E-055,062E-052.595E-21
Cm-245 4.924E _6 4.924E-064.923E-064.922E-064.920E-064.918E-064.540E-06
Cm-246 9,826E-079.824E-079.821E-079.818E-079.811E-079.803E-078.492E-07



_TABLED.4.f. Actinide Inventoryby Isotopeat 45 MWd/kgM,g/gU
(cont'd)

Isotope 4 Years 6 Years 8____Years.10Years 15 Years 20 Years 1000 Years , ,_,,

Cm-247 1.349E-081.349E-081.349E-081.349E-081.349E-081.349E-081.349E-08
Cm-248 1.066E-091.066E-091.066E-091.066E-091.066E-091.066E-091.064E-09
Bk-249 4.991E-131.026E-132.108E-144.333E-158.297E-171.589E-180.00
Cf-249 1.381E-111.415E-111.418E-111.414E-111.400E-111.386E-111.996E-12
Cf-250 2.380E-122.141E-12],o925E-121.732E-121.329E-121.019E-126.855E-22
Cf-251 1.283E-121.281E-121.279E-121.277E-121,272E-121.267E-125.947E-13
Cf-252 3.870E-132.288E-131.353E-137.999E-142.150E,-145.780E-150.00

Total 9.538E-019.538E-019.538E-019.538E-019.538E-019.538E-019.538E-01

D.79
--

-



TABLE D.4.g. Actinide Inventoryby Isotopeat 50 MWd/kgM,g/gU

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

He-4 2.884E-063.203E-063.512E-063.814E-064.536E-065.216E-064.311E-05
Pb-207 3.935E-156.892E-15 1.069E-141.528E-143,003E-144.903E-143.255E-11
Pb-208 4.547E-118.415E-11 1.313E-I01.841E-I03.275E-I04.742E-I03.543E-09
Pb-212 2.978E-143,877E-144.495E-144.887E-145.238E-145.186E-144.862E-18
Bi-209 2.240E-152.815E-153.394E-153.978E-155.461E-156.989E-152.346E-11
Bi-212 2.825E-153.678E-154.264E-154.636E-154.969E-154,919E-154.611E-19
Ra-224 2.597E-133.382E-133.922E-134.263E-134.569E-134.524E-134.241E-17
Ra-226 1.126E-131.670E-132.340E-133.144E-135.770E-139.343E-134.475E-09
Ac-227 4.386E-145.859E-147.263E-148.602E-141.169E-131.446E-132.061E-12
Th-228 5,044E-116.559E-117.604E-118.265E-118.872E-118.784E-118.241E-15
Th-229 3,326E-123,347E-123.372E-123.400E-123.490E-123.604E-128.897E-I0
Th-230 2.730E-093.436E-094.174E-094.944E-097.006E-099.257E-091.251E-06
Th-231 1.136E-141.136E-141.136E-141.136E-141.136E-141.136E-141.194E-14
Th-232 9.116E-I01.150E-091.389E-091.628E-092.225E-092.822E-091,242E-07
Th-234 1.349E-111.349E-111.349E-111.349E-111.349E-111,349E-111.349E-11
Pa-231 4.302E-I04.356E-I04.410E-I04.464E-I04.599E-104.1Z33E-103.155E-09
Pa-233 2.403E-112.408E-112.414E-112.421E-112.443E-I]2.470E-117.098E-11
U-232 2.862E-093.183E-093.353E-093.432E-093.427E-093.312E-093.077E-13
U-233 2.236E-092.711E-Oq3.187E-093.664E-094.804E-095.955E-094.957E-07
U-234 1.237E-041.295E-.041.353E-041.410E-041.549E-041.682E-044.991E-04
U-235 2.793E-032.793E-032.793E-032.794E-032.794E-032.795E-032.935E-03
U-236 4.102E-034.102E-034.103E-034.103E-034.105E-034.106E-034.397E-03
U-237 4.369E-113.968E-113.604E-113.273E-112.573E-112.022E-113.896E-16
U-238 9.293E-019.293E-019.293E-019.293E-019.293E-019.293E-019.293E-01

Np-235 6.145E-131.711E-13_.766E-141.327E-145.431E-162.222E-170,00
Np-236 7.583E-I07.583E-I07.583E-I07.583E-I07,583E-I07.583E-I07.538E-I0
Np-237 7.076E-047.089E-047.107E,-047.128E-047.193E-047.274E-042.090E-03
Np-238 2.862E-132..836E-132.810E-132.785E-132.722E-132.661E-!33.050E-15
Np-239 2.866E-I02_8_5E-I02.865E-I02.864E-I02.863E-I02.8_2E-I02.610E-I0
Pu-236 1.003E-096.168E-I03.793E-I02.332E-I06.916E-112.051E-111.682E-15
Pu-238 3.818E-043.759E-043.701E-043.645E-043.502E-043.366E-041.636E-07
Pu-239 5.109E-035.108E-035.108E-035.108E-035.108E-035.107E-O3.4,994E-03
Pu-240 2.863E-032.873E-032.882E-032.890E-032.909E-032.924E-032.706E-03
Pu-241 1.411E-031.282E-031.164E-031.057E-028.309E-046.532E-041.260E-08
Pu-242 1.079E-031.079E-031.079E-031.079E-031.079E-031.079E-031.078E-03
Pu-244 1.338E-071.338E-071.33_E-071.338E-071.338E-07!.338E-071.338E-07
Am-241 3.638E-044.919E-046.078E-047.125E-049.320E-041,I02E-033,695E-04
Am-242m 1.527E-061.513E-061.499E-061.485E-061.452E-061.419E-061.627E-08
Am-242 1.826E-111.809E-111.793E-111.777E-111.737E-111.698E-111.946E-13
Am-243 3.335E-043.334E-043.334E-043.333E-043.331E-043.330E-043.037E-04
Cm-242 6.723E-086.519E-093.760E-093,605E-093.513E-093.434E-093.934E-11
Cm-243 i.229E-061.170E-061,115E-061,062E-069.403E-078.327E-073.710E-17
Cm-244 1.461E-041.353E-041.253E-041.161E-049.588E-057.918E-054.060E-21
Cm-245 8.186E-068.185E-068.183E-068.182E-068.179E-068.175E-067.547E-06
Cm-246 1.924E-06I._23E-061.923E-061.922E-061.921E-061.919E-061.663E-06

D.80



TABLE D.4.g. Actinide Inventoryby Isotopeat 50 MWd/kgM, g/gU
(cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Cm-247 3.011E-083.011E-083.011E-083.011E-083.011E-083.011E-083.011E-08
Cm-248 2.775E-092.775E-092.775E-092.776E-092.776E-092.776E-092.770E-09
Bk-249 I°409E-122.896E-135.951E-141.223E-142.342E-164.485E-180.00
Cf-249 3.861E-113.957E-113.964E-113.953E-113.916E-113.877E-115.582E-12
Cf-250 6.955E-126.255E-125.626E-125.061E-123.883E-122.979E-122.463E-21
Cf-251 3.882E-123.876E-123.870E-123.864E-123.849E-123.834E-121.800E-12
Cf-.252 1.369E-128.095E-134.786E-132.830E-137.607E-142.045E-140.00

Total 9.487E-019.487E-019.487E-019.487E-019.487E-019.487E-019.487E-01

D.8!



TABLE D.B.a. FissionProductInventoryby Element at 20 MWd/kgM, g/gU

.Element4 Years 6 Years 8 Years 10 Years 15 Years .2..0y.ear..s1000 Years

H 2.461E-082.200E-081.966E-081.757E-081.327E-081.002E-081.292E-32
Li 1.570E-I01.570E-I01.570E-I01.570E-I01.570E-I01.570E-I01.570E-I0
Be 9.079E-119.079E-119.079E-119.079E-119.079E-119.079E-11.9.076E,11

, C 1.595E-111.595E-111.595E-111.594E-11 1.593E-111.592E-111.414E-11
Zn 2.534E-142.534E-142.534E-142.534E-142.534E-142.534E-142.534E-14
Ga 5.077E-135.077E-135.077E-135.077E-135.077E-135.077E-135.077E-13
Ge 4.093E-074.093E-074.093E-074.093E-074.093E-074.093E-074.093E-07
As 1.240E-071.240E-071.240E-071.240E-071.240E-071.240E-071.240E-07
Se 3.553E-053.553E-053.553E-053.553E-053.553E-053.552E-053.549E-05
Br 1.387E-051.387E-051.387E-051.387E-051.387E-051.387E-051.391E-05
Kr 2.340E-042.327E-042.315E-042.305E-042.285E-042.270E-042.231E-04
Rb 2.270E-042.284E-042.295E-042.305E-042.326E-042.341E-042.379E-04
Sr 5.364E-045.221E-045.085E-044.955E-044.655E-044.390E-042.288E-04
Y 2.994E-042.994E-042.994E-042.994E-042.994E-042.994E-042.994E-04
Zr 2.268E-032.282E-032.296E-032.309E-032.339E-032.365E-032.575E-03
Nb 1.822E-092.234E-092.649E-093.065E-094.104E-095.143E-092.088E=07
Mo 2.043E-032.043Z-032.043E-032.043E-032.043E-032.043E-032.043E-03
Tc 4.894E-044,894E-044.894E-044.894E-044.894E.-044.894E-044.878E-04
Ru 1.243E-031.241E-031.240E-031.240E-031.240E-031.240E-O3.1.242E-03
Rh 3.033E-043.033E-043.033E-043.033E-043.033E-043.033E-043.033E-04
Pd 6.524E-046.547E-046.553E-046.554E-046.555E-046.555E-046.555E-04
Ag 3.931E-053.931E-053.931E-053.931E-053.931E-053.931E-053.932E-05
Cd 4.834E-054.834E-054.833E-054.832E-054.831E-054.830E-054.825E-O5
In 2.091E-062.100E-062.108E-062.115E-062.131E-062.143E-062.190E-06
Sn 5.101E-055.101E-055.101E-055.101E-055.101E-055.101E-055.090E-05
Sb 1.310E-051.222E-051.169E-051.137E-051.102E-051.092E-05I_088E-05
Te 2.804E-042.813E-042.818E-042.821E-042.825E-042.826E-042.828E-04
I 1.374E-041.374E-041.374E-041.374E-041.374E-041.374E-041.374E-04

Xe 3.015E-033.015E-033.015E-033.015E-033.015E-033.015E-033.0!5E-03
Cs 1.728E-031.695E-031.665E-031.638E-031.576E-031.522E-031.082E-03
Ba 9.514E-049.847E-041.015E-031.042E-031.103E-031.158E-031.598E-03
La 7.498E-047.498E-047.498E-047.498E-047.498E-047.498E-047.498E-04
Ce I.451E-03 1.448E-031.448E-031.448E-031.448E-031.448E-031.448E-03
Pr 6.924E-046.924E-046.924E-046.924E-046.924E-046.924E-046.924E-04
Nd 2.473E-032.476E-032.476E-032.477E-032.477E-032.477E-032.477E-03
Pm 3.316E-051.955E-051.153E-056.795E-06 1.813E-064.840E-070.00
Sm 4.925E-045.060E-045.139E-045.184E-045.231E-045.241E-045.160E-04
Eu 6.882E-056.671E-056.500E-056.363E-056.123E-055.985E-056.528E-05
Gd 3.722E-053.947E-054.132E-054.284E-054.557E-054.729E-055.040E-05
Tb 1.207E-061.207E-061.207E-061.207E-061.207E-061.207E-061.207E-06
Dy 6.037E-076.037E-076.037E-076.037E-076.037E-076.037E-076.037E-07
Ho 4.960E-084.960E-084.960E-084.960E-084.960E-084.960E-084.946E-08
Er 1.950E-081.950E-081.950E-081.950E-081.951E-081.951E-081.964E-08
Tm 1.335E-111.334E-111.334E-111.334E-111.334E-111.334E-11.i.334E-11
Yb 2.557E-122.561E-122.563E-122.564E-122.565E-122.565E-)22.565E-!2

Total 2.061E-022.061E-022.061E-022.061E-022.061E-022.061E-022.061E-02

D.82



TABLE D.B.b. FissionProduct Inventoryby Elementat 25 MWd/kgM,g/gU

.Element 4 Years, 6 Years 8 Years 10 Years 15_Years 20 Years 1000 Years

H, 3.140E-082.806E-082.508E-082.242E-081.693E-081.279E-081.649E-32

Li 1.709E-I01.709E-I01.709E-I01.709E_-I01.709E-I01.709E-I01.709E-I0
Be 1.133E-I01.133E-I01.133E-I0!;_I,3,3,,E..,IO'I.133E-101.133E-I01 132E-I0

C I 990E 11 1,990E-111,989E-II,,',;L';98i,_E-111,988E 11 1,986E 11 I1764E-11
Zn 3.018E 14 3.018E-143.018E-I,_.I,_i,,,,,O,},'SE-!'43.018E 14 3.018E 14 3.018E-14
Ga 6 547E 13 6,547E-136.547E-13"@,54,TE,,'i36,547E 13 6.547E 13 6.547E,-13
Ge 5.066E-075.066E-075.066E-075.066E-075.066E-075,066E-075.066E-07
As 1.538E-071.538E-071.538E-071.538E-071.538E-071.538E-071.538E-07
Se 4.355E-054.355E-054.355E-054.355E-054.355E-054.355E-054.350E-05
Br 1.692E-051.692E,051.692E-05I.,692E-051.692E-051.692E-051.696E-05
Kr 2.832E-042.816E-042.802E-042.'790E-042.765E-042.747E-042,700E-04
Rb 2.737E-042.753E-042.767E-042.779E-042.804E,-042.B22E-042.869E-04 "
Sr 6,450E-046.279E-046.115E-045.958E-045.599E-045.280E-042.754E-04
Y 3.598E-043.598E-043.598E-043.598E-043.598E-043,598E-043.597E-04
Zr 2.769E-032.787E-032.803E-032.819E-032,855E-032.886E-033.139E-03
Nb 2.286E-092.788E-093.294E-093.800E-095.066E-096.332E-092.544E-07
Mo 2.539E-032.539E-032.539E-032.539E-032.539E-032.539E-032,539E-03
Tc 5.998E-045,998E-045.998E-045.998E-045,998E-045.998E-045,978E-04
Ru 1.599E-031.596E-031.595E-031.595E-031.595E-031.595E-031,597E-03
Rh 3.675E-043,675E-043.675E-043.675E-043.675E-043.675E-043.675E-04
Pd 9.212E-049.245E-049.253E-049.255E-049.256E-049.256E-049.255E-04
Ag 5.399E-055.398E-055.398E-055.398E-055,398E-055.398E-055.400E-05
Cd 6.944E-056,943E-056.942E-056.941E-056,939E-056.937E-056.931E-05
In 2.254E-062.266E-062.277E-062.287E-062.309E-062.326E-062.390E-06
Sn 6.616E-056.616E-056.616E-056.616E-056.616E-056.616E-056,602E-05
Sb 1.673E-051,559E-051.490E-051.448E-051.402E-051.389E-051,384E-05
Te 3.575E-043.587E-043.594E-043.598E-043.602E-043.604E-043,606E-04
I 1.753E-041.753E-041.753E-_41.753E-041.753E-041.753E-041.752E-04

Xe 3.839E-033.839E-033.839E-b33.839E-033.839E-033.839E-033.839E-03
Cs 2.086E-032.043E-032.005E-031.971E-031.893E-031.826E-031,275E-03
Ba 1.199E-031,242E-031.280E-031.315E-031.392E-031.460E-032.010E-03

,_ La 9.288E-049.288E-049,288E-049.288E-049,288E-049.288E-049.288E-04
Ce 1.801E-031.798E-031.797E-031.797E-031.797E-031.797E-031.797E-03
Pr 8.558E-048.558E-048.558E-048.558E-048.558E-048.558E-048.558E-04
Nd 3.064E-033.067E-033.068E-033.068E-033.068E-033.068E-033.068E-03
Pm 3.673E-052.165E-051.277E-057.526E.-062.009E-065.361E-070.00
Sm 6.045E-046.195E-046.282E.-046.333E-046.384E-046.395E-046.308E-04
Eu 9.605E-059.270E-058.998E-058.777E-058.386E-058.153E-058.589E-05
Gd 5.841E-056.192E-056.479E-056.716E-057.143E-057.412E-057.903E-05
Tb 1.714E-061.714E-061.714E-061.714E-061.714E-061.714E-061.714E-06
Dy 8.835E-078.835E-078.835E-078.835E-078.835E-078.835E-078.835E,-07
Ho 7.993E-087,993E-087.993E-087.993E-087,993E-087.993E-087.966E-08
Er 3.100E-083.100E-083.100E-083,100E-083.100E-083.101E-083.127E-08
Tm 2.584E-112.583E-112.582E-112.582E-112,582E-112.582E-112.582E-11
Yb 6.413E-126.427E-126.433E-126.436E-126,439E-126.439E-126.439E-12

Total 2.573E-022.573E-022.573E-022,573E-022.573E-022.573E-022.573E-02

D.83
_



TABLE D.5.c. FissionProduct Inventoryby Elementat 30 MWd/kgM,g/gU

.Element 4 Years ,.,6Years 8 Years 10 Years 15 Year_s 20 Years 1000 Years

H 3.838E-083.431E-083.066E-082.741E-082.070E-081.563E-082.017E-32
Li 1.784E-I01.784E-I01.784E-I01.784E-I01.784E-I01.784E-I01.784E-I0
Be 1.357E-I01.357E-I01.357E-I01.357E-I01.357E-I01.357E-I01.356E-I0
C 2.384E-112.383E-112.383E-112.382E-112.381E-112.379E-112.113E-11
Zn 3.458E-143.458E-143.458E-143.458E-143.458E-143.458E-143.458E-14
Ga 8.052E-138.052E-138.052E-138.052E-138.052E-138.052E-138.052E-13
Ge 6.025E-076.025E-076.025E-076.025E-076.025E-076.025E-076.025E-07
As 1.831E-071.831E-071.831E-071.831E-071.831E-071.831E-071.831E-07
Se 5.129E-055.129E-055.129E-055.129E-055.129E-055.129E-055.124E-05
Br 1.981E-051.981E-051.981E-051.981E-051.981E-051.981E-051.987E-05
Kr 3.296E-043.277E-043.261E-043.246E-043.218E-043.197E-043.143E-04
Rb 3.173E-043.192E-043.208E-043.222E-043.251E-043.272E-043.326E-04
Sr 7.460E-047.262E-047.072E-046.892E-046.476E-046.107E-043.189E-04
Y 4.158E-044.158E-044.158E-044.158E-044.158E-044.158E-044.157E-04

Zr 3.251E-033.271E-033.290E-033.308E-033.349E-033.386E-033.678E-03
Nb 2.746E-093.334E-093.927E-094.520E-096.002E-097.485E-092.980E-07
Mo 3.030E-033.030E-033.030E-033.030E-033.030E-033.030E-033.030E-03
Tc 7.048E-047.048E-047.048E-047.048E-047.048E-047.048E-047.025E-04
Ru 1.971E-031.967E-031.965E-031.965E-031.965E-031.965E-031.967E-03
Rh 4.244E-G44.244E-044.244E-044.244E-044.244E-044.244E-044.244E-04
Pd 1.226E-031.230E-031.231E-031.231E-031.231E-031.231E-031.231E-03
Ag 6.935E-05G.934E-056.934E-056.934E-056.934E-056.934E-056.936E-05
Cd 9.498E-059.497E-059.495E-059.494E-059.491E-059.489E-059.480E-05
In 2.362E-062.379E-062.393E-062.407E-062.436E-062.458E-062.543E-06
Sn 8.209E-058.209E-058.209E-058.209E-058.209E-058.208E-058.191E-05
Sb 2.046E-051.905E-051.819E-051.767E-051.710E-051.693E-051.687E-05
Te 4.365E-044.380E-044.388E-044.393E-044.399E-044o401E-044.403E-04
I 2.135E-042.135E-042.135E-042.135E-042.135E-042.135E-042.135E-04

Xe 4.676E-034.676E-034.676E-034.676E-034.676E-034.676E-034.676E-03
Cs 2.428E-032.375E-032.328E-032.286E-032.193E-032.112E-031.450E-03
Ba 1.451E-031.504E-031.551E-031.59_-03 1.686E-031.767E-032.429E-03
La 1.105E-031.105E-031.105E-031.105E-031.105E-031.105E-031.105E-03
Ce 2.148E-032.144E-032.143E-032.143E-032.143E-032.143E-032.143E-03
Pr 1.015E-031.015E,-031.015E-031.015E-031.015E-031.015E-031.015E-03
Nd 3.647E-033.651E-033.651E-033.651E-033.651E-033.651E-033.651E-03
Pm 3.903E-052.301E-051.357E-057.999E-062.135E-065.699E-070.00
Sm 7.114E-047.273E-047.366E-047.420E-047.474E-047.486E-047.394E-04
Eu 1.251E-041.202E-041.163E-041.131E-041.074E-041.039E-041.067E-04
Gd 8.656E-059.155E-059.565E-059.903E-051.051E-041.090E-041.160E-04
Tb 2.287E-062.287E-062.287E-062.287E-062.287E-062.287E-062.287E-06
Dy 1.217E-061.217E-061.217E-061.217E-061.217E-061.217E-061.217E-06
Ho 1.216E-071.216E-071.216E-071.216E-071.216E-071.216E-071.211E-07
Er 4.731E-084.731E-084.731E-064.732E-084.732E-084.732E-084.781E-08
Tm 4.476E-114.472E-114.470E-114.469E-114.469E-114.468E-114o468E-11
Yb 1.378E-111.381E-111.3B3E-111.384E-111.385E-111.385E-111.385E-11

Total 3.084E-023.084E-023.084E-023.084E-023.084E-023.084E-023.084E-02

D.84



TABLE D.B.d. FissionProduct Inventoryby Elementat 35 MWd/kgM,g/gU

Element 4 Years_ 6 Years 8 Years. 10 Years 15 Years 20 Years !O00Years

H 4.555E-084.072E-083.639E-083.253E-082.457E-081.856E-082.394E-32. ,
Li 1.810E-I01.810E-I01.810E-I01.810E-I01.810E-I01.810E-I01.810E-I0
Be 1.580E-I0 1.580E-I01.580E-I01.580E-I0 1.580E-I01.580E-I01.579E-I0
C 2.776E-112.776E-112.775E-112.774E-112,773E-112.771E-112.461E-11

, Zn 3.855E-143.855E-143.855E-143.855E-143.855E-143.855E-143.855E-14
Ga 9.584E-139.584E-139.584E-139.584E-139.584E-139.584E-139.584E-13
Ge 6.971E-076.971E-076.971E-076.971E-076.971E-076.971E-076.971E-07
As 2.121E-072.121E-072.121E-072.121E-072.121E-072.121E-072.121E-07
Se 5.875E-055.875E-055,875E-055.875E-055.875E-055.875E-055.869E-05
Br 2.254E-052.254E-052.254E-052.254E-052.254E-052.254E-052.261E-05
Kr 3.732E-043.711E-043.692E-043.676E-043.643E-043.620E-043.558E-04
Rb 3.579E-043.600E-043 618E-043.634E-043.667E-043.690E-043.752E-04
Sr 8.393E-048.170E-047.957E-047.754E-047.287E-046.873E-043.592E-04
Y 4,674E-044.674E-044.674E-044.674E-044.674E-044.674E-044.673E-04
Zr 3.712E-033.735E-033.756E-033.776E-033.823E-033.864E-034.192E-03
Nb 3.202E-093.872E-094.547E-095.222E-096.910E-098.598E-093.394E-07
Mo 3.516E-033.516E-033.516E-033.516E-033.516E-033.516E-033.516E-03
Tc 8.041E-048.041E-048.041E-048.041E-048.041E-048.041E-048.015E-04
Ru 2.358E-032.353E-032.351E-032.351E-032.351E-032.351E-032.353E-03
Rh 4.740E-044.740E-044.740E-044.740E-044.740E-044.740E-044.740E-04
Pd 1.566E-031.571E-031.572E-031.573E-031.573E-031.573E-031.573E-03
Ag 8.521E-058.520E-058.520E-058.519E-058.520E-058.520E-058.522E-05
Cd 1.254E-041.254E-041.254E-041.254E-041.253E-041.253E-041.252E-04
In 2.443E-062.464E-062.483E-062.500E-062.537E-062.566E-062.675E-06
Sn 9.878E-059.878E-059.878E-059.878E-059.877E-059.877E-059.857E-05
Sb 2.431E-052.260E-052.156E-052.093E-052.024E-052.005E-051.997E-05
Te 5.173E-045.190E-045.201E-045.207E-045.214E-045.216E-045.219E-04
I 2.520E-042.520E-042.520E-042.520E-042.520E-042.520E-042.520E-04

Xe 5.525E-035.525E-035.525E-035.525E-035.525E-O3.5.525E-035.525E-03
Cs 2.757E-032.692E-032.637E-032.588E-032.479E-032.383E-031.611E-03
Ba 1.707E-031.77].E-031.825E-031.876E-031.985E-032.080E-032.852E-03
La 1.278E-031.278E-031.278E-031.278E-031.278E-031.278E-031.278E-03
Ce 2.491E-032.486E-032.485E-032.485E-032.485E-032.485E-032.485E-03
Pr 1.171E-031.171E-031.171E-031.171E-031.171E-031.171E-031.171E-03
Nd 4.222E-034.227E-034.228E-034.228E-034.228E-034.228E-034.228E-03
Pm 4.037E-052.380E-051.403E-058.272E-062.208E-065.894E-070.00
Sm 8.130E-048.294E-048.390E-048.446E-048.503E-048.515E-048.416E-04
Eu 1.547E-041.482E-041.430E-041.386E-041.309E-041,262E-041.273E-04
Gd 1.229E-041.296E-041.350E-041.395E-041.476E-041.527E-041.621E-04
Tb 2.931E-062.931E-062.931E-062.931E-062.931E-052.931E-062.931E-06
Dy 1.607E-061.607E-061.607E-061.607E-061.607E-061.607E-061.607E-06
Ho 1.777E-071.777E-071.777E-071.777E-071.777E-071.777E-071.769E-07
Er 7.041E-087.041E-087.041E-087.041E-087.042E-087.042E-087.125E-08
Tm 7.213E-117.204E-117.200E-117.198E-117.197E-117.196E-117.196E-11
Yb 2.667E-112.676E-112.680E-112.682E-112.684E-112.684E-112.684E-11

Total 3.594E-023.594E-023.594E-023.594E-023.594E-023.594E-023.594E-02

D.85
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TABLE D.B.e. FissionProductInventoryby Elementat 40 MWd/kgM,g/gU

Eleme,.nt_,4,Years,,6_Years 8. Years....10 Years_ 15 Years..20Yea.rs,,1000 Years

H 5.290E-084.728E-084.226E-083.777E-082.853E-082.155E-082.779E-32
Li 1.805E-I01.805E-I0 1.805E-I01.805E-I01.805E-,I01.805E-I01.805E-I0
Be 1.802E-I01.802E-I01.802E-I01.802E-I01.802E-I01.802E-I01.802E-I0
C 3o167E-113.167E-113.166E-113.165E-113.163E-113.161E-112.808E-11
Zn 4.214E-144.214E-144,214E-144.214E-144.214E-144,214E-144.214E-14
Ga 1.113E-121.113E-121.113E-121.113E-121.113E-121.113E-121.113E-12
Ge 7.904E-077.904E-077.904E-077.904E-077.904E-077.904E-077.904E-07
As 2.405E-072.405E-072.405E-072.405E-072.405E-072.405E-072.405E-07
Se 6.595E-056.595E-056.595E-056.595E-056.595E-056,595E-056.588E-05
Br 2.512E-052.512E-052,513E-052,513E-052,513E-052.513E-052.520E-05
Kr , 4.142E-044.119E-044.099E-044.081E-044.045[-044,019E-043.950E-04
Rb 3.957E-043.980E-044.001E-044.019E-044.055E-044,081E-044.149E-04
Sr 9.258E-049.012E-048.777E-048.554E-048.039E-047,582E-043.966E-04
Y 5.151E-045.151E-045.151E-045.151E-045.151E-045.151E-045.150E-04
Zr 4.155E-034.180E-034.203E-034.226E-034.277E-034.323E-034.684E-03
Nb 3.652E-094.399E-095.152E-095.906E-097.790E-099,674E-093.789E-07
Mo 3.997E-033.997E-033.997E-033.997E-033.997E-033.997E-033.997E-03

' Tc 8.978E-04 8.978E-048.978E-048.978E-048.978E-048.978E-048.949E-04
Ru 2.760E-032.753E-032.752E-032,751E-032.751E-032.751E-032.754E-03
Rh 5.167E-045.167E-045.167E-045.167E-045.167E-045.167E-045.167E-04
Pd 1.938E-031.945E-031,946E-031.947E-031.947E-031.947E-031.947E-03
Ag 1.013E-041.013E-041.013E-041.013E-04].013E-041.013E-041.013E-04
Cd 1.609E-041.609E-041.608E-041.608E-041.608E-041.607E-041.606E-04
In 2.510E-062.536E-062.560E-062.582E-062.629E-062.665E-062.801E-06
Sn 1.161E-041.161E-041.161E-041.161E-041.161E-041.161E-041.159E-04
Sb 2.822E-052.621E-052.499E-052.425E-052.343E-052.320E-052.311E-05
Te 5.996E-046.016E-046.028E-046.036E-046.044E.-046.046E-046.050E-04
I 2.905E-042.905E-042.905E-042.905E-042.905E-042.905E-042.905E-04

Xe 6.383E-036.383E-036.383E-03,6.383E-036.383E-036.383E-036.383E-03
Cs 3.075E-032.999E-032.935E-032.878E-032.753E-032.644E-031.761E-03
Ba 1.967E-032.042E-032.106E-032.164E-032.289E-032.398E-033.281E-03
La 1.449E-031.449E-031.449E-031.449E-031.449E-031.449E-031.449E-03
Ce, 2.831E-032.826E-032.825E-032.825E-032.825E-032.825E-032.825E-03
Pr 1.323E-031.323E-031.323E-031.323E-031.323E-031.323E-031.323E-03
Nd 4.792E-034.797E-034.798E-034.798E-034.798E-034.798E-034.798E-03
Pm 4.109E-052.422E-051.428E-058.420E-062.247E-066.000E-070.00
Sm 9.097E-049.264E-049.361E-049.418E-049.475E-049.487E-049.383E-04
Eu 1.838E-041.756E-041.689E-041.634E-041.536E-041.476E-041.468E-04
Gd 1.682E-041.766E-041.835E-041.891E-041.994E-042.058E-042.176E-04
Tb 3.646E-063.646E-063.646E-063.646E-063.646E-063.646E-063.646E-06
Dy 2.058E-062.058E-062.058E-062.058E-062.058E-062.058E-062.058E-06
Ho 2.508E-072.508E-072.508E-072.508E-072.508E-072.508E-072.495E-07
Er 1.026E-071.026E-071.026E-071.026E-071.026E-071.026E-071.040E-07
Tm 1.105E-I01.103E-I01.103E-I01.102E-I01.102E-I0I.!02E-I01.102E-I0
Yb 4.776E-114.794E-114.802E-114.806E-114.810E-114.810E-114.810E-11

Total 4.103E-024.103E-024.103E-024.103E-024.103E-024.103E-024.103E-02

D.86



TABLE D.B.f. FissionProductInventoryby Elementat 45 MWd/kgM,g/gU

Elem_nt 14years 6 Years 8 years I.,,0years.!5 Years_.20Years_ !000 ,year.,,s

H 6.038E-085.396E-084.823E-084.311E-083,256E-082.459E-083.171E-32
Li 1.784E-I01.784E-I01.784E-I01,784E-I01.784E-I01.784E-I01.TB4E-10
Be 2.024E-I02.024E-I02,024E-I02.024E-I02.024E-I02.024E-I02.023E-I0
C 3.557E-113.556E-113.556E-113.555E-113.553E-113.550E-113.153E-11

Zn 4.539E-144.539E-144.539E-144,539E-144.539E-144.539E-144.539E-14
Ga 1.268E-121.268E-121.268E-121.268E-121.268E-121.268E-121.268E-12
Ge 8.825E-078,825E-078.825E-078.825E-078.825E-078.825E-078.825E-07
As 2.684E-072.684E-072.684E-072.684E-072.684E-072.684E-072.684E-07
Se 7.292E-057.292E-057.292E-057.292E-057.291E-057.291E-057.283E-05
Br 2.756E-052.756E-052.756E-052.756E-052.756E-052.756E-052.764E-05
Kr 4.532E-044.506E-044.484E-044.464E-044.425E-044.396E-044.322E-04
Rb 4.311E-044.337E-044.359E-044.379E-044.418E-044.447E-044.521E-04
Sr 1.006E-039.795E-049.541E-049.298E-048.739E-048.243E-044,316E-04
Y 5.594E-045.594E-045.594E-045.594E-045.594E-045.593E-045.593E-04
Zr 4.582E-034,609E-034.634E-034.659E-034.714E-034.764E-035.156E-03
Nb 4.093E-094.915E-095.743E-096.572E-098.643E-091.071E-O8.4.166E-07
Mo 4.473E-034.473E-034.473E-034.473E-034.473E-034.473E-034.473E-03
Tc 9.860E-049.860E-049.860E-049.860E-049.860E-049.860E-049.829E-04
Ru 3,175E-033.167E-033.165E-033.164E-033.164E-033.164E-033.167E-03
Rh 5.529E-045.529E-045.529E-045.529E-045.529E-045.529E-045.529E-04
Pd 2.338E-032.346E-032.348E-032.348E-032.349E-032.349E-032.349E-03
Ag 1.173E-041,173E-041.173E-041.173E-041.173E-041.173E-041.173E-04
Cd 2.014E-042.014E-042.014E-042.013E-042.013E-042.012E-042.011E-04
In 2.571E-062,604E-062.633E-062.660E-062.717E-062.762E-062.930E-06
Sn 1.340E-041,340E-041.340E-041.340E-041.340E-041.340E-041.337E-04
Sb 3.217E-052.985E-052.844E-052.759E-052.665E-052.638E-052.628E-05
Te 6.831E-046.854E-046.868E-046.877E-046.886E-046.889E-046.893E-04
I 3.288E-043.288E-043.288E-043.288E-043.288E-043.288E-043.288E-04

Xe 7.247E-037,247E-037.247E-037.247E-037.247E-.037.247E-037.247E-03
Cs 3.385E-033.298E-033.225E-033.160E-033.018E-032.896E-031.902E-03
Ba 2.230E-032.317E-032.390E-032.455E-032.597E-032.719E-033.713E-03
La 1.617E-031.617E-031.617E-031.617E-031.617E-031.617E-031.617E-03
Ce 3,169E-033.163E-033.162E-033.162E-033.162E-033.162E-033.162E-03
Pr 1.472E-031.472E-031.472E-031.472E-031.472E-031.472E-031.472E-03
Nd 5.356E-035.361E-035.362E-035.362E-035.362E-035.362E-035.362E-03
Pm 4.142E-052.442E-051.440E-058.488E-062.266E-066.050E-070.00
Sm 1.002E-031.018E-031.028E-031.034E-031.040E-031.041E-031.030E-03
Eu 2.114E-042.015E-041.934E-041.868E-041.749E-041.676E-041.651E-04
Gd 2.230E-042.330E-042.413E-042.482E-042.605E-042.683E-042.824E-04
Tb 4.433E-064.433E-064.433E-064.433E-064.433E-064.433E-064.433E-06
Dy 2.567E-062.567E-062.567E-062.567E-062.567E-062.567E-062.557E-06
Ho 3.433E-073,433E-073.433E-073.433E-073.432E-073.432E-073.412E-07
Er 1.467E-07Io467E-071.467E-071.467E-071.467E-071.467E-071.488E-07
Tm 1.635E-I01.632E-I01.630E-I01.629E-I01.629E-I01.628E-I01.628E-I0
Yb 8.058E-118,094E-118.110E-118.119E-II8.125E-118.126E-118.126E-11

Total 4.612E-024.612E-024.612E-024.612E-024.612E-024.612E-024.612E-02

- D.87



TABLE D.B.g. FissionProduct Inventoryby Elementat 50 MWd/kgM,g/gU

El.ement_ 6 Years...8 Years 10 Years !5 Years 20 Years. I000 Years

H 6.797E-086.075E-085.430E-084.853E-083.666E-082.769E-083.571E-32
Li 1.754E-I01.754E-I01.754E-I01.754E-I01.754E-I01.754E-I01.754E-I0
Be 2.245E-I02.245E-I02.245E-I02.245E-I02.245E-I02.245E-I02.244E-I0
C 3.946E-113.945E-113.944E-113.943E-1i3.941E-113.939E-113.498E-11
Zn 4.835E-144.835E-144.835E-144.835E'144.835E-144,835E-14 4.835E-14
Ga 1.424E-121.424E-121.424E-121.424E-121.424E-121.424E-121.424E-12
Ge 9.736E-079.736E-079;736E-O7.9.736E-079.736E-079.736E-079.736E-07
_As 2.958E-072.958E-072.958E-072.958E-072.958E-072.958E-072.958E-07
Se 7.968E,057.968E-057.968E-057.968E-057.968E-057.968E-057.959E-05
Br 2.987E-052.987E-052.987E-052.987E-052.987E-052.988E-052.996E-05
Kr 4.902E-044.875E-044.851E-044.829E-044.787E-044.756E-044.675E-04
Rb 4.645E-044.673E-044.697E-044.718E-044.761E.044.792E-044.873E-04
Sr 1.082E-031.053E-031.026E-039.996E-049.395E:.g48.863E-044.646E-04
Y 6.008E-046.008E-046.008E-046.008E-O46.008E-O,I6.007E-046.006E-04
Zr 4.995E-035.024E-035.051E-035.078E-035.138E-035.191E-035.612E-03
Nb 4.527E-095.420E-096.320E-097.220E-099.472E-091.172E-084.528E-07
Mo 4.946E-034.946E-034.946E-034.946E-034.946E-034.946E-034.946E-03
Tc 1.069E-031.069E-031.069E-031.069E-031.069E-031.069E-031.065E-03
Ru 3.602E-033.592E-033.590E-033.589E-033,589E-033.589E-033.593E-03
Rh 5.832E-045.832E-045.832E-045.832E-045.632E-045.832E-045.832E-04
Pd 2.761E-032.771E-032.773E-032.774E-032.774E-032.774E-032.774E-03
Ag 1.329E-041.329E-041.329E-041.329E-041.329E-041.329E-041.329E-04
Cd 2.470E-042.470E-042.469E-042.469E-042.468E-042.468E-042.466E-04
In 2.629E-062.668E-062.704E-062.737E-062.806E-062.861E-063.065E-06
Sn 1.523E-041.523E-041.523E-041.523E-041.523E-041.523E-041.520E-04
Sb 3.615E-053.350E-053.190E-OB3.093E-052.986E-052.956E-052.944E-05
Te 7.676E-047.703E-047.719E-047.728E-047.739E-047.742E-047.747E-04
I 3.666E-043.666E._.043.666E-043.666E-043.666E-043.666E-043.666E-04

Xe 8.116E-038.116E.:_J3.8.116E-038.116E-038.116E-038.116E-038.116E-03
Cs 3.688E-033.589E-033.507E-033.434E-033.276E-033.140E-032.036E-03
Ba 2.496E-032.595E-032.677E-032.750E-032.908E-033.044E-034.148E-03
La 1.783E-031.783E-031.783E-031.783E-031.783E-031.783E-031.783E-03
Ce 3.504E-033.498E-033.497E-033.497E-033.497E-033.497E-033.497E-03
Pr 1.617E-031.617E-031.617E-031.617E-031.617E-031.617E-03],.617E-03
Nd 5.915E-035.921E-035.922E-035.923E-035.923E-035.923E-035.923E-03
Pm 4.153E-052.449E-051.444E-058.511E-062.272E-066.067E-070.00
Sm 1.089E-031.106E-031.116E-031.122E-031.127E-031.129E-031.117E-03
Eu 2.371E-042.256E-042.162E-042.084E-041.946E-041.860E-041.817E-04
Gd 2.868E-042.985E-043.081E-043.161E-043.304E-043.395E-043.559E-04
Tb 5.294E-065.294E-065.294E-065.294E-065.294E-065.294E-065.294E-06
Dy 3.137E-063.137E-063.137E-063.137E-063.137E-063.137E-063.137E-06
Ho 4.571E-074.571E-074.571E-074.571E-074.570E-074.570E-074.539E-07
Er 2.058E-072.058E-072.058E-072.058E-072.058E-072.058E-072.089E-07
Tm 2.363E-I02.356E-I02.353E-I02.352E-I02.350E-I02.350E-I02.350E-I0
Yb 1.300E-I01.306E-I01.309E-I01.311E-I01.312E-I01.312E-I01.312E-I0

Total 5.119E-025.119E-025.119E-025.119E-025.119E-025.119E-025.119E-02
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TABLE D.6.a. Actinide Inventoryby Elementat 20 MWd/kgM,g/gU

_4 Years__L6..Years,,_8 Years 1,0.,Ye.a,rs....15 Years_ 20,,Years.._[000 Years,

He 4.022E-074.389E-074.777E-075.185E-076.279E-077.456E-071.575E-05
Pb 9.243E-121.581E-112.345E-113.177E-115.384E-ii7.609E-111.014E-09
Ra 2.338E-133.351E-134.513E-135.834E-139.882E-131.506E-122.463E-09
Ac 4.572E-146.159E-147.754E-149.357E-14 1.339E-131.746E-138.768E-12
Th 5'.256E-096.476E-097.700E-098.928E-09 1.202E-081.513E-087.375E-07
Pa 4.582E-I04.845E-I05.108E-I05.371E-I06.027E-I06.683E-I01.345E-08
U 9.721E-019.721E-019.721E-01:9.721E-019.721E-019.721E-019.725E-01
Np 2.210E-042.216E-042.224E-042.233E-042.261E-042.295E-047.977E-04
Pu 6.808E-036.755E-036.706E-036.661E-036.566E-036.491E-035.909E-03
Am 1.838E-042.358E-042.828E-043.253E-044.143E-044.830E-04 I,.683E-04
Cm 2.146E-061.984E-061.844E-061.714E-061.431E-061.196E-065.409E-08
Cf , 3.545E-153.577E-153.548E-153.510E-153.421E-153.345E-154.999E-16

Total 9.793E-019.793E-019.793E-019.797E-019.793E-019.793E-019.793E-01

TABLE D.6.b. Actinide Inventoryby Elementat 25 MWd/kgM,g/gU

Element 4 Years 6 Years 8 Years. 10 Years ,15Years,,2,0Years 1000 Years

He 6.785E-077.351E-077.940E-078.551E-071.016E-061.187E-062.065E-05
Pb 1.369E-112.388E-113.588E-114.903E-118.418E-11 1.198E-I01.333E-09
Bi 1.188E-151.495E-151.742E-151.945E-152.339E-152.680E-151.131E-11
Ra 2.444E-133.457E-134.584E-135.843E-139.641E-131.448E-122.635E-09
Ac 4.787E-146.420E._148.036E-149.637E-141.358E-131.744E-137.052E-12
Th 4.996E-096.173E-097.357E-098.548E-091.155E-081.460E-088.042E-07
Pa 4.785E-I04.994E-I05.203E-I05.412E-I05.934E-I06.456E-I01.083E-08
U 9.659E-019.659E-019.659E-019.659E-019.659E-019.659E-019.663E-01
Np 3.035E-043.043E-043.053E-043.065E-043.102E-043.!47E-041.066E-03
Pu 7.756E-037.684E-037.619E-037.560E-037.434E-037.334E-036.593E-03
Am 2.557E-043.247E-043.871E-044.435E-045.617E-046.530E-042.364E-04
Cm 6.483E-066.009E-065.586E-065.196E-064.340E-063.631E-062.042E-07
Bk 1.114E-152.289E-164.705E-179.670E-18 1.852E-193.552E-211.370E-29
Cf 3.844E-143.869E-143.832E-143.786E-143.681E-143.594E-145.463E-15

Total 9.742E-019 742E-O19.742E-01 9.742E-019.742E-019.742E-019.742E-01
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TABLE D.6.c. Actinide Inventoryby Elementat 30 MWd/kgM,g/gU

Element,,4 ,,Yea,rs,,6 Years,_,8Years !0 Years _ 20 Year_s _oo_Yea_s

He 1.017E-06 1.101E-06 1.186E-06 1.273E-06 1.499E-06 1.732E-06 2.517E-05
Pb 1.896E-11 3.363E-11 5.106E-11 7.029E-11 1.219E-10 1.744E-10 1,751E-09
Bi 1.740E-15 2.205E'15 2.579E-15 2.884E-15 3.470E-15 3,963E-15 1.401E-11
Ra 2.610E-13 3.646E-13 4.757E-13 5.967E-13 9.541E-13 1,407E-12 2.890E-09
Ac 4.886E-14 6.536E-14 8.151E-14 9,731E-,14 1.355E-13 1.719E-13 5.597E-12
Th 4.733E-09 5.867E-09 7.010E-09 8.164E-09 1.109E-08 1.409E-08 8.916E-07
Pa 4.895E-10 5.058E-10 5.222E-10 5.386E-10 5.794E-10 6,203E-10 8.610E-09
U 9.598E-01 9.598E-01 9.598E-01 9.598E-01 9.598E-01 9.598E-01 9.603E-01

Np 3.894E-04 3.903E-04 3.915E-04 3.929E-04 3.973E-04 4.027E-04 1.302E-03
Pu 8.594E-03 8.508E-03 8.430E'03 8.359E-03 8.208E-03 8,087E-03 7.202E-03
Am 3.269E-044.098E-044.848E-045.526E-046.947E-048.044E-043.056E-04
Cm 1.568E-051.455E-051.353E-051.259E-051.053E-058.822E-065.893E-07
Bk 7.621E-151.566E-153.219E-166.615E-171.267E-182.425E-201.300E-28
Cf 2.655E-132.666E-132.636E-132.601E-132.524E-132.460E-133.799E-14

Total 9.691E-019.691E-019.691E-019.691E-,O1g.691E-019,691E-019.691E-01

TABLE D.6.d. Actinide Inventoryby Element at 35 MWd/kgM,g/gU

.Element,4 Years....6 Years 8 Year_s !0 Year_s 15 Years 20 Year_s

He 1.407E-061.528E-061.649E-061.771E-062.081E-062.393E-062.988E-05
Pb 2.499E-114.492E-116.882E-119.530E-111.667E-I02.394E-I02.263E-09
Bi 2.418E-153.078E-153.612E-154.046E-154.874E-155.560E-151.676E-11
Ra 2.832E-133.914E-135.028E-136.203E-139.578E-131.382E-123.216E-09
Ac 4.882E-146.523E-148.113E-149.656E-141.332E-131.675E-134.400E-12
Th 4.468E-095.557E-096.659E-097.776E-091.063E-081.358E-089.962E-07
Pa 4.919E-I05.045E-I05.171E-I05.298E-I05.614E-I05.930E-I06.784E-09
U 9.538E-019.538E-019.538E-019.538E-019.538E-019.538E-019.543E-01
Np 4.767E-0_:_4.778E-044.792E-044.808E-044.859E-044.922E-041.541E-03
Pu 9.317E-039.217E-039.126E-039.043E-038.866E-038.726E-037.701E-03
Am 4.094E-045.067E-045.947E-046.742E-048.408E-049.695E-043.880E-04
Cm 3.231E-053.002E-052.793E-052.600E-052.177E-051.827E-051.404E-06

,! Bk 3.841E-147.895E-151.623E-153.335E-166.385E-181.223E-198.775E-28
Cf 1.351E-121.353E-121.336E-121.317E-121.275E-121.242E-121.945E-13

Total 9.640E-019.640E-019.640E-019.640E-019.640E-019.640E-019.640E-01
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TABLE D.B.e. Actinide Inventoryby Elementat 40 MWd/kgM,g/gU

_ ....6 Years,-8 Year=s i.,,0Years,15 Years_20 Years....1000 Years

He 1.854E-062.025E-062.194E-062.362E-062.780E-063.192E-063.451E-05
Pb 3.157E-11 5.741E-118.859E-11 1.233E-I02.171E-I03.128E-I02.854E-09
Bi 3.210E-154.101E-154.823E-155.412E-156.530E-157.447E-151.933E-11
Ra 3.101E-134.250E-135.383E-136.537E-139.740E-131.372E-123.603E-09
Ac 4.787E-146.391E-147.936E-149.424E-141.292E-131.613E-133.433E-12
Th 4.206E-09 5.251E-096.314E-097.395E-091.018E-081.309E-081.116E-06
Pa 4.859E-I04.956E-I05.052E-I05.149E-I05.390E-I05.632E-I05.311E-09
U 9.478E-019.478E-019.479E-019.479E-019.479E-019.479E-019.485E-01
Np 5.608E-045.620E-045.636E-045.654E-045.711E-045.781E,-041.759E-03
Pu 9.921E-039.809E-039.707E-039.614E-039.416E-039.258E-038.111E-03
Am 5.007E-046.108E-047.103E-048.003E-049_888E-041.134E-034.787E-04
Cm 5.954E-055.536E-055.153E-054.799E-054.022E-053.380E-052.907E-06
Bk 1.519E-133.122E-146.417E-151.319E-152.525E-174.836E-194.545E-27
Cf 5.390E-125.387E-125.309E-125.227E-125.053E-124.915E-127.796E-13

Total 9.589E-01 9.589E-019.589E-019.589E-019.589E-019.589E-019.589E-01

TABLE D.6.f. Actinide Inventoryby Elementat 45 MWd/kgM,g/gU

EleF,,ent._,4Yea.,r,.s6 Years 8 Years 10 Years 15.Yea,r=s20 Years _,

He 2.348E-062.583E-062.814E-063.042E-063.596E-064.130E-063.892E-05
Pb 3.849E-117.066E-111.097E-I01.533E-I02.714E-I03.921E-I03.501E-09
Bi 4.100E-155.250E-156.185E-156.949E-158.400E-159.583E-152.159E-11
Ra 3.403E-134.636E-135.803E-136.947E-131.000E-121.374E-124.030E-09
Ac 4.615E-146.163E-147.644E-149.063E-141.236E-131.535E-132.665E-12
Th 3.953E-094.954E-095.978E-097.026E-099.750E-091.263E-081.244E-06
Pa 4.729E-I04.801E-I04.874E-I04.947E-I05.130E-I05.313E-I04.141E-09
U 9.420E-019.420E-019.420E-019.420E-019.421E-019.421E-019.428E-01
Np 6.386E-046.399E-046.415E-046.435E-046.497E-046.573E-041.943E-03
Pu 1.042E-021.030E-021.019E-021.009E-029.880E-039.710E-038.463E-03
Am 5.979E-047.184E-048.273E-049.257E-041.132E-031.291E-035.746E-04
Cm 1.003E-049.336E-058.694E-058.099E-056.797E-055.720E-055.404E-06
Bk 4.991E-13 1.026E-132.108E-144.333E-15E.297E_171.589E-181.926E-26
Cf 1.786E-111.780E-111.752E-111.723E-111.662E-111.616E-112.591E-12

Total 9.538E-019.538E-019.538E-019.538E-019.538E-019.538E-019,538E-01
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TABLE D.B.g. Actinide Inventoryby Elementat 50 MWd/kgM,g/gU

Element 4 Years 6 Years 8 Years_ .10Years 15 Years 20 Years 1000 Years

He 2.884E-063.203E-063.512E-063.814E-064.536E-065.216E-064.311E-05
Pb 4.550E-118.420E-111.314E-I01.841E-I03.276E-I04.743E-I04.177E-09
Bi 5.065E-156.493E-157.659E-158.614E-15 1.043E-141.191E-142.350E-11
Ra 3.724E-135.053E-136.263E-137.408E-131.034E-121.387E-124.475E-09
Ac 4.387E-145.860E-147.264E-148.604E-14 1.169E-13_.446E-132.064E-12
Th 3.709E-094.668E-095.656E-096.671E-099.336E-091.218E-081.376E-06
Pa 4.542E-I04.596E-I04.651E-I04.706E-I04.843E-I04.98_E-I03.226E-_09
U 9.363E-019.363E-019.363E-019.363E-019.363E-019.364E-019.371E-01
Np 7.076E-047.0gOE-04T._O7E-047.128E-047.193E-047.274E-042.090E-03
Pu 1.084E-021.072E-021.050E-021.050E-021.028E-021.010E-028.778E-03
Am 6.988E-048.269E-049.4!7E-041.047E-031.267E-031.436E-036.732E-04
Cm 1.575E-041.466E-04I.Z56E-041.273E-041.070E-049.014E-059.243E-06
Bk 1.409E-122.896E-135.951E-141.223E-142.342E-164.485E-186.921E-26
Cf 5.081E-115.051E-114.962E-II4.874E-114.696E-114.561E-I'I7.381E-12

Total 9.487E-019.487E-019.487E-019.487E-019.487E-019.487E-019.487E-01
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TABLE D.l.a. Fuel Activation ProductInventoryby Isotope
at 20 MWd/kgM,g/gU

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 years

H-I 5.987E-095.987E-095.987E-095.987E-095o987E-095.987E-095.987E-Og
H-2 3.011E-123.011E-123.011E-123.011E-123.011E-123.011E-123.011E-12
H-3 1.848E-151.652E-151.476E-151.319E-159.965E-167.527E-160.00
He-3 5.253E-167.215E-168.969E-161.054E-151.376E-151.620E-152.373E-15
He-4 1,330E-061.330E-061.330E-061.330E-061.330E-061,330E-061.330E-06
Li-6 1.092E-141.092E-141.092E-141.092E-141.092E-141.092E-141.092E-14
Be-9 8.502E-118.502E-118.502E-118.502E-118.502E-118.502E-118.502E-11
Be-t0 2.124E-112.124E-112.124E-112.124E-112.124E-112.124E-.112.123E-11
B-11 7.756E-097.756E-097.756E-097.756E-097.756E-097.756E-097.756E-Og
C-12 2.015E-052.015E-052.015E-052.015E-052.015E-052.015E-052.015E-05
C-13 4.543E-064.543E-064.543E-064.543E-064.543E-064.543E-064.543E-06
C-14 8.197E-088.195E-088.193E-088.191E-088.186E-088.181E-087.266E-08
N-14 2.592E-052.592E-052.592E-052.592E-052.592E-052.592E-052.593E-05
N-15 1,068E-071,068E-071,068E-071,068E-071,068E-071.068E-071.068E-07
0-16 1.342E-011.342E-011.342E-011.342E-011.342E-011.342E-011.342E-01
0-17 5.431E-055.431E-055;431E-055.431E-055.431E-055.431E-055.431E-05
0-18 3.086E-043.086E-043.086E-043.086E-043.086E-043.086E-043.086E-04
F-19 5.700E-065.700E-065.700E-065.700E-065.700E-065.700E-065.700E-06

Ne-20 1.043E-I01.043E-I01.043E-I01.043E-I01.043E-I01.043E-I01.043E-I0
Ne-21 2.965E-152.965E-152.965E-152.965E-]52.965E-152.965E-152.965E-15
Ne-22 3.240E-153.240E-153.240E-153.240E-153.240E-153.240E-153.240E-15
Na-23 2.622E-162.622E-162.622E-162.622E-162.622E-162.622E-162.622E-16
Mg-24 9,280E-119,280E-119,280E-119,280E-119,280E-119,280E-119.280E-11
Mg-25 9.763E-119.763E-119.763E-119.763E-119.763E-119.763E-119.763E-11
Mg-26 4.460E-114.460E-114.460E-114.460E-114.460E-114.460E-114.460E-11
AI-27 3.629E-053.629E-053.629E-053.629E-053.62gE-053.629E-053.629E-05
Si-28 3.335E-053.335E-053.335E-053.335E-053.335E-053.335E-053,335E-05
Si-29 1.756E-061.756E-061.756E-061.756E-061,756E-061.756E-061.756E-06
Si-30 1.201E-061.201E-061.201E-061.201E-061.201E-061.201E-061.201E-06
P-31 2.022E-102.022E-I02.0_2E-102.022E-I02.022E-I02.022E-I02.022E-I0
S-32 1.028E-I01.028E-I01.028E-I01.028E-I01.028E-I01.028E-I01.028E-10
S-33 3.689E-143.689E-143.689E-143.689E-143.689E-143.689E-143.6BgE-14
S-34 7.045E-127.045E-127.045E-127.045E-127.045E-127.045E-127,045E-12
S-35 2.188E-156.931E-182.198E-206.875E-233_891E-292.202E-350.00
S-36 7.007E-149.Og5E-141.118E-131.327E-131.849E-132.371E-131.046E-11
CI-35 4.026E-064.026E-064.026E-064.026E-064.026E-064.026E-064.026E-06
CI-36 2.386E-072.386E-072.386E-072.386E-072.386E-072.386E-072.381E-07
CI-37 1.442E-061.442E-061.442E-061.442E-061.442E-061.442E-061.442E-06
Ar-36 3_614E-124.692E-125.7'71E-126.849E-129.544E-121.224E-115.399E-I0
Ar-38 9.042E-I09,.042E-I09.042E-I09.042E-I09.042E-I09.042E-I09,042E-I0
Ar-39 1.682E-111.673E-111.665E-111.656E-111,635E-111.614E-111.292E-12
Ar-40 3.064E-113.064E-113.064E-113.064E-113.064E-113.064E-113,064E-11
K-39 3.058E-133.923E-134.783E-135.638E-137.759E-139.851E-131.583E-11
K-40 7.142E-097.142E-097.142E-097.142E-097.142E-097.142E-097.142E-09
K-41 1.484E-I01.487E-I01.490E-I01.494E-I01.502E-I01.510E-I03.108E-10
Ca-40 3.506E-053.506E-053.506E-053.506E-053.506E-053.506E-053.506E-05
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TABLE D.7.a. Fuel Activation ProductInventoryby Isotopeat
20 MWd/kgM, g/gU (cont'd)

Isotope 4 Years 6 Years 8 Yea.rs...10Years 15 Years 20 Years 1000 Years

Ca-41 1.914E-081.914E-081.914E-081.914E-081.914E-081.914E-081.898E-08
Ca-42 2.455E-072.455E-072.455E-072.455E-072.455E-072.455E-072.455E-07
Ca-43 5.033E-085.03.1E-085.033E-085.033E-085.033E-085.033E-085.033E-08
Ca-44 8.315E-078.315E-078.315E-078.315E-078.315E-078.315E-078.315E-07
Ca-45 2.896E-131.295E-145.794E-162.592E-171.097E-204.641E-240.00
Ca-46 1.455E-091.455E-091,455E-091.455E-091.455E-091.455E-091.455E-09
Ca-48 8.240E-088.240E-088.240E-088.240E-088.240E-088.240E-088.240E-08
Sc-45 1.149E-091.150E-091.150E-091.150E-091.150E-091.150E-091.150E-09
Ti-46 1.612E-111.612E-111.612E-111.612E-111.612E-111.612E-111.612E-11
Ti-47 1.400E-121.400E-121.400E-121.400E-121.400E-121.400E-.121.400E-12
Ti-48 1.853E-151.853E-151.853E-151.853E-151.853E-151.853E-151.853E-15
Ti-49 1.231E-I01.231E-101.231E-I01.231E-I01.231E-I01.231E-I01.231E-I0
Ti-50 1.958E-131.958E-131.958E-131.958E-131.958E-131.958E-131.958E-13
V-51 2.865E-II2.865E-112.865E-112.865E-112.865E-112.865E-112.865E-11
Cr-52 9.440E-14 9.440E-14 9.440E-14 9.440E-14 9.440E-14 9.440E-14 9.440E-14
Cr-53 5.599E-115.599E-1i5.599E-115,599E-115.599E-115.599E-115.599E-11
Cr-54 8.481E-I08.541E-I08.553E-I08.555E-I08.556E-I08.556E-I08.556E-I0
Mn-54 7.490E-121.482E-122.931E-135.800E-141.010E-151.758E-170.00
Mn-55 7.551E-098.253E-098.665E-098.906E-099.159E-099.226E-099.249E-09
Fe-54 2.858E-062.858E-062.858E-062.858E-062.858E-062.858E-062.85_E-06
Fe-55 1.698E-099.964E-I05.846E-I03.430E-I09.045E-112.385E-110.00
Fe-56 4.678E-054.678E-054.678E-054.678E-054.678E-054.678E-054.678E-05
Fe-57 1.301E-061.301E-061.301E-061.301E-061.301E-061.301E-061.301E-06
Fe-58 1.623E-071.623E-071.623E-071.623E-071.623E-071.623E-071.623E-07
Co-58 1.575E-161.231E-199.620E-237.519E-261.284E-330.00 0.00
Co-59 1.416E-091.418E-091.421E-091.423E-091.428E-091.434E-092.494E-09
Co-60 5.206E-114.002E-113.076E-112.364E-111.225E-116.346E-120.00
Ni-58 1.900E-051.900E-051.900E-051.900E-051.900E-051.900E-051.900E-05
Ni-59 1.254E-071.254E-071.254E-071.254E-071.254E-071.254E-071.243E-07
Ni-60 7.551E-067,551E-067.551E-067.551E-067.551E-067.551E-067.551E-06
Ni-61 3.612E-073.612E-073.612E-073.612E-073.612E-073.612E-073.612E-07
Ni-62 1.057E-061.057E-061.057E-061.057E-061.057E-061.057E-061.057E-06
Ni-63 1.932E-081.904E-081.875E-081.847E-081.779E-081.713E-081.064E-11
Ni-64 2.812E-072.812E-072.812E-072.812E-072.812E-072.812E-072.812E-07
Cu-63 9.985E-I0 1.288E-091.572E-091.853E-092.535E-093.193E-092.031E-08
Cu-65 6.092E-I06.092E-I06.092E-I06.092E-I06.092E-I06.092E-I06.092E-I0
Zn-64 3.576E-133.576E-133.576E-133.576E-133.576E-133.576E-133.576E-13
Zn-66 1.052E-121.052E-121.052E-121.052E-121.052E-121.052E-121.052E-12
Zn-67 4.546E-164.546E-164.546E-164.546E-164.546E-164.546E-164.546E-16
Ru-104 7.845E-167.845E-167.845E-167.845E-167.845E-167.845E-167.845E-16
Pd-104 1.731E-131.731E-131.731E-131.731E-131.731E-131.731E-131.731E-13
Pd-105 8.177E-168.177E-168.177E-168.177E-168.177E-168.177E-168.177E-16
Pd-106 3.660E-123.660E-123.660E-123.660E-123.660E-123.660E-123.660E-12
Pd-107 1.710E-131.710E-131.710E-131.710E-131.710E-131.710E-131.710E-13
Pd-108 1.206E-091.238E-091.270E-091.302E-091.379E-091.454E-094.163E-09
Pd-110 6.863E-I06.863E-I06o863E-I06.863E-I06.863E-I06.863E-I06.863E-I0
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TABLE D.7.a. Fuel ActivationProduct Inventoryby Isotopeat
20 MWd/kgM,g/gU (cont'd)

Is_toP__.4..,Years_6 Years 8 years !0 Years 15 Years 20 Years 1000 Years

Ag-t07 5.130E-075.130E-075.130E-075.130E-075.130E-075.130E-075.130E-07
Ag-1OBm3.252E-093.217E-093.182E-093.148E-093.063E-092.980E-091.417E-11
Ag-109 2.959E-072.959E-072.959E-072.g59E-072.959E-072.959E-072.959E-07
Ag-110m3.!08E-114.097E-125.400E-137.118E-144.491E-162.834E-180.00
Cd-108 4.794E-084.795E-084.795E-084.795E-084.796E-084.797E-084.823E-08
Cd-I09 4.150E-121.394E-124.680E-131.571E-131.027E-146.709E-160.00
Cd-li0 2.361E-072.361E-072.361E-072.361E-072.361E-072.361E-072.361E-07
Cd-111 4.372E-094.372E-094.372E-094.372E-094.372E-094.372E-094.372E-09
Cd-112 8.062E-118.062E-118.062E-118.062E-118.062E-118.062E-118.062E-11
Cd-113 1.215E-141.215E-141.215E-141.215E-141.215E-141.215E-141.215E-14
Cd-114 1.837E-131.837E-131.837E-131.837E-131.837E-131.837E-131.837E-13

Total 1.348E-011.348E-011.348E-011.348E-011.348E-011.348E-011.348E-01
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TABLE D.l.b. Fuel ActivationProduct Inventoryby Isotopeat
25 MWd/kgM, g/gU

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 YearE

H-I 7.651E-097.651E-097.651E-097.651E-097.651E-097.651E-097.651E-09
H-2 4.923E-124.923E-124.923E-124.923E-124.923E-124.923E-124.923E-12
H-3 3.623E-153.238E-15 2.895E-152.587E-151.954E-151.476E-150.00
He-3 1.008E-151.393E-151.737E-152.044E-152.678E-153.156E-154.632E-15
He-4 1.701E-061.701E-061.701E-061.701E-061.701E-061.701E-061.701E-06
Li-6 1.634E-141.634E-141.634E-141,634E-141.634E-141,634E-141.634E-14
Be-9 1.087E-I01.087E-I01.087E-I01.087E-I01.087E-I01.087E-I01.087E-I0
Be-t0 3.395E-113.395E-113.395E.-113.395E-113.395E-113.395E-113.394E-11
B-11 9.914E-099.914E-099.914E-099.914E-099.914E-099.914E-099.914E-09
C-12 2.015E-052.015E-052.015E-052.015E-052.015E-052.015E-052.015E-05
C-13 5.741E-065.741E-065.741E-065.741E-065.741E-065.741E-065.741E-06
C-14 1.048E-071.048E-071.047E-071.047E-071.046E-071.046E-079.289E-08
N-14 2.589E-052.589E-052.589E-052.589E-052.589E-052.590E-052.591E-05
N-15 1.081E-071.081E-071.081E-071.081E-071.081E-071.081E,071.081E-07
0-16 1.342E-011.342E-011.342E-011.C42E-011.342E-011.342E-011.342E-01
0-17 5.432E-055.432E-055.432E-055.432E-055.432E-055.432E-055.432E-05
0-18 3.086E-043.086E-043.086E-043.086E-043.086E-043.086E-043.086E-04
F-19 5.700E-065.700E-065.700E-065.700E-065.700E-065.700E-065.700E-06

Ne-20 1.334E-I01.33_E-I01.334E-I'01.334E-I01.334E-I01.334E-I01.334E-I0
Ne-21 4.847E-154.84)" 15 4.847E-154.847E-154.847E-154.847E-154.847E-15
Ne-22 5.298E-155.298V-155.298E-155.298E-155.298E-155.298E-155.298E-15
Na-23 4.290E-164.290E-164.290E-164.290E-164.290E-164.290E-164.290E-16
Mg-24 1.187E-I01.187E-I01.187E-I01.187E-I01.187E-I01.187E-I01.187E-I0
Mg-25 1.248E-I01.248E-101.248E-I01.248E-I01.248E-I01.248E-I01.248E-I0
Mg-26 5.707E-115.707E-115.707E-115.707E-115.707E-115.707E-115.707E-11
A1-27 3.628E-053.628E-053.628E-053.628E-053.628E-053.628E-053.628E-05
Si-28 3.336E-053.336E-053.336E-053.336E-053.336E-053.336E-053.336E-05
Si-29 1.758E-061.758E-061.758E-061.758E-061.758E-061.758E-061.758E-06
Si-30 1.202E-061.202E-061.202E-061.202E-061.202E-061.202E-061.202E-06
P-31 2.586E-I02.586E-I02.586E-I02.586E-I02.586E-I02.586E-I02.586E-I0
S-32 1.305E-I0Io305E-I01.305E-I01.305E-I01.305E-I01.305E-I01.305E-I0
S-33 6.002E-146.002E-146.002E-146.002E-146.002E-146.002E-146.002E-14
S-34 9.011E-129.011E-129.011E-129.011E-129.011E-129.011E-129.011E-12
S-35 2.803E-158.885E-182.817E-208.836E-235.001E-292.830E-350.00
S-36 8.851E-141.150E.-131.414E-131.678E-132.340E-133_001E-131.324E-11
CI-35 3.963E-063.963E-063.963E-063.963E-063.963E-063.963E-063.963E-06
CI-36 3.022E-073.022E-073.022E-073.022E-073.022E-073.022E-073.015E-07
CI-37 1.443E-061.443E-061.443E-061.443E-061.443E-061.443E-061.443E-06
Ar-36 4.564E-125.930E-127.295E-128.661E-121.207E-111.549E-116.837E-I0
Ar-38 1.156E-091.156E-091.156E-091.156E-091.156E-091.156E-091.156E-09
Ar-39 1.971E-111.961E-111.951E-111.941E-111.916E-111.892E-111.514E-12
Ar-40 4.858E-114.858E-I]4.858E-114.858E-114.858E-114.858E-114.858E-11
K-39 3.613E-134.626E-13 5.634E-136.637E-139.122E-131.157E-121.856E-11
K-40 9.074E-099.074E-099.014E-099.074E-099.074E-099.074E-099.074E-09
K-41 2.411E-I02.416E-I02.4_0E-I02.424E-I02.434E-I02.445E-I04.488E-I0

Ca-40 3.505E-053.505E-053.rJ5E-053.505E-053.505E-053.505E-053.505E-05
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TABLED.l.b. Fuel Activation ProductInventoryby Isotopeat
25 MWd/kgM,g/gU (cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years !5 Years .20Years 1000 Years

Ca-41 2.447E-082.447E-082.447E-082.447E-082.447E-082.447E-082.426E-08
Ca-42 2.454E-072.454E-072.454E-072.454E-072.454E-072.454E-072.454E-07
Ca-43 5.026E-085.026E-085.026E-085.026E-085.026E-085.026E-085.026E-08
Ca-44 8.313E-078.313E-078.313E-078.313E-078.313E-078.313E-078.313E-07
Ca-45 3.769E-131.686E-147.542E-163.374E-171.428E-206.041E-240.00
Ca-46 1.455E-091.455E-091,455E-091.455E-091.455E-091.455E-091.455E-09
Ca-48 8.237E-088.237E-088.237E-088.237E-088.237E-088.237E-088.237E-08
Sc-45 1.464E-091.465E-091.465E-091.465E-091.465E-091.465E-091.465E-09
Ti-46 2.629E-112.629E-112.629E-112.629E-112.629E-112.629E-112.629E-11
Ti-47 1.800E-121.800E-121.800E-121.800E-121.800E-121.800E-121.800E-12
Ti-48 3.036E-153.036E-153.036E-153.036E-153.036E-153.036E-153.036E-15
Ti-49 1.573E-I01.573E-I01.573E-I01.573E-I01.573E-I01.573E-I01.573E-I0
Ti-50 3.200E-133.200E-133.200E-133.200E-133.200E-133.200E-133.200E-13
V-51 3.659E-113.659E-113.659E-113.659E-113.659E-113.659E-113.659E-11
Cr-52 1.542E-131.542E-131.542E-131.542E-131.542E-131.542E-131.542E-13
Cr-53 7.132E-117.132E-117.132E-117.132E-117.132E-117.132E-117.132E-11
Cr-54 1.084E-091.092E-091.093E-091.093E-091.094E-091.094E-091.094E-09
Mn-54 9.711E-121.921E-123.801E-137.519E-141.309E-152.279E-170.00
Mn-55 9.626E-091.053E-081.106E-081.137E-081.169E-081.178E-081.181E-08
Fe-54 2.855E-062.855E-062.855E-062.855E-062.855E-062.855E-062.855E-06
Fe-55 2.185E-091.282E-097.521E-I04.413E-I01.164E-I03.068E-110.00
Fe-56 4.673E-054.673E-054.673E-054.673E-054.673E-054.673E-054.673E-05
Fe-57 1.351E-061.351E-061.351E-061.351E-061.351E-061.351E-061.351E-06
Fe-58 1.644E-071.644E-071.644E-071.644E-071.644E-071.644E-071.644E-07
Co-58 1.921E-161.502E-191.174E-229.173E-261.566E-330.00 0.00
Co-59 2.097E-092.100E-092.103E-092.105E-092.112E-092.119E-093.442E-09
Co-60 8.137E-116.255E-114,808E-113.696E-111.915E-II9.920E-120.00
Ni-58 1.896E-05],.896E-051.896E-051.896E-051.896E-051.896E-051.896E-05
Ni-59 1.565E-071.565E-071,565E-071.565E-071.565E-071.565E-071.552E-07
Ni-60 7.549E-067.549E-067.549E-067.549E-067.549E-067.549E-067.549E-06
Ni-61 3.690E-073.690E-073,690E-073.690E-073.690E-073.690E-073.690E-07
Ni-62 1.052E-061.052E-061.052E-061.052E-061.052E-061.052E-061.052E-06
Ni-63 2.455E-082.418E-082.382E-082.347E-082.260E-082.176E-081.352E-11
Ni-64 2.813E-072.813E-072.813E-072.813E-072.813E-072.813E-072.813E-07
Cu-63 1.264E-091.631E-091,993E-092.349E-093.217E-094.052E-092.580E-08
Cu-65 7.786E-I07.786E-I07.786E-I07.786E-I07.786E-I07.786E-107.786E-I0
Zn-64 5.827E-135.827E-135.827E-135.827E-135.827E-135.827E-135.827E-13
Zn-66 1.720E-121.720E-121.720E-121.720E-121.720E-121.720E-121.720E-12
Zn-67 9.493E-169.493E-169.493E-169.493E-169.493E-169.493E-169.493E-16
Ru-104 9.895E-169.895E-169.895E-169.895E-169.895E-169.895E-169.895E-16
Pd-!04 2.181E-132.181E-132.181E-132.181E-132.181E-132.181E-132.181E-13
Pd-105 !.317E-151.317E-151.317E-151.317E-151.317E-151.317E-151.317E-15
Pd-106 4.608E-124.608E-124.608E-124.608E-124.608E-124.608E-124.608E-12
Pd-107 2.172E-132.172E-132.172E-132.172E-132.172E-132.172E-132.172E-13
Pd-108 1.501E-091.542E-091.582E-091.622E-091.719E-091.814E-095.233E-09
Pd-110 8.150E-I08.150E-I08.150E-I08.150E-I08.150E-I08.150E-I08.150E-I0

D.97



TABLE D.7.b. Fuel ActivationProductInventoryby Isotopeat
25 MWd/kgM,g/gU (cont'd)

Isotope 4 Years 6 yea_s,_,8Years 10 Years 15 Years 20 Years 1000 Years

Ag-t07 4.993E-074.gg3E-074.993E-074.gg3E-074.993E-074.993E-074.993E-07
Ag-108m 4.105E-094.060E-094.016E-093.973E-093,866E-093.762E-091.789E-11
Ag-lOg 2,509E-072.509E-072,509E-072.509E-072.509E-072.509E-072,509E-07
Ag-110m 3.498E-114.611E-126.0/8E-138.012E-145.054E-163.188E-180.00
Cd-I08 6.047E-086.048E-086.048E-086.048E-086.049E-086.050E-086,083E-08
Cd-109 6.491E-122.180E-127.319E-132,458E-131.606E-141.049E-150.00
Cd-t10 2.789E-072.790E-072.790E-072.7gOE-072.790E-072.790E-072.790E-07
Cd-111 6.741E-096.741E-Og6.741E-096.741E-096.741E-096.741E-096.741E-09
Cd-112 1.611E-I01.611E-I01.611E-I01.611E-I01.611E-I01.611E-I01.611E-I0
Cd-113 2.453E-142.453E-142.453E-142.453E-142.453E-142.453E-142.453E-14
Cd-114 4.798E-134.798E-134.798E-134.798E-134.798E-134.798E-134.798E-13

Total 1.348E-011.348E-011.348E-011.348E-011.348E-011.348E-011.348E-01

D.98

fl '



TABLE D.7.c. Fuel ActivationProduct Inventoryby Isotopeat
30 MWd/kgM,g/gU

Isotope 4 Years 6 Years 8 Years 10 Years !5 Years 20 Years 1000 years

H-I 9.409E-099.409E-099.409E-099.409E-099.409E-099.409E-099.409E-09
H-2 7.449E-127.449E-127.449E-127.449E-127.449E-127.449E-127.449E-12
H-3 6,320E-155.649E-155.049E-154.513E-153.409E-152.574E-150.00
He-3 1.729E-152.400E-152.999E-153.536E-154.640E-155.474E-158.048E-15
He-4 2.093E-062.093E-062.093E-062.093E-062.093E-062.093E-062.093E-06
Li-6 2.264E-142.264E-142.264E-142.264E-142.264E-142.264E-142.264E-14
Be-9 1.337E-I01.337E-I0I..337E-IO.I.337E-IO1,337E-I01.337E-I01.337E-I0
Be-t0 5.061E-115.061E-115.061E-115.061E-115.061E-115.061E-115.059E-11
B-11 1.219E-081.219E-081.219E-081.219E-081.219E-081.219E-081.219E-08
C-12 2.015E-052.015E-052.015E-052.015E-052.015E-052.015E-052.015E-05
C-13 7.007E-067.007E-067.007E-067.007E-067.007E-067.007E-067.007E-06
C-14 1.289E-071.288E-071.28BE-071.288E-071.287E-071.286E-071.142E-07
N-14 2.587E-052.587E-052.587E-052.587E-052.587E-052.587E-052.589E-05
N-15 1.094E-071.094E-071.094E-071.094E-071.094E-071.094E-071.094E-07
0-16 1.341E-011.341E-011.341E-011.341E-011.341E-011.341E-011.341E-01
0-17 5.432E-055.432E-055.432E-055.432E-055.432E-055.432E-055.432E-05
0_-18 3.086E-043.086E-043.086E-043.086E-043.086E-043.086E-043.086E-04
F-19 5.699E-06 5.699E-065.699E-065.699E-065.699E-065.699E-065.699E-06
Ne-20 1.642E-I01.642E-I01.642E-I01.642E-101.642E-I01.642E-101.642E-10
Ne-21 7.335E-157.335E-157.335E-157.335E-157.335E-157.335E-157.335E-15
Ne-22 8.020E-158.020E-158.020E-158.020E-158.020E-158.020E-158.020E-15
Na-23 6.496E-166.496E-166.496E-166.496E-166.496E-166.496E-166.496E-16
Mg-24 1.460E-I01.460E-I01.460E-I01.460E-I01.460E-I01.460E-I01.460E-I0
Mg-25 1.536E-I01.536E-I01.536E-I01.536E-I01.536E-I01.536E-I01.536E-I0
Mg-26 7.026E-117.026E'117.026E-117.026E-117.026E-117.026E-117.026E-11
AI-27 3.628E-053.628E-053.628E-053.628E-053.628E-053.628E-053.628E-05
Si-28 3.336E-053.336E-053.336E-053.336E-053.336E-053.336E-053.336E-05
Si-29 1.760E-061.760E-061.760E-061.760E-061.760E-061.760E-061.760E-06
Si-30 1.202E-061.202E-061.202E-061.202E-061.202E-061.202E-061,202E-06
P-31 3.182E-I03.182E-I03.182E-I03.182E-I03.182E-I03.182E-I03.182E-I0
S-32 1.592E-I01.592E-I01.592E-I01.592E-I01.592E-I01.592E-I01.592E-I0
S-33 9.037E-149.037E-149.037E-149.037E-149.037E-149.037E-149.037E-14
S-34 1.109E-111.109E-111,109E-111.109E-111.109E-111.109E-111.109E-11
S-35 3.512E-15 1.114E-173.534E-201.108E-226.270E-293.548E-350.00
S-36 1.075E-131.397E-131.719E-132.041E-132.846E-133.651E-]31.613E-11
CI-35 3.898E-063.898E-063.898E-063.898E-063.898E-063.898E-O6..3.898E-06
CI-36 3.680E-073.680E-073.680E-073.680E-073.680E-073.680E-073.672E-07
CI-37 1.444E-061.444E-061.444E-061.444E-061.444E-061.444E-061.444E-06
Ar-36 5.542E-127.204E-128.867E-121.053E-111.469E-111.884E-118.327E-I0
Ar-38 1.423E-091.423E-091.423E-091.423E-091.423E-091.423E-091.423E-09
Ar-39 2.222E-112.210E-112.199E-112.188E-112.!60E-112.132E-111.706E-12
Ar-40 7.159E-117.159E-117.159E-117.159E-117.159E-117.159E-117,159E-11
K-39 4.105E-135.247E-136.383E-137.514E-131.031E-121.308E-122.092E-11
K-40 1.109E-081.109E-081.109E-081.109E-081.109E-081.109E-081,109E-08
K-41 3.628E-I03,634E-I03.639E-I03.644E-I03,657E-I03.670E-I06.183E-I0
Ca-40 3.504E-053.504E-053.504E-053.504E-053.504E-053.504E-053.504E-05
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TABLE D./.c. Fuel ActivationProduct Inventoryby Isotopeat
30 MWd/kgM, g/gU (cont'd)

Isotope 4 Year.,@6 Years ,8 Years _0 Years 15 Years ,20years 1000 Year.s

Ca-41 3.010E-083.010E-083.010E-083.010E-083.010E-083.010E-082.985E-08
Ca-42 2.453E-072.453E-072.453E-072.453E-072.453E-072.453E-072.453E-07
Ca-43 5.0!9E-085,019E-085.019E-085.019E-085.019E-085.019E-085.019E-08
Ca-44 8.311E-078.311E-078.311E-078.311E-078.311E-078.311E-078.311E-07
Ca-45 4.762E-132.130E-149.528E-164.262E-171.803E-207.631E-240.00
Ca-46 1.455E-091.455E-091.455E-091.455E-091.455E-Og1.455E-Og1.455E-09
Ca-48 8.234E-088.234E-088.234E-088.234E-088.234E-088,234E-088.234E-08
Sc-45 1.794E-091.794E-091.794E-091.794E-091.794E-091.794E-091.794E-09
Ti-46 3.969E-113.9691-113.g69E-113.969E-113.969E-113.969E-113.969E-11
Ti-47 2.231E-122.231E-122.231E-122.231E-122.231E-122.231E-122.231E-12
Ti-48 4.609E-154.609E-154.609E-154.609E-154.609E-154.609E-154.609E-15
Ti-49 1.934E-I01.934E-I01.934E-I01.934E-I01.934E-I01.934E-I01.934E-I0
Ti-50 4.841E-134.841E-134.841E-134.841E-134.841E-134.841E-134.841E-13
V,51 4.495E-114.495E-114.495E-114.495E-114.495E-114.495E-114.495E-11
Cr-52 2.331E-132.331E-132.331E-132.331E-132.331E-132.331E-132.331E-13
Cr-53 8.739E-118.739E-118.73gE-118.739E-118.739E-118.739E-118.739E-11
Cr-54 1.333E-091.342E-091.344E-091.345E-091.345E-091.345E-091.345E-09
Mn-54 1.215E-112,404E-124.756E-139.410E-141.638E-152.852E-170.00
Mn_-55 1.180E-081.292E-081.358E-081.396E-081.436E-081.447E-081.451E-08
Fe-54 2.852E-062.852E-062.,852E-062.852E-062.852E-062.852E-062.852E-06
Fe-55 2.706E-091.588E-099,315E-I05.466E-I01.441E-I03.800E-110.00
Fe-56 4.668E-054.668E-054.668E-054.668E-054.668E-054.668E-054.668E-05
Fe-57 1.404E-061.404E-061.404E-061.404E-061.404E-061.404E-061.404E-06
Fe-58 1.667E-071.667E-071.667E-071.667E-071.667E-071.667E-071.667E-07
Co-58 2.292E-161.791E-191.400E-221.094E-251.868E-330.00 0.00
Co-59 2.903E-092.907E-092,910E-092.913E-092.921E-092.929E-094.516E-09
Co-60 1.218E-I09.360E-117.195E-115.531E-112.865E-1!1.484E-110.00
Ni-58 1.892E-051.8g2E-05I,Sg2E-051.892E-051.892E-051.892E-051.892E-05
Ni-59 1.877E-071.877E-071,877E-071.877E-071.877E-071.877E-07I.B61E-07
Ni-60 7.549E-067.549E-067.54gE-067.549E-067.549E-067.549E-067.549E-06
Ni-61 3.773E-073.773E-073.773E-073.773E-07_.773E-073.773E-073.773E-07
Ni-62 1.046E-061.046E-061.046E-061.046E-OB1.046E-061.046E-061.046E-06
Ni-63 3.000E-082.955E-082.911E-082.867E-082.761E-082.659E-081.652E-11
Ni-64 2.813E-072.813E-072.813E-072.813E-072.813E-072.813E-072.813E-07
Cu-63 1.539E-091.988E-092.430E-092.865E-093.g25E-094.946E-093.152E-08
Cu-65 9.575E-I09.575E-I09.575E-I09.575E-I09.575E-I09.575E-I09.575E-I0
Zn-64 8.795E-138.795E-138.795E-138.795E-138.795E-138.795E-138.795E-13
Zn-66 2.602E-122.602E-122.602E-122.602E-122.602E-122.602E-122.602E-12
Zn-67 1.766E-151.76_-15 1.766E-151.766E-151.766E-151.766E-151.766E-15
Ru-104 I.200E-15 1.200E-151.200E-151.200E-151.200E-151.200E-151.200E-15
Pd-104 2.643E-132.643E-132.643E-132.643E-132.643E-132.643E-132.643E-13
Pd-105 1.963E-151.963E-151.963E-151.963E-151.963E-151.963E-151.963E-15
Pd-106 5.577E-125.577E-125.577E-125.577E-125.577E-125.577E-125.577E-12
Pd-107 2.654E-132.654E-132.654E-132.654E-132.654E-I_2.654E-132.653E-13
Pd-108 1.794E-091.844E-091.892E-O91.941E-092.059E-092.175E-Og6.323E-09
Pd-110 9.294E-I09.294E-I09.294E-I09.294E-I09.294E-I09.294E-I09.294E-I0
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TABLE D,/,c, Fuel ActivationProductInventoryby Isotopeat
30 MWd/kgM, g/gU (cont'd)

.Isotop__e.4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Ag-107 4.853E-074.853E-074.853E-074,853E-074.853E-074.853E-074.853E-07
Ag-108m4.981E-094.927E-094.873E-094.821E-094.691E-094.565E-092.171E-11
Ag-109 2.I08E-072.lOSE-OI2.I08E-072.I08E-072.I08E-072.I08E-072.I08E-07
Ag-110m3.777E-114.979E-126.563E-138.651E-145.458E-163.443E-180.00
Cd-I08 7.333E-087.333E-087.334E-087.334E-087.336E-087.337E-087.376E-08
Cd-I09 9.400E-123.156E-121.060E-123.559E-132.326E-141.520E-150.00
Cd-110 3.163E-07 3.163E-07 3.163E-07 3.163E-07 3.163E-07 3.163E-07 3.163E-07
Cd-11i 9,601E-09 9.601E-09 9.601E-09 9.601E-09 9.601E-09 9.601E-09 9.601E-09
Cd-112 2.861E-10 2,861E-10 2.861E-10 2.861E-10 2.861E-10 2.861E-10 2.861E-10
Cd-113 4.389E-14 4.389E-14 4.389E-14 4.389E-14 4,389E-14 4.389E-14 4.389E-14
Cd-114 1.074E-12 1.074E-12 1.074E-12 1.074E-12 1.074E-12 1.074E-12 1.074E-12
In-115 1.849E-16 1.849E-16 1o849E-16 1.849E-16 1.849E-16 1.849E-16 1.849E-16

Total 1.348E-01 1.348E-01 1.348E-01 1.348E-01 1.348E-01 1.348E-01 1.348E-01

i
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J

TABLE D.l.d. Fuel Activation ProductInventoryby Isotopeat
35 MWd/kgM,g/gU

Isot_e_4 Years 6 Years _!o Years !5 years_ 20..Years....1000 Years

H-I 1.127E-081.127E-081.127E-081.127E-081.127E-081.127E-081.127E-08
H-2 1.069E-111.069E-111.069E-111.069E-111.069E-111.069E-111.06gE-11
H-3 1.017E-149.086E-158.122E-157.259E-155.483E-154.141E-150.00
He-3 2.745E-153.824E,154.789E-155.651E-157.428E-158.770E-151.291E-14
He-4 2.507E-062.507E-062.507E-062.507E-062.507E-062.507E-062.507E-06
Li-6 2.975E-142.975E-142.975E-142.975E-142.975E-142.975E-142.975E-14
Be-9 1.602E-I01.602E-I01.602E-I01.602E-I01.602E-I01.602E-I01.602E-I0
Be-10 7.183E-117.183E-117.183E-117.183E-117.183E-117.183E-117.180E-11
B-lO i.590E-162.212E-162.835E-163.457E-165.013E-166.569E-163.115E-14
B-11 1.460E-081.460E-081.460E-081.460E-081.460E-081.460E-081.460E-08
C-12 2.015E-052.015E-052.015E-052.015E-052.015E-052.015E-052.015E-05
C-13 8.347E-068.347E-068.347E-068.347E-068.347E-068.347E-068.347E-06
C-14 1.543E-071.543E,071.543E-071.542E-071.541E-071.541E-071.368E-07
N-14 2.585E-052.585E-052.585E-052.585E-052.585E-052.585E-052.586E-05
N-15 1.108E-071.108E-071.108E-071.108E-071.108E-071.108E-071.108E-07
0-16 1.341E-011.341E-011.341E-011.341E-011.341E-011.341E-011.341E-01
0-17 5.433E-055.433E-055.433E-055.433E-055.433E-055.433E-055.433E-05
0-18 3.086E-043.086E-043.086E-043.086E-043.086E-043.086E-043.086E-04
F-19 5.699E-065.699E-065.699E-065.699E-065.699E-065.699E-065.699E-06

Ne-20 1.967E-10] 967E-I01.967E-I01.967E-I01.967E-I01.967E-I01.967E-I0
Ne-21 1.053E-141.053E-141.053E-141.053E-141.053E-141.053E-141.053E-14
Ne-22 1.151E-141.151E-141.151E-141.151E-141.151E-141.151E-141.151E-i4
Na-23 9.328E-169.328E-169.328E-169.328E-169.328E-169.328E-169.328E-16
Mg-24 1.749E-101.749E-I01.749E-I01.749E-I01.749E-I01.749E-I01.749E-I0
Mg-25 1.840E-I01.840E-I01.840E-I01,840E-I01.840E-I01.840E-I01.840E-I0
Mg-26 8.424E-118.424E-II_8.424E-118.424E-118.424E-118.424E-118.424E-11
AI-27 3.628E-053.628E-053.628E-053.628E-053.628E-053.628E-053.628E-05
Si-28 3.336E-053.336E-053.336E-053.336E-053.336E-053.336E-053.336E-05
Si-29 1.762E-061.762E-061.762E-061.762E-061.762E-061.762E-061.762E-06
Si-30 1.202E-061.202E-061.202E-061.202E-061.202E-061.202E-061.202E-06
P-31 3.812E-I03.812E-I03.812E-I03.812E-I03.812E-I03.812E-I03.812E-I0
S-32 1.891E-I01.891E-I01.891E-I01.891E-I01.891E-I01.891E-I01.891E-I0
S-33 1.290E-131.290E-131.290E-131.290E-131.290E-131.290E-131.290E-13
S-34 1.329E-111.329E-111.329E-111.329E-111.329E-111.329E-111.329E-11
S-35 4.243E-151.345E-174.260E-201.334E-227.552E-294.274E-350.00
S-36 1.271E-131.652E-13_..034E-132.416E-133.370E-134.324E-131.911E-11
CI-35 3.830E-063.830E-063.830E-063.830E-063.830E-063.830E-063.830E-06
CI-36 4.362E-074.362E-074.362E-074.362E-074.362E-074.362E-074.352E-07
CI-37 1.446E-061.446E-061.446E-061.446E-061.446E-061.446E-061.446E-06
Ar-36 6.548E-128.519E-121.049E-111.246E-111.739E-112.231E-119.869E-I0
Ar-38 1.705E-091.705E-091.705E-091.705E-091.705E-091.705E-091.705E-09
Ar-39 2.438E-112.426E-112.413E-112.401E-112.370E-112.340E-111.873E-12
Ar-40 1.003E-I01.003E-I01.003E-I01.003E-I01.003E-I01.003E-I01.003E-I0
K-39 4.542E-135.795E-137.042E-138.283E-131.136E-121.439E-122.297E-11
K-40 1.319E-081.319E-081.319E-081.319E-081.319E-081.319E-081.319E-08
K-41 5.178E-I05.184E-I05.190E-I05.196E-I05.212E-I05.227E-I08.238E-I0
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TABLE D.l.d. Fuel ActivationProduct Inventoryby Isotopeat
35 MWd/kgM,g/gU (cont'd)

4 Years ..6years 8 Years 10 Years !5 Years 20 _Years 100.0Years

Ca-40 3.504E-053.504E-053.504E-053.504E-053.504E-053.504E-053.504E-05
Ca-41 3.606E-083.606E-083.606E-083.606E-083.606E-083.606E-083.576E-08
Ca-42 2.453E-072.453E-072.453E-072.453E-072.453E-072.453E-072.453E-07
Ca-43 5.011E-085.011E-085.011E-08 5.011E-085.011E-085.011E-085.011E-08
Ca-44 8.309E-078.309E-078.309E-078.309E-078.309E-078.309E-078.309E-07
Ca-45 5.835E-132.610E-141.167E-155.222E-172.210E-209.351E-240.00
Ca-46 1.454E-091.454E-091.454E-091.454E-091.454E-091.454E-091.454E-09
Ca-48 8.230E-088.230E-088.230E-088.230E-088.230E-088.230E-088.230E-08
Sc-45 2.140E-092.141E-092.141E-092.141E-092.141E-092.141E-092.141E-09
Ti-46 5.67gE-115.679E-115.679E-115.679E-115.679E-115.679E-115.679E-11
Ti-47 2.699E-122.699E-122.699E-122.699E-122.699E_122.699E-122.699E-12
Ti-48 6.643E-156.643E-156.643E-156.643E-156.643E-156.643E-156.643E-15
Ti-49 2.315E-I02.315E-I02.315E-I02.315E-I02.315E-I02.315E-I02.315E-I0
Ti-50 6.946E-136.946E-136.946E-136.946E-136.946E-136.946E-136.946E-13
V-51 5,377E-115.377E-115.377E-115.377E-115.377E-115.377E-115.377E-11
Cr-52 3.341E-133.341E-133.341E-133.341E-133.341E-133.341E-133.341E-13
Cr-53 1.042E-I01.042E-I01.042E-I0 1.042E-I01.042E-I01.042E-I01.042E-I0
Cr-54 1.595E-091.607E-091.610E-09I._IOE-091,610E-091,610E-091.610E-09
Mn-54 1.479E-112.927E-125.790E-131.146E-131.994E-153.472E-170.00
Mn-55 1.409E-081.544E-081.623E-081.669E,081.718E-081.731E-081.735E-08
Fe-54 2.849E-062.849E-062.849E-062.849E-062.849E-062.849E-062.849E-06
Fe-55 3.263E-091.915E-091.123E-096.592E-i01.738E-I04.583E-110.00
Fe-56 4.662E-054.662E-054.662E-054.662E-054.662E-054.662E-054o662E-05
Fe-57 1.460E-061.460E-061.460E-061.460E-061.460E-061.460E-061.460E-06 '
Fe-58 1.690E-071.690E-071.690E-071.690E-071.690E-071.690E-071.690E-07
Co-58 2.627E-162.053E-191.605E-221.254E-252.142E-330.00 0.00
Co-59 3.835E-093.839E-093.843E-093.847E-093.856E-,093.866E-095.716E-09
Co-60 1.759E-I01.352E-I01.040E-I07.991E-114.140E-112.145E-110.00
Ni-58 1.888E-051.888E-051.888E-051.888E-051.888E-05].888E-051.888E-05
Ni-59 2.189E-072.189E-072.189E-072.189E-072.189E-072.189E-072.170E-07
Ni-60 7.550E-067.550E-067.550E-067.550E-067.550E-067.550E-067.550E-06
Ni-61 3.859E-073.859E-073.859E-073.859E-073.859E-073.859E-073.859E-07
Ni-62 1.040E-061.040E-061.040E-061.040E-061.040E-061.040E-061.040E-06
Ni-63 3.568E-083.514E-083.462E-083.410E-083.284E-083.163E-081.965E-11

: Ni-64 2.815E-072.815E-072.815E-072.815E-072.815E-072.815E-072.815E-07
Cu-63 1.824E-092.358E-092.883E-093.401E-094.6C2E-095.876E-093.748E-08
Cu-65 1.147E-091.147E-091.147E-091.147E-091.147E-091.147E-091.147E-09

-- Zn-64 1.258E-121.258E-121.258E-121.258E-121.258E-.121.258E-121.258E-12
Zn-66 3.733E-123.733E-123.733E-123.733E-123.733E-123.733E-123.733E-12
Zn-67 3.034E-153.034E-153.034E-153.034E-153.034E-153.034E-153.034E-15

- Ru-104 1.416E-151.416E-151.416E-151.416E-151.416E-151.416E-151.416E-15
Pd-104 3.115E-133.115E-133.115E-133.115E-133.115E-133.115E-133.115E-13
Pd-105 2.772E-152.772E-152.772E-152.772E-152.772E-152.772E-152.772E-15
Pd-106 6.569E-126.569E-126.569E-126.569E-126.569E-126.569E-126.569E-12
Pd-107 3.156E-133.156E-133.156E-133.156E-133.156E-133.156E-133.155E-13
Pd-108 2.085E-092.144E-092.201E-092.258E-092.398E-092.534E-097.432E-09
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TABLE D.7.d. Fuel ActivationProduct Inventoryby Isotopeat
35 MWd/kgM,g/gU (cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Pd-110 1.0_0E-091.030E-091.030E-091.030E-091.030E-091.030E-091.030E-09
Ag-t07 4.709E-074,709E-074.709E-074.709E-074.709E-074.709E-074.709E-07
Ag-108m 5.881E-095.817E-095.754E-095.692E-095.539E-095.390E-092.563E-11
Ag-t09 1.754E-071.754E-071.754E-071.754E-071.754E-071.754E-071.754E-07
Ag-110m 3.935E-115.187E-126.838E-139.014E-145.687E-163.58BE-180.00
Cd-I08 8.652E-088.653E-088.653E-088.654E-088,655E-U88.657E-088.703E-08
Cd-I09 1.287E-114.321E-121.451E-IZ4.873E-133.184E-142,080E-150.00
Cd-t10 3.485_-073.485E-073.485E-073.485E-073.485E-073,485E-073.485E-07
Cd-111 1.294E-_81.294E-081.294E-081.294E-081.294E-081.294E-081,294E-08
Cd-112 4.684E-I04.684E-I04,684E-I04.684E-I04.684E-I04.684E-I04.684E-I0
Cd-113 7.404E-147.404E-147.404E-147.404E-147.404E-147.404E-147.404E-14
Cd-114 2.161E-122.161E-122.161E-i22.161E-122.161E-122.161E-122.161E-12
In-115 4.278E-164.278E-164.278E-164.278E-164.278E-164.278E-164.278E-16
Sn-116 2.732E-162.732E-162.732E-162.732E-162,732E-162.732E-162.732E-16

.._

Total 1.348E,.011,348E-011,348E-011.348E-011.348E-011.348E-011.348E-01
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TABLE D.7,e. Fuel ActivationProductInventoryby Isotopeat
40 MWd/kgM,g/gU

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

H-I 1.321E-081.321E-081.321E-081.321E-081.321E-081.321E-081.321E-08
H-2 1.470E-11!.470E-111.470E-111.470E-111.470E-111.470E-111.470E-11
H-3 1.535E-141.372E-141.226E-141.096E-14_.278E-156.253E-150.00
He-3 4.104E-155.734E-157.191E-158.493E-151.117E-141.320E-14!.945E-14
He-4 2.942E-062.942E-062.942E-062,942E-062.942E-062.942E-062.942E-06
Li-6 3.753E-143.753E-143.753E-143.753E-143.753E-143.753E-143.753E-14
Li-7 1.602E-161.602E-161.602E-161.602E-161.602E-161.602E-161.602E-16
Be-9 1.878E-I01.878E-101.878E-I01.878E-I01.878E-I01.878E-I01.878E-I0
Be-t0 9.803E-119.803E-119.803E-119.803E-119.803E-119.803E-119.799E-11
B-I0 2.107E-162.956E-163.805E-164.655E-166.778E-168.gO2E-164.250E-14
B-11 1.712E-081.712E-081.712E-081.712E-081.712E-081.712E-081.712E-08
C-12 2.015E-052.015E-052.015E-052.015E-052.015E-052.015E-082.015E-05
C-13 9.750E-069.750E-069.750E-06g.750E-069.750E-069.750E-069.750E-06
C-14 1.810E-071.810E-071.809E-071.809E-071.808E-071.807E-071.605E-07
N-14 2.582E-052.582E-052.582E-052.582E-052.582E-052.582E-052.584E-05
N-15 1.122E-071.122E-071.122E-071.122E-071.122E-071.122E-071.122E-07
0-16 1.341E-011.341E-011.341E-011.341E-011.341E-011.341E-011.341E-01
0-17 5.433E-055.433E-055.433E-055.433E-055,433E-055.433E-055.433E-05
0-18 3.086E-043.086E-043.086E-043.086E-043.086E-043.086E-043.086E-04
F-19 5.699E-065.699E-065,699E-065.699E-065.699E-065.699E-065.699E-06
Ne-20 2.307E-I02.307E-I02.307E-102.307E-I02.307E-I02.307E-I02.307E-I0
Ne-21 1.448E-141.448E-141.448E-141.448E-141.448E-141.448E-141.448E-14
Ne-22 1.585E-141.585E-141.585E-141.585E-141.585E-141.585E-141.585E-14
Na-23 1.284E-151.284E-151.284E-151.284E-!51.284E-151.284E-151.284E-15
Mg-24 2.052E-I02.052E-I02.052E-I02.052E-I02.052E-I02.052E-I02.052E-I0
Mg-25 2.159E-I02.159E-I02.159E-I02.159E-I02.15gE-I02.159E-I02.159E-I0
Mg-26 9.889E-119.889E-119.889E-119.889E-119.889E-119.889E-119.889E-11
AI-27 3.627E-053.627E-053.627E-053.627E-053.627E-053.627E-053.627E-05
Si-28 3.336E-053.336E-053.336E-053.336E-053.336E-053.336E-053.336E-05
Si-29 1.765E-061.765E-061.765E-061.765E-061.765E-061.765E-061.765E-06
Si-30 1.202E-061.202E-061.202E-061.202E-061.202E-061.202E-061.202E-06
P-31 4.472E-I04.472E-I04.472E-I04.472E_I04.472E-I04.472E-I04.472E-I0
S-32 2.198E_I02.198E-I02.198E-I02.198E-I02.198E-I02.198E-102.198E-I0
S-33 1.765E-131.765E-131.765E-131.765E-131.765E-131.765E-131.765E-13
S-34 1.560E-111.560E-111.560E-111.560E-111.560E-111.560E-111.560E-11
S-35 4.982E-151.576E-175.001E-201.568E-228.874E-295.022E-350.00
S-36 1.471E-131.913E-132.356E-132.799E-133.906E-135.013E-132.217E-11

CI-35 _.760E-063.760E-063.760E-063.760E-063.760E-063.760E-063.760E-06
CI-36 5.060E-075.060E-075.060E-075.060E-075.060E-075.060E-075.048E-07
CI-37 1.448E-061.448E-061.448E-061.448E-061.448E-061.448E-061.448E-06
Ar-36 7.577E-129.863E-121.215E-111.444E-112.015E-112.587E-111.145E-09
Ar-38 2.001E-092.001E-092.001E-092.001E-Og2.001E-092.00}E-092.001E-09
Ar-39 2.623E-112.610E-112.596E-112.583E-112.550E-112.517E-112.015E-12
Ar-40 1.349E-I01.349E-I01.349E-I01.349E-I01.349E-I01.349E-101,349E-I0
K-39 4.927E-136.275E-137.617E-138.951E-131.226E-121.552E-122.471E-11
K-40 1.535E-081.535E-081.535E-081.535E-081.535E-081.535E-081.535E-08
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TABLE [l.7.e. Fuel ActivationProductInventoryby Isotopeat
40 MWd/kgM,g/gU (cont'd)

Isotope 4 Years 6 Years 8 Years !0 Years 15 Years 20 Years 1000 Years,.

K-41 7.084E-I07.091E-I07,098E-I07.106E-I07.124E-I07.142E-I01.067E-09
Ca-40 3.503E-053.503E-053.503E-053.503E-053.503E-053.503E-053.503E-05
Ca-41 4.230E-084.230E-084.230E-084.230E-084.230E-084.230E-084.194E-08
Ca-42 2.452E-072.452E-072.452E-072.452E-072.452E-072.452E-072.452E-07
Ca-43 5.003E-085.003E-085.003E-085.003E-085.003E-085.003E-085.003E-08
Ca-44 8.307E-078.307E-078.307E-078.307E-078.307E-078.307E-078.307E-07
Ca-45 6.963E-133.115E-141.393E-156,231E-172.637E-201.116E-230.00
Ca-46 1.454E-091.454E-091.454E-091.454E-091.454E-091.454E-091.454E-09
Ca-48 8.226E-088.226E-088.226E-088.226E-088.226E-088.226E_088.226E-08
Sc-45 2.499E-092,500E-092.500E-092.500E-092,500E-092.500E-092.500E-09
Ti-46 7.786E-117.786E-117.786E-117.786E-117.786E-117.786E-117.786E-11
Ti-47 3.205E-123.205E-123.205E-123.205E-]23,205E-123.205E-123.205E-12
Ti-48 9.191E-159.191E-159,191E-159.191E-159.191E-159.191E-159.191E-15
Ti-49 2.714E-I02.714E-102.714E-]02.714E-I02.714E-I02.714E-I02.714E-I0
Ti-50 9.554E-139.554E_139.554E-139.554E-139.554E-139.554E-139.554E-13
V-51 6.298E-116.298E-116.298E-116.298E-116.298E-116,298E-116,298E-11
Cr-52 4.591E-134,591E-134.591E-134.591E-134.591E-134.591E-134.591E-13
Cr-53 1.217E-I01.217E-I01.217E-I01.217E-I01.217E-I01.217E-I01.217E-I0
Cr-54 1.870E-091.884E-091.887E-091.888E_,091.888E-091.888E-091.888E-09
Mn-54 1.757E-113.475E-126.875E-131.360E-132.368E-154.123E-170.00
Mn-55 1.648E-081.807E-081.900E-081.955E-082.012E-082.027E-OE_2.032E-08
Fe-54 2.846E-062.846E-062.846E-062.846E-062.846E-062.846E-062.846E-06
Fe-55 3.849E-092.258E-091.325E-097.775E-I02.050E-I05.406E-110.00
Fe-56 4.655E-054.656E-054.656E-054.656E-054.656E-054.656E-054.656E-05
Fe-57 1.519E-061.519E-061.519E-061.519E-061.519E-061.519E-061.519E-06
Fe-58 1.714E-071.714E-071.714E-071.714E-071.714E-071.714E-071.714E-07
Co-58 2.933E-162.292E-191.791E-221.400E-252.391E-330.00 0.00
Co-59 4.880E-094,,885E-094.889E-094.893E-094.904E-094.915E-097.027E-09
Co-60 2.461E-I01.892E-I01.454E-I01.118E-I05.791E-113.000E-110.00
Ni-58 1.883E-051.883E-051.883E-051.883E-051.883E-051.883E-051.883E-05
Ni-59 2.498E-072.498E-072.498E-072.498E-072.497E-072.497E-072.476E-07
Ni-60 7.553E-067.553E-067.553E-067.553E-067.553E-067,553E-067.553E-06
Ni-61 3.950E-073.950E-073.950E-073.950E-073.950E-073.950E-073.950E-07
Ni-62 1.034E-061.034E-061.034E-061.034E-061.034E-061.034E-061.034E-06
Ni-63 4.154E-084.091E-084.030E-083.970E-083.823E-083.682E-08 2.288E-11
Ni-64 2.817E-072.817E-072.817E-072.817E-072.817E-072.817E-072.817E-07
Cu-,63 2.117E-092.739E-093.350E-093.953E-095.421E-096.834E-094.363E-08
Cu-65 1.345E-091.345E-091.345E-091.345E-091.345E-091.345E-091.345E-09
Zn-64 1.722E-121.722E-121.722E-121.722E-121.722E-121.722E-121.722E-12
Zn-66 5.135E-125.135E-,125.135E-125.135E-125.135E-125.135E-125.135E-12
Zn-67 4.892E-154.892E-154.892E-154.892E-154.892E-154.892E-154.892E-15
Ru-104 1,635E-151.635E-151.635E-151.635E-151.635E-151.635E-151.635E-15
Pd-104 3.594E-133.594E-133.594E-133,594E-133.594E-133.594E-133.594E-13
Pd-105 3.749E-153.749E-153.749E-153.749E-153.749E-153.749E-153.749E-15
Pd-106 7.572E-127.572E-127.572E-127.572E-127.572E-127.572E-127.572E-12
Pd-107 3,673E-133.673E-133.673E-133,673E-133.673E-133.673E-133.673E-13
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TABLE D.7.e. Fuel ActivationProductInventoryby Isotopeat
40 MWd/kgM,g/gU (cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years. 15 Years 20 Years 1000 Years

Pd-108 2.370E-092.437E-092.504E-Og2.570E-092.731E-092.889E-098.54BE-09
Pd-110 1.117E-091.117E-Og1.117E-Og1.117E-091.117E-091.117E-091.117E-09
Ag-r107 4.B63E-074.563E-074.563E-074.B63E-074.563E-074.563E-074.563E-07
Ag-108m 6.796E-096.722E-096.649E-096.B77E-096.400E-096.227E-092.961E-11
Ag-109 1.447E-071.447E-071.447E-071.447E-071.447E-071.447E-071.447E-07
Ag-110m 3.970E-115.233E-126.898E-139.093E-145.737E-163.621E-180.00
Cd-I08 9.990E-089.991E-089.991E-089.992E-089.994E-089.995E-081.005E-07
Cd-I09 1.682E-115.649E-121.897E-126.370E-134.162E-142.720E-150.00
Cd-t10 3.754E-073.754E-073.755E-073.755E-073.755E-073.755E-073.755E-07
Cd-111 1.670E-081.670E-OB1.670E-081,670E-081.670E-081.670E-081.670E-08
Cd-112 7.191E-I07.191_-107.191E-I07.191E-I07.191E-I07.191E-I07.191E-I0
Cd-113 1.136E-131.136E-131.136E-131.136E-131.136E-131.136E-131.136E-13
Cd-114 3.937E-123.937E-123.937E-123.937E-123.937E-123.937E-123.937E-12
In-115 8.636E-168.636E-168.636E-168.636E-168.636E-168.636E-168.636E-16
Sn-116 6.387E-166.387E-166.387E-166.387E-166.387E-166.387E-166.387E-16

Total 1.348E-011.348E-011.348E-011.348E-011.348E-011.348E-011.34BE-01
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, TABLE D.7.f. Fuel ActivationProductInventoryby Isotopeat
45 MWd/kgM,g/gU

Isotop._e4 Years....6 years 8 Years ,.10Years 15 Years 20 Years 1000 Years

H-I 1.523E-081.523E-081.523E-081.523E-081.523E-081.523E-081.523E-08
H-2 1.956E-111.956E-111.956E-111,956E-111.956E-111.956E-111.956E-11
H-3 2.205E-141.971E-141.762E-141.574E-141.189E-148.982E-151.158E-38
He-3 5.851E-158.192E-151.028E-141,216E-141.601E-14!.892E-142.790E-14
He-4 3.394E-063.394E-063.394E-063,394E-063.394E-063.394E-063.394E-06
Li-6 4.588E-144.588E-144.588E-144.588E-144.588E-144.588E-144.588E-14
Li-7 2.168E-162.168E-162.168E-162.168E-162.168E-162.168E-162.168E-16
Be-9 2.167E-I02.167E-I02.167E-.I02,,167E-I02.167E-I02.167E-I02.167E-I0
Be-t0 1.296E-I01.296E-I01.296E-I01.296E-I01.296E-I01.296E-I01.296E-IO
B-lO 2.719E-163.842E-164.966E-166.089E-168.897E-161.170E-155.619E-14

' B-11 1.974E-081.974E-081.974E-081.974E-081.974E-081.974E-081.974E-OB
C-12 2.015E-052.015E-052.015E-052.015E-OS2.015E-052.015E-052.015E-05
C-13 1.121E-051.121E,.051.121E-051.121E-051.121E-051.121E-051.121E-05
C-14 2.087E-072.087E-072.086E-072.086E-072.085E-072.083E-071.850E-07
N-14 2.579E-052.579E-052.579E-052.579E-052.579E-052.579E-052.582E-05
N-15 1.138E-071.138E-071.138E-071.138E-071.138E-071.138E-071.138E-07
0-16 1.341E-011.341E-011.341E-011.341E-011.341E-011.341E-011.341E_01
0-17 5.434E-055.434E-055.434E-055.434E-055.434E-055.434E-055.434E-05
0-18 3.086E-043.086E-043.086E-043,086E-043.086E-043.086E-043.086E-04
F-19 5.699E-065.699E-065.699E-065.699E-065.699E-065.699E-065.699E-06

Ne-20 2.662E-I02.662E-I02.662E-I02.662E-I02.662E-I02.662E-I02.662E-I0
Ne-21 1.927E-141.927E-141.927E-141.927E-141.927E-141.927E-141.927E-14
Ne-22 2.109E-142.109E-142.109E-142.109E-142.109E-142.109E-142.109E-14
Na-23 1.710E-151.710E-151.710E-151.710E-151,7i0E-151.710E-151.710E-15
Mg-24 2.367E-I02.367E-I02.367E-I02.367E-I02.367E-I02.367E-!02.367,=-10

. Mg-25 2.491E-I02.491E-I02.491E-I02.491E-I02.49!E-I02.491E-I02.491E-I0
Mg-26 1.142E-I01.142E-I01.142E-I01.142E-I01.142E-I01.142E-!01.142E-I0
AI-27 3.627E-053.627E-053.627E-053,627E-053.627E-053.627E-053.627E-05
Si-28 3.336E-053.336E-053.336E-053.336E-053.336E-053,376E-053.336E-05
Si-29 1.767E-061.767E-061.767E-061.767E-061.767E-061.76)'E-061.767E-06

' Si-30 1.202E-061.202E-061.202E-061.202E-06I._02E-061.202E-061.202E-06
P-31 5.160E-I05.160E-I05.160E-I05.160E-I05.160E-I05.160E-I05.160E-I0
S-32 2.512E-I02.512E-I02.512E-I02.512E-I02.512E-I02.512E-I02.512E-I0
S-33 2.334E-132.334E-132.334E-132.334E-132,334E-132.334E-132.334E-13
S-34 1.801E-111.801E-111.801E-111.801E-111.801E-111.801E-111.801E-11
S-35 5.720E-151.813E-175.752E-201.805E-221.022E-285.782E-350.00
S-36 1.674E-132.179E-132.684E-133.189E-134.451E-135.713E-132.528E-11
CI-35 3.689E-063.689E-063.689E-063.689E-063.689E-063.689E-063.689E-06
CI-36 5.769E-075.769E-075,769E-075,769E-07-5.769F-075.769E-075.756E-07
CI-37 1.451E-061.451E-06i 451E-061.451E-061.451E-061.451E-061.451E-06
Ar-36 8.624E-121.123E-111.364E-111.644E-112.296E-112.948Z-111.305E-09
Ar-38 2.310E-092.310E-092.310E-092.310E-092.310E-092.310E-092.310E-09
At-39 2.781E-112.767E-112.752E-112.738E-112.703E-112.669E-112.136E-12
Ar-40 1.758E-I01.758E-I01.758E-I01.758E-I01.758E-I01.758E-I01.758E-I0
K-39 5.266E-,136.695E-138.117E-139.532E-131.304E-121.650E-122.620E-11
K-40 1.758E-081.758E-081.758E-081.758E-081.758E-081.758E-081.758E-08
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TABLE D.l,f. Fuel ActivationProduct Inventoryby Isotopeat
45 MWd/kgM,g/gU (cont'd)

Isotope 4 Years 6 Years 8 Years 10,.,Years15 Years, 20 Years 1000 Years

K-41 9.372E-I09.381E-I09.389E-I09.397E-I09.418E-I09.439E-I01.351E-09
Ca-40 3.502E-053.502E-053.502E-053,502E-053,502E-053.502E-053.502E-05
Ca-41 4.880E-084.879E-084.879E-084.879E-084.879E-084.879E-084.838E-08
Ca-42 2.451E-072.451E-072.451E-072.451E-072.451E-072.451E-072.451E-07
Ca-43 4.995E-084.995E-084.995E-084.995E-084.995E,084.995E-084.995E-08
Ca-44 8.304E-078,304E-078.304E-078.304E-078.304E-078.304E-078.304E-07
Ca-45 8.132E-133,637E-141.627E-157.278E-173.080E-201.303E-230.00
Ca-46 1.453E-091,453E-091.453E,091.453E-091.453E-091.453E-091.453E-09
Ca-48 8.222E-088.222E-088,222E-088.222E-088.222E-088.222E-088.222E-08
Sc-45 2.870E-092.870E-092.870E-092.870E-092.870E-092.870E-092.870E-09
Ti-46 1.032E-101,032E-I01.032E-I0 1.032E-IO:I.032E-IO:I.032E-I01.032E-I0
Ti-47 3.751E-123.751E-123.751E,123.751E-123.751E-123.751E-123.751E-12
Ti-48 1.231E-14 1,231E-141.231E-141.231E-141.231E-141.231E-141.231E-14
Ti-49 3.129E-I03.129E-I03.129E-I03.129E-I03.129E-I03.129E-I03,129E-I0
Ti-50 1.271E-121,271E-121.271E-121.271E-121.271E-121.271E-121.271E-12
V-51 7.254E-117,254E-117.254E-117.254E-117.254E-117.254E-117.254E-11,

Cr-52 6.100E-136,100E-136.100E-136.100E-136.100E-136.100E-136.100E-13
Cr-53 1.398E-I01.398E-I01.398E-I01.398E-I01.398E-I01.398E-I01.398E-I0
Cr-54 2.156E-092,173E-092.176E-092.177E-092.177E-092.177E-092.177E-09
Mn-54 2.045E-114.045E-128.003E-131.583E-132.756E-154,798E-170.00
Mn-55 1.895E-082,079E-082.187E-082.251E-082.317E-082.334E-082.341E-08
Fe-54 2.843E-062,843E-062.843E-062.843E-062.843E-062.843E-062_843E-06
Fe-55 4..459E-092,617E-091.535E-099.007E-I02.375E-I06.263E-110.00
Fe-56 4.650E-054,650E-054.650E-054.650E-054.650E-054.650E-054.650E-05
Fe-57 1.580E-061,580E-061.580E-061.580E-061.580E-061.580E-061.580E-06

. Fe-58 1.738E-071,738E-071.738E-071.738E-071.738E-071.738E-071.738E-07
Co-58 3.208E-162,507E-191.960E-221.532E-252.615E-330.00 0.00
Co-59 6.027E-096.031E-096.036E-096.041E-096.053E-096.065E-098,432E-09
Co-60 3.344E-I02.571E-I01.976E-I01.519E-I07.869E-114.077E-110.00

, Ni-58 1.878E-051,878E-051.878E-051.878E-051.878E-051.878E-051.878E-05
Ni-59 2.800E-072,800E-072.800E-072.800E-072.800E-072.799E-072.776E-07

: Ni-60 7.558E-067.558E-067.558E-067.558E-067_558E-067.558E-067.558E-06
Ni-61 4.045E-074.045E-074.045E-074.045E-074.045E-074.045E-074.045E-07
Ni-62 1.028E-061.028E-061.028E-061.028E-061.028E-061.028E-061.028E-06
Ni-63 4.753E-084.682E-084.612E-084.543E-084.375E-084._14E-082.618E-11
Ni-64 2.820E-072.820E-072.820E-072.820E-072.820E-072.820E-072,820E-07
Cu-63 2.417E-093.128E-093.829E-094.518E-096.198E-097.816E-094.993E-08
Cu-65 1.551E,-091.551E-091.551E-091.551E-091.551E-091,551E-091.551E-09
Zn-64 2.278E-122.278E-122.278E-122.278E-122.278E-122.278E-122.278E-12
Zn-66 6.831E-126.831E-126.831E-126.831E-126.831E-126.831E-126.831E-12
Zn-67 7.498E-157.498E-157.498E-157.498E-157.498E-157.498E-157.498E-15
Ru-104 1.855E-151,855E-151.855E-151.855E-151.855E-151.855E-151.855E-15
Pd-104 4.074E-134.074E-134.074E-134.074E-134.074E-134.074E-134.074E-13
Pd-105 4.9GOE-154.900E-154.900E-154.900E-154.900E-154.900E-154.900E-15
Pd-106 8.580E-128,580E-128.580E-128.580E-12B.580E-128.580E-128.580E-12
Pd-107 4.204E-134.204E-134.204E-134.204E-134.204E-134.204E-134.203E-13

D.I09



TABLE D.7.f. Fuel ActivationProduct Inventoryby Isotopeat
45 MWd/kgM,g/gU (cont'd)

Isotope,4 Years 6 Years _,8Years 10 Years 15y,.ears...,20 Years..,1000 Years

Pd-108 2.646E-092.722E-092.798E-092.873E-093.056E-093.235E-099.661E-09
Pd-110 1.192E-091.192E-091.192E-091.192E-091.192E-091.192E-091.192E-09
Ag-t07 4.415E-074.415E-074.415E-074.415E-074.415E-074.415E-074.415E-07
Ag-1OBm7.717E-097.634E-097.551E-097.469E-097.268E-097.072E-093.363E-11
Ag-109 1.185E-071.185E-071.185E-071.185E-071.185E-071.185E-071.185E-07
Ag-110m3.901E-115.142E-126.778E-138.935E-145.638E-163.557E-180.00
Cd-I08 1.134E-071.134E-071.134E-071.134E-071.134E-071.134E-071.140E-07
Cd-I09 2.120E-117.119E-122.391E-128.028E-135.245E-143.427E-150.00
Cd-t10 3.974E-073.975E-073.975E-073.975E-073.975E-073.975E-073.975E-07
Cd-111 2.082E-082.082E-082.082E-082.082E-082.082E-082.082E-082.082E-08
Cd-112 1.049E-091.049E-091.049E-091.049E-091.049E-091.049E-091.049E-09
Cd-113 1.658E-131.658E-131.658E-131.658E-131.658E_131.658E-131.658E-13
Cd-114 6.698E-126.698E-126.698E-126.698E-126.698E-126.698E-126.698E-12
In.115 1.606E-151.606E-151.606E-151.606E-151.606E-151.606E-151.606E-15
Sn-116 1,352E-151.352E-151.352E-151.352E-151.352E-151.352E-151.352E-15

Total 1.348E-011.348E-011.348E-011.348E-011.348E-011.348E-011.348E-01
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TABLE I).7.g. Fuel ActivationProduct Inventoryby Isotopeat
50 MWd/kgM, g/gU

Isotope 4 Years 6 Years ..8Y,e.ars.,!..0,Years 15 Ye.ars,20 Years 1000 Years

H-I 1.731E-081.731E-081.731E-081.731E-081.731E-081.731E-081.731E-08
H-2 2.531E-112.531E-112.531E-112.531E-112.531E-112.531E-112.531E-11
H-3 3.042E-142.719E-142,430E-142.172E-141.641E-141.239E-141.597E-38
He-3 8.023E-151.125E-141.414E-141.672E-142.204E-142.605E-143.844E-14
He-4 3.862E-063.862E-063.862E-063.862E-063.862E-06 3.862E-063,862E-06
Li-6 5.470E-145.470E-145.470E-145.470E-145.470E-145.470E-145.470E-14
Li-7 2.843E-162.843E-162.843E-162.843E-162.843E-162.843E-162.843E-16
Be-9 2.465E-I02.465E-I02.465E-I02.465E-I02.465E-I02.465E-I02.465E-I0
Be-lO 1.670E-I01,670E-I01.670E-I01.670E-I01.670E-I01.669E-I01.669E-I0
B-lO 3.434E-164.881E-166.327E-167.774E-161.139E-151.501E-157.237E-14
B-11 2.245E-082.245E-082.245E-082.245E-082.245E-082.245E-082.245E-08
C-12 2.015E-052.015E-052.015E-052.015E-052.015E-052.015E-052.015E-05
C-13 1.272E-051.272E-051.272E-051.272E-051.272E-051.272E-051.272E-05
C-14 2.374E-072.373E-072.373E-072.372E-072.371E-072.369E-072.105E-07
N-14 2.576E-052.576E-052.576E-052.576E-052.577E-052.577E_,052.579E-05
N-15 1.153E-071.153E-071.153E-071.153E-071.153E-071.153E-071.153E-07
0-16 1.341E-011.341E-011.341E-011.341E-011.341E-011.341E-011.341E-01
0-17 5.435E-055.435E-055.435E-055.435E-055.435E-055.435E,055.435E-05
0-18 3.086E_043.086E-043.086E-043.086E-043.086E-043.086E-043.086E-04
F-19 5.699E-065.699E-065.699E-065.699E-065.699E-065.699E-065.699E-06

Ne-20 3.029E-I03.029E-I03.029E-I03.029E-I03.029E-I03.029E-I03.029E-I0
Ne-21 2.494E-142.494E-142.494E-142.494E-142.494E-142.494E-142.494E-14
Ne-22 2.731E-142.731E-142.731E-142.731E-142.731E-142.731E-142.731E-14
Na-23 2.215E-152.215E-152.215E-152.215E-152.215E-152.215E-152.215E-15
Mg-24 2.693E-I02.693E-I02.693E-I02.693E-I02.693E-I02.693E-I02.693E-I0
Mg-25 2.834E-I02.834E-I02.834E-I02.834E-I02.834E-I02.834E-I02.834E-I0
Mg-26 1.300E-I01.300E-I01.300E-I01.300E-I01.300E-I01.300E-I01.300E-10
AI-27 3.626E-053.626E-053.626E.053.626E-053.626E-053.626E-053.626E-05
Si-28 3.336E-053.336E-053.336E-053.336E-053.336E-053.336E-053.336E-05
Si-29 1.770E-061.770E-061.770E-061.770E-061.770E-061.770E-061.770E-06
Si-30 1.202E-061.202E-061.202E-061.202E-061.202E-061.202E-061.202E-06
P-31 5.871E-I05.871E-I05.871E-I05.871E-I05.871E-I05.871E-I05.871E-10
S-32 2.831E-I02.831E-I02.831E-I02.831E-I02.831E-I02.831E-I02.831E-10
S-33 3.002E-133.002E-133.002E-133.002E-133.002E-133.002E-133.002E-13
S-34 2.050E-112.050E-112.050E-112.050E-112.050E-112.050E-112.050E-11
S-35 6.447E-152.045E-176.490E-202.034E-221.151E-286.515E-350.00
S-36 1.881E-132.448E-133.016E-133.583E-135.002E-136.421E-132.842E-11
CI-35 3.616E-063.616E-063.616E-063.616E-063,616E-063.616E-063.616E-06
CI-36 6.485E-076.485E-076.485E-076.485E-076.485E-076.485E-076.471E-07
CI-37 1.454E-061.454E-061.454E-061.454E-061.454E-061.454E-061.454E-06
Ar-36 9.682E-121.261E-111.554E-111.847E-112.580E-113.312E-111.467E-09
Ar-38 2.630E-092.630E-092.630E-092.630E-092.630E-092.630E-092.630E-09
At-39 2.915E-112.900E-112.885E-112.870E-112.834E-112.797E-112.239E-]2
Ar-40 2.232E-I02.232E-I02.232E-I02.232E-I02.232E-I02.232E-I02.232E-I0
K-39 5.565E-137.063E-138.554E-131.004E-121.371E-121.734E-122.747E-11
K-40 1.984E-081.984E-081.984E-081.984E-081.984E-081.984E-081.984E-08
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TABLE D.l.g. Fuel ActivationProductInventoryby Isotopeat
50 MWd/kgM,g/gU (cont'd)

Isotope .4Years 6 Years 8 Years 10 Years !5.Years.20....Years1000 YearE

K-41 1.206E-091.207E-091.208E-091.209E-091.21].E-091.214E-091.677E-09
Ca-40 3,501E-053.501E-053.501E-053.501E-053.501E-053.501E-053.501E-05
Ca-41 5.551E-085.551E-085.551E-085.551E-085.551E-085.551E-085.504E-08
Ca-42 2.450E-072.450E-072.450E-072.450E-072.450E-072.450E-072.450E-07
Ca-43 4.986E-084.986E-084.986E-084.986E-084,986E-084.986E-084.986E-08
Ca-44 8.302E-078.302E-078.302E-078.302E-078.302E-078.302E-078.302E-07
Ca-45 9.337E-134.176E-141.868E-158.356E-173.536E-20 1.496E-230.00
Ca-46 1.458E-091.453E-091.453E-091.453E-091.453E-091.453E-091.453E-09
Ca-48 8.217E-088.217E-088.217E-OB8.217E-088.217E-088.217E-088.217E-08
Sc-45 3.249E-093.250E-093.250E-093.250E-093.250E-093.250E-093.250E-09
Ti-46 1.330E-I01.330E-I01.330E-I01.330E-!01.330E-I01.330E-I01.330E-I0
Ti-47 4.340E-124.340E-124.340E-124.340E-124.340E-124.340E-124.340E-12
Ti-48 1.607E-141.607E-141.607E-141,607E-141.607E-141.607E-141.607E-14
Ti-49 3.558E-I03.558E-I03.558E-I03.558E-I03.558E-I03.558E-I03.558E-I0
Ti-50 1.645E-121.645E-121.645E-121.645E-121.645E-121.645E-121.645E-12
V-51 8.240E-118.240E-118.240E-118.240E-118.240E-118.240E-118.240E-11
Cr-52 7.885E-137.885E-137.885E-137.885E-137.885E-137.885E-137.885E-13
Cr-53 1.583E-I01.583E-I01.583E-I01.583E,I01.583E-I01.583E-I01.583E-I0
Cr-54 2.452E-092.471E-092.474E-092.475E-092.475E-092.475E-092.475E-09
Mn-54 2.341E-114.631E-129.162E-131.813E-133.156E-155.494E-170.00
Mn-55 2.149E-082.360E-082.483E-082.556E-OB2.631E-082.651E-082.658E-08
Fe-54 2.840E-062.840E-062.840E-062.840E-062.840E-062.840E-062.840E-06
Fe-55 5.091E-092.987E-091.752E-091.028E-092.711E-I07.150E-110.00
Fe-56 4.644E-054.644E-054.644E-054.644E-054.644E-054.644E-054.644E-05
Fe-57 1.642E-061.642E-061.642E-061.642E-061.642E-061.642E-061.642E-06
Fe-58 1.764E-071.764E-071.764E-071.764E-071.764E-,071.764E-071.764E-07
Co-58 3.455E-162.700E-192.110E-221.649E-252.817E-_30.00 0.00
Co-59 7.258E-097.263E-097.269E-097.274E-097.288E-097.301E-099.916E-09
Co-60 4.427E-I03.403E-I02.616E-I02.011E-I01.042E-I05.397E-110.00
Ni-58 1.873E-051.873E-051.873E-051.873E-051.873E-051.873E-051.873E-05
Ni-59 3.093E-073.093E-073.093E-073.093E-073.093E-073.093E-073.067E-07
Ni.-60 7.564E-067.564E-067.564E-067.564E-067.564E-067.565E-067.565E-06
Ni-61 4.143E-074.143E-074.143E-074.143E-074.143E-074.143E-074.143E-07
Ni-62 1.022E-061.022E-061.022E-061.022E-061.022E-061.022E-061.022E-06
Ni-63 5.364E-085.283E-085.204E-085.127E-OB4.937E-084.755E-082.955E-11
Ni-64 2.823E-072.823E-072.823E-072.823E-072.823E-072.823E-072.823E-07
Cu-63 2.723E-093.525E-094.315E-095.094E-096.989E-098.81_E-095.633E-08
Cu-65 1.764E-091,764E-091.764E-091.764E-091.764E-091.764E-091.764E-09
Zn-64 2.929E-122.929E-122.929E-122.929E-122.929E-122.929E-122.929E-12
Zn-66 8.840E-128.840E-128.840E-128.840E-128.840E-128.840E-128.840E-12
Zn-67 1.103E-141.103E-141.103E-141.103E-141.103E-141.103E-141.103E-14
Ru-104 2.075E-152.075E-152.075E-152.075E-152.075E-152.075E-152.075E-15
Pd-104 4.553E-134.553E-134.553E-134.553E-134.553E-134.553E-134.553E-13
Pd-105 6.227E-156.227E-156.227E-156.227E-156.227E-156.227E-156.227E-15
Pd-106 9.584E-129.584E-129.584E-129.584E-129.584E-129.584E-129.584E-12
Pd-107 4.743E-134.743E-134.743E-134.743E-134.743E-134.743E-134.743E-13
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TABLE D.l.g. Fuel ActivationProduct Inventoryby Isotopeat
50 Mt_d/kgM,g/gU (cont'd)

I_Esoto_4 Years 6 Years 8 Years .!0.Years 15 Years 20 Years 1000 Years

Pd-108 2.910E-092.995E-093,080E-093.164E-093.369E-093.569E-09 1.076E-08
Pd-110 1.254E-091.254E-091.254E-091.254E-091.254E-091.254E-091.254E-09
Ag-t07 4.268E-074.268E-074.268E-074.268E-074.268E-074.268E-074.268E-07
Ag-108m8.640E-098.546E-098.453E-098.361E-098.136E-097.917E-093.765E-11
Ag-t09 9.638E-089.639E,089.640E-089.640E-089.640E-089.640E-089.640E-OB
Ag-110m3.750E.-114.944E-126.517E-138.591E-145.419E-163.418E,180.00
Cd-I08 1.268E-071.268E-071.268E-071.268E-071.269E-071.269E-071.276E-07
Cd-I09 2.593E-118.708E-122.924E-129.819E-136.416E-144.192E-150.00
Cd-t10 4.150E-074.150E-074.150E-074.150E-074.150E-074.150E-074.150E-07
Cd-111 2.523E-082.523E-082.523E-082.523E-082.523E-082.523E-082.523E-08
Cd-112 1.467E-091.467E-091.467E-091.467E-091.467E-091.467E-091.467E-09
Cd-113 2.319E-132.319E-132.319E-132.319E-132.319E-132.319E-132.319E-13
Cd-114 1.078E-111.078E-111.078E-111.078E-111.078E-111.078E-111.078E-11
In-115 2.795E-152.795E-152.795E-152.795E-152.795E-152.795E-152.795E-15
Sn-116 2.645E-152.645E-152.645E-152.645E-152.645E-152.645E-1_52.645E-15

Total 1.348E-011.348E-011.348E-011.348E-011.348E_011.348E-011.348E-01
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TABLE D.8.a. Cl'addingActivationProduct Inventoryby Isotopeat
20 MWd/kgM,g/gZr

Isotope_______!Ts6 Ye.ars 8 Years 10 years........15,Years,,,20 Years 1000 Years,

H-I 1.402E-051.402E-051.402E-051.402E-051.402E-051.402E-051.402E-05
H-2 1.828E-081.828E-081.828E-081.828E-081.828E-081.828E-081.828E-08
H-3 1.955E-141.748E-14I.B62E-141.396E-141,055E-147,965E-151.027E-38
He-3 5.600E-157.676E-159.B32E-151.119E-141.461E-141,719E-142.515E-14
He-4 5.018E-08B.O18E-O8B.OISE-085.018E-085.018E-085.018E-085.018E-08
Li-6 6,156E-146.156E-146.156E-146.156E-146.156E-146.156E-146.156E-14
Be-9 4.793E-I04.793E-I04.793E-I04.793E-I04.793E-I04.793E-I04.793E-I0
Be-t0 1.243E-111.243E-111.243E-111.243E-111.243E-111.243E-111.242E-11
B-11 7.429E-097.429E-097.429E-097.429E-097.429E-097.429E-097.429E-09
C-12 1.136E-041.136E-041.136E-041.136E-041.136E-041.136E-041.136E-04
C-13 1.419E-061.419E-061.419E,061.419E-061.419E-061.419E-061.419E-06
C-14 6.526E-086.525E-086,523E-086.522E-086.518E-086.514E-085,786E-08
N-14 2.482E-052.482E-052.482_-052.482E-052.482E-052.483E-052.483E-05
N-15 1.007E-071.007E-071.001E-071.007E-071.007E-071,007E-071.007E-07
0-16 1.162E-031.162E-031.16_E-031,162E-031.162E-031.162E-031.162E-03
O-17 4.704E-074.704E-074.704E-074.,704E-074.704E-074.704E-074.704E-07
0-18 2.673E-062.673E-062.673E-062.673E-062.673E-062 67_'E-062.673E-06
F-19 1.342E-121.342E-121.342E-121.342E-121.342E-121.342E-121.342E-12
Ne-22 7.!37E-157.137E-157.137E-157.137E-157.137E-157.137E-157.137E-15
Mg-24 1.023E-I01.023E-I01.023E-I01.023E-I01.023E-I01.023E-I01.023E-I0
Mg-25 2,151E-I02.151E-I02.151E-,I02.151E-I02.151E-I02.151E-I02.151E-I0
Mg-26 9.829E-119.829E-119.829E-119.829E-119.829E-119.829E-119.829E-11
AI-27 3.999E-053.999E-053.999E-053,999E-053.999E-053.999E-053.999E-05
Si-28 7.350E-057.350E-057.350E-057.350E-057,350E-05,7.350E-057.350E-05
Si-29 3.870E-06 3.870E-063.870E-063.870E-063.870E-063,870E-063.870E-06
Si-30 2.648E-062.648E-062.648E-062.648E-062.648E-062.648E-062.648E-06
P-31 4,457E-I04.457E-I04.457E-I04.457E-I04.457E-I04.457E-I04.457E-I0
S-32 5.500E-145.500E-145.500E-145.500E-145.500E-145.500E-145.502E-14
Ca-44 1.282E-151.282E-151.282E-151.282E-151.282E-151.282E-151.282E-15
Ti-47 1.119E-I0_I.119E-I01.119E-I01.119E-I01.119E-I01.119E-I01,119E-I0
Ti-48 1.567E-131.567E-131.567E-131.567E-131.567E-131.567E-131.567E-13
Ti-49 3.051E-I03.051E-I03.051E-I03.051E-I03.051E-I03,051E-I03.051E-I0
Ti-50 1.226E-091.226E-091.226E-091.226E-091.226E-091.226E-091.226E-09
V 50 4.410E-094.410E-094.410E-094.410E-094.410E-094.410E-094.410E-09
V-51 8.976E-078.976E-078.976E-078.976E-078.976E-078.976E-078.976E-07
Cr-50 4,090E-054.090E-054.090E-054.090E-054.090E-054.090E-054.090E-05
Cr-52 8.330E-048.330E-048.330E-048.330E-048.330E-048.330E-048..330E,-04
Cr-53 9.846E-059.846E-059.846E-059.846E-059.846E-059.846E-059.846E-05
Cr-54 2.693E-052.693E-052.693E-052.693E-052.693E-052.693E-052.693E-05
Mn-54 2.931E-I05,799E-111.147E-112.270E-123.952E-146.880E-160.00
Mn-55 2.967E-073.231E-073.386E-073.477E-073.572E-073.597E-073.606E-07
Fe-54 1,119E-041.119E-041.119E-041.119E-041.119E-041.119E-041.119E-04
Fe-55 6.390E-083.749E-082.200E-081.291E-083.403E-098.974E-I00.00
Fe-56 1.831E-031.831E-03Io831E-031.831E-031.831E-031.831E-031.831E-03
Fe-57 5.093E-055.093E-055.093E-055.093E-055.093E-055.093E-055.093E-05
Fe-58 6.168E-066.168E-066.168E-066.168E-066.168E-066.168E-066.168E-06
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, TABLE D.8.a. Cladding_ActivationProduct Inventoryby Isotopeat
20 MWd/kgM,g/gZr (cont'd)

Isotope 4 Years ,6,Years.....8 Years .,10..,Yea,rs,.15,Years 20Xears 1000 Years

Co-59 1.061E-081.061E-081.061E-081.061E-081.061E-081.061E-081.061E-08
Co-60 1.682E-I01.293E-I09.938E-117.639E-113.958E-112.050E-110.00
Ni-60 I.B52E-102.241E-I02.540E-I02.770E-I03.138E-I03.329E-I03,534E-I0
Ni-61 4.452E-134.452E-134.452E-134.452E-134.452E-134.452E-134.4E2E-13
Sr-87 7.477E-097.477E-097.477E-097.477E-097,477E-097.477E,.097.477E-09
Sr-88 7.040E-077.040E-077.040E-077.040E-077.040E-077.040E-077.040E-07
Sr-90 1.388E-111.323E-11 1,262E-111.203E-111.068E,119.483E-127.024E-22
Y-89 5.359E-085.359E-085.359E-085.359E-085.359E-085.359E-085.359E-08
Y-90 3,480E-153.319E-153.164E-153.017E-152.679E-152.378E-151.762E-25
Zr-_O 4.975E-014.975E-014.975E-014.975E-O14.g75E-01 4.975E-014.975E-01
Zr-91 1.092E-011.092E-011.092E-011.092E-011.092E-011.092E-011.092E-01
Zr-g2 1.692E-011.692E-011.692E-011.692E-011.692E-011.692E-011.692E-01
Zr-93 1.334E-041.334E-041.334E-041.334E-041.334E-041.334E-041.333E-04
Zr-94 1.756E-011.756E-011.756E-011.756E-011.756E-011.756E-011.756E-01
Zr-95 3.395E-131.241E-164.538E-201.659E-234.241E-320.00 0.00
Zr-96 2.879E-022.879E-022.879E-022.879E-022.879E-022.879E-022.879E-02
Nb-93 8.116E-111.241E-I01.747E-I02.320E-I04.010E-I06.000E-I05.945E-08
Nb-93m 3.228E-I04.007E-I04.710E-I05.345E-I06.677E-I07.708E-I01.126E-09
Nb-94 3.496E-143.496E-143.495E-143.495E-143.495E-143.494E-143.379E-14
Nb-95 4.141E-13)..514E-165,535E-202.024E-233.836E-340.00 0.00
Mo-95 4.861E-054.861E-054.861Z-054.861E-054.861E-054.861E-054.861E-05
Mo-96,, 1.300E-06I._00E-061.300E-061.300E-061.300E-061.300E-061.300E-06,
Mo-97'_ 7.415E-057.i$15E-057.415E-057.415E-057.415E-057,415E-057.415E-05
Mo-98 3.759E-073.759E-073.759E-073.759E-073,759E-073.759E-073.759E-07
Mo-100 1.480E-141.480E 14 1.480E-141.480E-141.480E-141.480E-141.4.80E-14
Tc-99 5.257E-115.257E-115.257E-115.257E-1i5.257E-115.257E-115.240E-11

q Ru-100 1.757E-121.757E-121.757E-121.757E-121.757E-121,757E-121.757E-12,
Ru-101 4.004E-154.004E-154.004E-154.004E-154.004E-154,004E-154.004E-15
Cd-111 7.771E-127,771E-127.771E-127.771E-127.771E-127.771E-127.771E-12

Cd-112 6.674E-116.674E-116.674E-116.674E,116.674E-116.674E-116.674E-11
Cd-113 3.393E-133.393E-133.393E-133.393E-133.393E-133.393E-133.393E-13
Cd-114 6.252E-096.252E-096.252E-096,252E-096.252E-096.252E-096.252E-09
Cd-116 4.878E-114.878E-114.878E-114.878E-114.878E-114.878E-114.878E-11
In-113 1.440E-061.440E-061.440E-061.440E-061.440E-061.440E-061.440E-06
In-113m8.760E-15 1.077E-161.323E-181.626E-202.723E-254.559E-300.00
In-115 2.686E-112.686E-112.686E-112.686E-112.686E-112.686E-112.686E-11

- Sn-112 1.399E-041.399E-041.399E-041.399E-041.399E-041.399E-041.399E-04
Sn-113 1.459E-111.793E-132o203E-152.708E-174.534E-227.591E-270.00
Sn-114 9.651E-059.651E-059.651E-059.651E-059.651E-059.651E-059.651E-05
Sn-115 5.172E-055.172E-055.172E-055.172E-055.172E-055.172E-055.172E-05
Sn-116 2.138E-032.138E-032.138E-032.138E-032.138E-032.138E-032.138E-03
Sn-117 1.152E-031.152E-03,1.152E-031.152E-031.152E-031.152E-031.152E-03
Sn-118 3.613E-033.613E-033.613E-033.613E-033.613E-033.613E-033.613E-03
Sn-119 1.308E-031.308E-031.308E-031.308E-031.308E-031.308E-031.308E-03
Sn-119m2.678E-08 3.391E-094.293E-I05.437E-113.102E-13 1.770E-150.00
Sn-120 4.911E-034.911E-D34.911E-034.911E-034.911E-034.911E-034.911E-03
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TABLE D.B.a. CladdingActivation ProductInventoryby Isotopeat
20 MWd/kgM,g/gZr (cont'd)

Isotop_e_, 6 Years 8 Years 10 Years,..!5Years 20_Yea,rs,..1000Years
,,

Sn-121m2.241E-082.17gE-082.120E-082.062E-081.924E-081.795E-082.241E-14
Sn-122 7.082E-047.082E-047.082E-047.082E-047.0'82E-047.082E-047.082E-04
Sn-123 1.714E-113,401E-.136.748E-151.339E-167.422E-214,115E-250.00
Sn-124 8.71gE-048.719E-048.71gE-048,719E-048.71gE-048.71gE-048.719E-04
Sb-121 4.048E-064.048E-064.049E-064.049E-064.051E-064.052E-064.070E-06
Sb-123 4.294E-074.294E-074.294E-074.294E-074.294E-074.294E-074.294E-07
Sb-125 1.022E-066.196E-073,756E-072.277E-076.516E-081.864E-080.00

' Te-1?2 1.57gE-071.579E-071.579E-071.579E-071.579E-071.57gE-071.579E-07
Te-123 1.569E-091.56gE-091.56gE-091.569E-091.569E-09i.56gE-091.569E-09
Te-123m 3.268E-144.752E-166.90gE-181.004E-192.560E-246.523E-2g0.00
Te-124 9.590E-099.SgOE-Og9.SgOE-099.590E-Og9.590E-099.590E-Og9.590E-09
Te-125 3.gggE-064.408E-064.655E-064.BO5E-064.g70E-065.017E-065.036E-06
Te-125m 1.42gE-088.658E-095_.255E-093.186E-Og9.113E-I02.608E-I00.00
Te-126 2.922E-082.922E-082.922E-OB2,922E-082.922E-082.922E-082.922E-08
Te-128 6.453E-146.453E-146.453E-146.453E-.!46.453E-146.453E-146.453E-14
1-127 6.351E-116.351E-116.351E-116.351E-116.351E-116.351E-116.351E-11

Xe-128 1.009E-121.00gE-121.009E-121.009E-121.009E-12I009E-12 1.00gE-12
Xe-129 1.990E-151.990E-151.990E-151.990E-151.990E-151.990E-151.ggoE-15
Yb-172 1.414E-151.414E-151.414E-151.414E-151.414E-151.414E-151.414E-15
Lu-175 3.:183E-083.383E-083.383E-083.383E-OB3.383E-083.383E-083.383E-08
Lu-176 8.435E-I08.435E-I08.435E-I08.435E.I0 8.435E-I08.435E-I08.435E-I0
Lu-177m1.204E-154.591E-171.751E-186.675E-201.895E-235.380E-270.00
Hf-174 4.604E-084.604E-084.604E-084.604E-084.604E-084.604E-084.604E-08
Hf-176 2.106E-062.106E-062.106E-062.106E-062.106E-062.106E-062.106E-06
Hf-177 7.131E-077.131E-077.131E-077.131E-077.131E-077.131E-077.131E-07
Hf-178 1.266E-051.266E-051.266E-051.266E-051.266E-051.266E-051.266E-05
Hf-179 1.670E-051.670E-051.670E-051.670E-051.670E-051.670E-051.670E-05
Hf-180 2.227E-052.227E-052.227E-052.227E-052.227E-052.227E-052.227E-05
Hf-182 1.122E-091.122E-Og1.122E-.091.122E-091.122E-091.122E-Og1.122E-09
Ta-181 5.519E-075.51gE-075.519E-075.519E-075.519E-075.519E-075.519E-07
Ta-182 1.006E-121.235E-141.899E-164.109E-173.924E-173.924E-173.g24E-17
W-182 3.984E-083.984E-083.984E-083._84E-083.984E-083.984E-083.984E-08
W-183 3,293E-083.293E,-083.293E-083.293E-083.293E-083.293E-083.293E-08
W-184 1.375E-091,375E-091.375E-091.375E-Og1.375E-091.375E-Og1.375E-09
w-186 1.398E-141.398E-141.398E-141.398E-141.398E-141.398E-141.398E-14
Re-185 2.074E-122.074E-122.074E-122.074E-122.074E-122.074E-122.074E-12
0s-186 2.078E-132.078E-132.078E-132.078E-132.078E-132.078E-132.078E-13

Total 1,000E+O01.000E+O01.000E+O01.000E+O01.000E+O01.000E+O01.000E+O0
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TABLE D.B.b. CladdingActivationProduct Inventoryby Isotopeat
25 MWd/RBM,g/gZr

Isotope_ 6 Years 8 ye,,ars.._ .15,Years. 20 Year_ 1000 Years

H-I 1.403E-051.403E-051.403E-051.403E-051.403E-051.403E-051.403E-05
H-2 2.221E-082.221E-082.221E-082.221E-082.221E-082.221E-082.221E-08
H-3 3.423E-143.05gE-142.735E-142.444E-141.846E-141.394E-141.799E-38
He-3 g.B63E-151.320E-141.645E-141.935E-142.533E-142.985E-144.379E-14
He-4 6.416E-0_6.416E-086.416E-086.416E-086.416E-086.416E-086.416E-08
Li-6 g.211E-149.211E-14g.211E-149.211E-149.211E-149.211E-149.211E-14
Be-9 6.128E-I06.128E-I06.128E-I06.128E-I06.128E-I06.128E-I06.128E-I0
Be-t0 1.595E-111.595E-111.595E-111.595E-111.595E-111.595E-111.594E-11

• B-11 9.496E-099.496E-099.496E-Og9.496E-099.496E-099.496E-099.496E-09
C-12 1.136E-041.136E-041.136E-041.136E-041.136E-041.136E-041.136E-04
C-13 1.430E-061.430E-061.430E-061.430E-061.430E-061.430E-061.430E-06
C-14 8.342E-088.340E-088.338E-088.336E-088.331E-088.326E-087.395E-08
N-14 2.480E-052.480E-052.480E-052.480E-052.480E-052.480E-052.481E-05
N-15 1.014E-071.014E-071.014E-071.014E-071.014E-071.014E-071.014E-07
0-16 1.162E-031.162E-031.162E-031.162E-031.162E-031.162E-031.162E-03
0-17 4.704E-074.704E-074.704E-074.704E-074.704E-074.704E-074.704E-07
0-18 2.673E-O6°2.673E-062.673E-062.673E-062.673E-062.673E-062.673E-06
F-Ig 1.716E-121.716E-121.716E-121.716E-121.716E-121.716E-121.716E-12

Ne-22 1.167E-141.167E-141.167E-141.167E-141.167E-141.167E-141.167E-14
Mg-24 1.308E-I0 1.308E-I01.308E-I01.308E-I01.308E-I01.308E-I01.308E-I0
Mg-25 2.751E-I02.751E-I02.751E-I02.751E-I02.751E-I02.751E-I02.751E-I0
Mg-26 1.258E-I01.258E-I01.258E-I01.258E-I01.258E-I01.258E-I01.258E-I0
Ai-27 3.998E-053.998E-053.998E-053.998E-053.998E-053.998E-053.998E-05
Si-28 7.349E-057.349E-057.349E-057.349E-057.349E-057.349E-057.349E-05
Si-2g 3.875E-063.875E-063.B75E-063.875E-063.875E-063.875E-063.875E-06
Si-30 2.648E-062.648E-062.648E-062.648E-062.648E-062.648E-062.648E-06
P-31 5.700E-I05.700E-I05.700E-I05.700E-I05.700E-I05.700E-I05.700E-I0
S-32 8.994E-148.994E-148.gg4E-148.994E-148.gg4E-148.994E-148.998E-14
Ca-44 2.092E-152.092E-152.092E-152.092E-152.092E-152.092E-152.092E-15
Ti-47 1.426E-I01.426E-I01.426E-I01.426E-I01.426E-I01.426E-I01.426E-I0
Ti-48 2.554E-132.554E-132.554E-132.554E-132.554E-132.554E-132.554E-13
Ti-4g 3.898E-I03.898E-I03.898E-I03.898E-I03.898E-I03.898E-I03.898E-I0
Ti-50 1.572E-091.572E-091.572E-091.572E-091.572E-091.572E-091.572E-09
V-50 5.541E-095.541E-095.541E-095.541E-095.541E-095.541E-095.541E-09
V-51 1.143E-061.143E-061.143E-061.143E-06 1.143E-061.143E-061.143E-06

o Cr-50 4.065E-054.065E-054.065E-054.065E-054.065E-054.065E-054.065E-05
- Cr-52 8.318E-048.318E-048.318E-048.318E-048.318E-048.318E-048 318E-04

Cr-53 9.893E-059.893E-059.893E-05g.893E-059.893E-059.893E-059.893E-05
Cr-54 2.763E-052.763E-052.763E-052.763E-052.763E-052.763E-052.763E-05
Mn-54 3.801E-I07.519E-111.488E-112.943E-125.124E-148.920E-160.00
Mn-55 3.784E-074.124E-074.324E-074.440E-074.563E-074.SgSE-074.607E-07
Fe-54 1.117E-041.117E-041.117E-041.117E-041.117E-041.117E-041.117E-04
Fe-55 8.221E-084.824E-082.830E-081.661E-084.37gE-091.155E-090.00
Fe-56 1.829E-031.829E-031.829E-031.829E-031.829E-031.829E-031.829E-03
Fe-57 5.289E-055.289E-05 5.289E-055.289E-055.289E-055.289E-055.289E-05

- Fe-58 6.215E-066.215E-066.215E-066.215E-066.215E-066.215E-066.215E-06
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TABLE D.B_b. CladdingActivationProduct Inventoryby Isotopeat
,," 25 MWd/kgM,g/gZr (cont'd)

I

Isotope 4 Years 6 Years 8 Years IO Years 15 Years 20 Years 1000 Years

Co-Sg 1.350E-081.350E-081.350E-081.350E-081.350E-081.350E-081.350E-08
Co-60 2.747E-I02.111E-I01.623E-I01.248E-I06.463E-113.348E-110.00
Ni-69 3.008E-I03,643E-I04.131E-I04.507E-I05.108E-I05.420E-I05.754E-I0
Ni-61 9.292E-13g.292E-139.292E-139.292E-139.292E-13g.292E-13g.292E-13
Ni-62 1.012E-151.012E-151.012E-151.012E-151.012E-151.012E-151.012E-15
Sr-87 9.47gE-ogg.47gE-099.479E-099.47gE-099.47gE-ogg.47gE-09g.47gE-og
Sr-88 9.001E-07g.OOIE-07g.OOIE-079.001E-079.001E-07g.OOIE-07g.OOIE-07
Sr-gO 2.268E-112.163E-112.062E-111.g66E-11 1.746E-111.550E-111.148E-21
Y-8g 6.853E-086.853E-086.853E-086.853E-086.853E-086.853E-086.853E-08
Y-go 5.687E-155.423E-155.171E-154.g30E-154.377E-153.886E-152.87gE-25

Zr-90 4.g74E-014.g74E-014.g74E-014.974E-O1,4.g74E-014.974E-014.g74E-01
Zr-91 1.091E-011.091E-011.091E-011.091E-011.091E-011.091E-011.091E-01
Zr-g2 1.693E-011.693E-011.693E-011.693E-011.693E-011.693E-011.693E-01
Zr-93 1.702E-041.702E-041.702E-041.702E-041.702E-041.702E-041.702E-04
Zr-94 1.756E-011.756E-011.756E-011.756E-011.756E-011.756E-011.756E-01
Zr-gS 4.406E-131.611E-165.8gOE-202.154E-235.505E-320.00 0.00
Zr-g6 2.877E-022.877E-022.877E-022.877E-022.877E-022.877E-022.877E-02
Nb-93 1.030E-I01.577E-I02.221E-I02.952E-I05.107E-I07.645E-I07.588E-08
Nb-93m 4.108E-I05.103E-I06.002E-I06.814E-I08.515E-I09.834E-I0 1.437E-09
Nb-94 5.6gOE-145.690E-145.689E-145.689E-145.688E-145.687E-145.500E-14
Nb-95 5.374E-131.965E-167.184E-202.627E-234.979E-340.00 0.00
Mo-95 6.171E-056.171E-056.171E-056.171E-056.171E-056 171E-056.171E-05
Mo-96 2.114E-062.114E-062.114E-062.114E-062.114E-062.114E-062.114E-06
Mo-97 9.465E-059.465E-059.465E-059.465E-059.465E-059.465E-059.465E-05
Mo-g8 6.138E-076.138E-076.138E-076.138E-076.138E-076.138E-076.138E-07
Mo-100 4.002E-144.002E-144.002E-144.002E-144.002E-144.002E-144.002E-14
Tc-g9 1.088E-I01.088E-I01.088E-I01.088E-I01,088E-I01.088E-I01.085E-I0
Ru-99 1.880E-152.588E-153.296E-154.005E-155.775E-157.546E-153.541E-13
Ru-100 4.658E-124,658E-124.658E-i24.658E-124.658E-124.658E-124.658E-12
Ru-101 1,357E-141.357E-141.357E-141.357E-141.357E-141.357E-141.357E-14
Cd-111 9.869E-129.869E-129.869E-129.869E-129.869E-129.869E-129.869E-12
Cd-112 8.449E-118.449E-118.449E-118.449E-118.449E-118.449E-118.449E-11
Cd-113 3.414E-133.414E-133.414E-133.414E-133.414E-133.414E-133.414E-13
Cd-114 9.959E-099.959E-099.959E-099.959E-099.959E-099.959E-099.959E-09
Cd-116 6.245E-116.245E-116.245E-116.245E-116.245E-116.245E-116.245E-11
In-113 1.800E-061.800E-061.800E-061.800E-061.800E-061.800E-061.800E-06
In-113m1.135E-141.395E-161.715E-182.107E-203.529E-255.908E-300.00
In-115 2.848E-112.848E-112.848E-112.848E-112.848E-112.848E-112.848E-11
Sn-112 1.395E-041.395E-041.395E-041.395E-041.395E-041.395E-041.395E-04
Sn-113 1.890E-112.323E-132.855E-153.509E-175.875E-229.837E-270.00
Sn-114 9.656E-059.656E-059.656E-059.656E-059.656E-059.656E-059.656E-05
Sn-115 5.079E-055.079E-055.079E-055.079E-055.079E-055.079E-055.079E-05
Sn-116 2.133E-032.133E-032.133E-032.133E-032.133E-032.133E-032.133E-03
Sn-117 1.153E-031.153E-031.153E-031.153E-031.153E-031.153E-031.153E-03
Sn-118 3.610E-033.610E-033.610E-033.610E-033.610E-033.610E-033.610E-03
Sn-t19 1.2!2E-031.312E-031.312E-031.312E-031.312E-031.312E-031.312E-03
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TABLE D.8.b. CladdingActivationProductInventoryby Isotopeat
25 MWd/kgM, g/gZr (cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Sn-119m3.481E-084.407E-Og5.581E-107.067E-114.032E-132.301E-150.00
Sn-120 4.g12E-034.912E-034.g12E-034.gI2E-034.gI2E-034.912E-034.gI2E-03
Sn-121m 2.866E-082.788E-082.712E-082.638E-082.461E-082.296E-082.867E-14
Sn-122 7.081E-047.081E-047.081E-047.081E-04_.081E-047.081E-047.081E-04
Sn-123 2.232E-114.428E-138.786E-151.743E-16g.664E-215.357E-250.00
Sri-124 8.705E-048.705E-048.705E-048.705E-048.705E-048.705E-048.705E-04
Sb-121 5.120E-065.121E-065.122E-065.123E-065.124E-065.126E-065.14gE-06
Sb-123 5.460E-075.461E-075.461E-075.461E-075.461E-075.461E-075.461E-07
Sb-125 1.312E-067.g55E-074.823E-072.g24E-078.366E-082.394E-080.00
Te-122 2.552E-072.552E-072.552E-072.552E-072.552E-072.552E-072.552E-07
Te-123 2.92gE-og2.929E-092.929E-092.92gE-092.92gE-og2.929E-Og2.929E-09
Te-123m 6.850E-149.g60E-161.448E-172.105E-1g5.365E-241.367E-280.00
Te-124 1.636E-081.636E-081.636E-081.636E-081.636E-081.636E-081.636E-08
Te-125 5.094E-065.618E-065,935E-066.128E-066.33gE-066.400E-066.424E-06
Te-125m 1.836E-081.113E-086.748E-Og4.091E-O91.170E-093.349E-I00.00
Te-126 4.768E-084.768E-084.768E-084.768E-084.768E-084.768E-084.768E-08
Te-128 1.717E-131.717E-131.717E-131.717E-131.717E-131.717E-131,717E-13
1-127 1.320E-I01.320E-I01.320E-I01.320E-I01.320E-I01.320E-I01.320E-I0

Xe-128 2.685E-122.685E-122.685E-122.685E-122.685E-122.685E-122.685E-12
Xe-129 6.744E-156.744E-156.744E-156.744E-156.744E-156.744E-156.744E-15
Yb-172 2.131E-152.131E-152.131E-152.131E-152.131E-152.131E-152.131E-15
Yb-173 1.486E-151.486E-151.486E-151.486E-151.486E-151.486E-151.486E-15
Lu-175 3.808E-083.808E-083.808E-083.808E-083.808E-083.808E-083.808E-08
Lu-176 1.060E-091,060E-091.060E-091.060E-091.060E-091.060E-091.060E-09
Lu-177m 2.009E-157.661E-172.g21E-181.114E-Ig3.162E-238.g7gE-270.00
Hf-174 3.871E-083.871E-083.871E-083.871E-083.871E-083.871E-083.871E-08
Hf-176 1.942E-061.942E-061.942E-061,942E-061.942E-061.942E-061.942E-06
Hf-177 4.205E-074.205E-074.205E-074.205E-074.205E-074.205E-074.205E-07
Hf-178 1.056E-051.056E-051.056E-051.056E-051.056E-051.056E-051.056E-05
Hf-179 1.799E-051.799E-051.799E-051.799E-051.799E-051.799E-05I.TggE-05
Hf-180 2.337E-052.337E-052.337E-052.337E-052.337E-052.337E-052.337E-05
Hf-182 1.867E-091.867E-091.867E-091.867E-091.867E-091.867E-091.867E-09
Ta-181 6.986E-076.986E-076.986E-076.986E-076.986E-076.986E-076.986E-07
Ta-182 1.452E-121.784E-142.829E-166.79gE-176.533E-176.533E-176.532E-17
W-182 5.644E-085.644E-085.644E-085.644E-085.644E-085.644E-085.644E-08
W-183 6.080E-086.080E-086.080E-086.080E-086.080E-086.080E-086.080E-08
W-184 3.262E-093.262E-093.262E-093.262E-093.262E-093.262E-093.262E-09
W-186 5.249E-145.249E-145.249E-145.249E-145.249E-145.249E-145.249E-14
Re-185 6.158E-126.158E-126.158E-126.158E-126.158E-126.158E-126.158E-12
Re-187 2.224E-152.224E-152.224E-152.224E-152.224E-152.224E-152.224E-15
0s-186 7.878E-137.878E-137.878E-137.878E-137.878E-137.878E-137.878E-13

Total 1.000E+O01.000E+O01.000E+O01.000E+O01.000E+O01.000E+O01.000E+O0
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TABLE D.B.c. CladdingActivationProduct Inventoryby Isotopeat
30 MWd/kgM,g/gZr

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

H-I 1.403E-051.403E-051.403E-051.403E-051.403E-051.403E-051.403E-05
H-2 2.637E-082.637E-082.637E-082.637E-082.637E,-082.637E-082.637E-08

, H-3 5.536E-144.948E-144.423E,,143.953E-142.986E-142.255E-142.908E-38
He-3 1.517E-142.105E-142.631E-143.100E-144.068E-144.799E-147.054E-14
He-4 7.894E-087.894E-087.894E-087.894E-087.894E-087.894E-087.894E-08
Li-6 1.276E-131.276E-131.276E-131.276E-131.276E-131.276E-131.276E-13
Be-9 7.538E-I07.538E-I07.538E-I07.538E-I07.538E-I07.538E-I07.538E-I0
Be-t0 1.970E-111.970E-111.970E-111.970E-111.970E-111.970E-111.970E-11
B-11 1.168E-081.168E-081.168E-081.168E-081.168E-081.168E-081.168E-08
C-12 1.136E-041.136E-041.136E-041.136E-041.136E-041.136E-041.136E-04
C-13 1.441E-061.441E-061.441E-061.441E-061.441E-061.441E-061.441E-06
C-14 1.026E-071.026E-071.025E-071.025E-071.025E-071.024E-079.095E-08
N-14 2.478E-052.478E-052.478E-052.478E-052.478E-052.478E-052.479E-05
N-15 1.022E-071,022E-071.022E-071.022E-071.022E-071.022E-071.022E-07
0-16 1.162E-031.162E-031.162E-031.162E-031.162E-031.162E-031.162E-03
0-17 4.705E-074.705E-074.705E-074.705E-074.705E-074.705E-074.705E-07
0-18 2.673E-062.673E-062.673E-062.673E-062.673E-062.673E-062.673E-06
F-19 2.111E-122.111E-122.111E-122.111E-122.111E-122.111E-122.111E-12

Ne-22 1.767E-141.767E-141.767E-141.767E-141.767E-141.767E-141.767E-14
Na-23 1.432E-151.432E-151.432E-151.432E-151.432E-151.432E-151.432E-15
Mg-24 1.609E-I01.609E-I01.609E-I01.609E-I01.609E-I01.609E-I01.609E-I0
Mg-25 3.385E-I03.385E-I03.385E-I03.3B5E-103.385E-I03.385E-I03.385E-I0
Mg-26 1.548E-I01.548E-I01.548E-I01.548E-I01.548E-I01.548E-I01.548E-I0
AI-27 3.998E-053.998E-053.998E-053.998E-053.998E-053.998E-053.998E-05
Si-28 7.349E-057.34gE-057.349E-057.349E-057.349E-057.349E-057.349E-05
Si-29 3.879E-063.879E-063.879E-063.879E-063.879E-063.879E-063.879E-06
Si-30 2.649E-062.649E-062.649E-062.649E-062.649E-062.649E-062.649E-06
P-31 7.013E-I07.013E-I07.013E-I07.013E-I07.013E-I07.013E-I07.013E-I0
S-32 1.361E-131.361E-131.361E-131.361E-131.361E-131.361E-131.362E-13
Ca-44 3.158E-153.158E-153.158E-153.158E-153.158E-153.158E-153.158E-15
Ca-46 1.270E-151.270E-151.270E-151,270E-151.270E-151.270E-151.270E-15
Ti-47 1.748E-I01.748E-I01.748E-I01.748E-I01.748E-I01.748E-I01.748E-I0
Ti-48 3.853E-133.853E-133.853E-133.853E-133.853E-133.853E-133.853E-13
Ti-49 4.790E-I04.790E-I04.7gOE-IO4.790E-I04.790E-I04.790E-I04.790E-I0
Ti-50 1.939E-091.939E-09I.g39E-091.939E-091.939E-091.939E-091.939E-09
V-50 6.692E-096.692E-096.692E-096.692E-096.692E-096.692E-096.692E-09
V-51 1.401E-061.401E-061.401E-061.401E-061.401E-061.401E-061.401E-06

. Cr-50 4.040E-054.040E-054.040E-054.040E-054.040E-054.040E-054.040E-05
Cr-52 8.307E-048.307E-048.307E-048.307E-048.307E-048.307E-048.307E-04
Cr-53 9.943E-059.943E-059.943E-059.943E-059.943E-059.943E-059.943E-05
Cr-54 2.836E-052.836E-052.836E-052.836E-052.836E-052.836E-052.836E-05
Mn-54 4.756E-I09.410E-111.862E-113.683E-126.412E-141.116E-150.00
Mn-55 4.643E-075.064E-075.311E-075.456E-075.607E-075.647E-075.661E-07
Fe-54 1.116E-041.116E-041.116E-041.116E-041.116E-041.116E-041.116E-04
Fe-55 1.018E-075.g74E-083.505E-082.057E-085.423E-091.430E-090.00
Fe-56 1.827E-031.827E-031.827E-031.827E-031.827E-031.827E-031.827E-03
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TABLE D.B.c. Cladding ActivationProduct Inventoryby Isotopeat
30 MWd/kgM, g/gZr (cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Fe-57 5.497E-055,497E-055.497E-055.497E-055.497E-055.497E-055.497E-05
Fe-58 6.266E-066.266E-066.266E-066.266E-066.266E-066.266E-066.266E-06
Co-59 1.651E-081.651E-081.651E-081.651E-081.651E-081.651E-081.651E-08
Co-60 4.153E-I03.192E-I02.454E-I01.886E-I09.772E-115.063E-110.00
Ni-60 4.520E-I05,481E-I06.219E-I06,787E-I07.696E-I08.167E-I08.673E-I0
Ni-61 1.727E-121.727E-121.727E-121.727E-121.727E-121.727E-121.727E-12
Ni-62 2.316E-152.316E-15_2.316E-15.2.316E-152.316E-152.316E-152.316E-15
Sr-87 1.156E-081.156E-081.156E-081.156E-081.156E-081.156E-081.156E-08
Sr-88 1.107E-061.107E-061.107E-061.107E-061.107E-061.107E-061.107E-06
Sr-90 3.430E-113.271E-113.119E-112.974E-112.640E-112.344E-111.736E-21
Y-89 8.432E-088.432E-088.432E-088.432E-088.432E-088.432E-088.432E-08
Y-90 8.602E-158,202E-157.821E-157.457E-156.621E-155,878E-154.354E-25
Zr-90 4.974E-014.974E,-014.974E-014.974E-014.974E-014,974E-014.974E-01
Zr-91 1.090E-011,090E-011.090E-011.090E-011.090E-011.090E-011.090E-01
Zr-92 1.694E-011.694E-011.694E-011.694E-011.694E-011.694E-011.694E-01
Zr-93 2.091E-042,091E-042.091E-042.091E-042.091E-042.091E-042.090E-04
Zr-94 1.755E-011,755E-011.755E-011.755E-011.755E-011.755E-011.755E-01
Zr-95 5.625E-132.056E-167.519E-202./49E-237.027E-320.00 0.00
Zr-96 2.875E-022.875E-022.875E-022.875E-022.875E-022.875E-022.875E-02
Nb-93 1.256E-I01,927E-I02.716E-I03.613E-I06.256E-I09.371E-I09.318E-08
Nb-93m 5.028E-I06,252E-I07.357E-I08.355E-101.045E-091.207E-091.765E-09
Nb-94 8.580E-148.580E-148.579E-148.578E-148.577E-148.575E-148,293E-14
Nb-95 6.860E-132.508E-169.171E-203.353E-236.355E-340.00 0,00
Mo-95 7.533E-057.533E-057.533E-057.533E-057.533E-057.533E-057.533E-05
Mo-96 3.180E-063,180E-063.180E-063.180E-063.180E-063.180E-063.180E-06
Mo-97 1.162E-041.162E-041.162E-041.162E-041.162E-041.162E-041.162E-04
Mo-98 9.277E-079.277E-079.277E-079.277E-079.277E-079,277E-079.277E-07
Mo-t00 9.289E-149.289E-149.289E-149.289E-149.289E-149.289E-149.289E-14
Tc-99 2.006E-I02.006E-I02.006E-I02.006E-I02.006E-I02.006E-I01.999E-I0
Ru-99 3.445E-154,750E-156.056E-157.361E-15 1.062E-141.389E-146,525E-13
Ru-100 1.057E-111.057E-111.057E-111.057E-111.057E-111.057E-111,057E-11
Ru-101 3.787E-143.787E-143.787E-143.787E-143.787E-143.787E-143,787E-14
Cd-111 1.205E-111,205E-111.205E-111.205E-111.205E-111,205E-111.205E-11
Cd-112 1.029E-I01.029E-I01.029E-I01.029E-I01.029E-I01.029E-I01.029E-I0
Cd-113 3.436E-133.436E-133.436E-133.436E-133.436E-133.436E-133.436E-13
Cd-I14 1.472E-081.472E-081.472E-081.472E-081.472E-081.472E-081.472E-08
Cd-116 7.693E-117.693E-117.693E-117.693E-117.693E-117.693E-117.693E-11
In-113 2.162E-062.162E-062.162E-062.162E-062.162E-062.162E-062.162E-06
In-113m 1.434E-141.754E-162.156E-182.650E-204.436E-257.428E-300.00
In-115 2.985E-112.985E-112.985E-112.985E-112,985E-112.985E-112.985E-11
Sn-112 1.390E-041.390E-041.390E-041.390E-041,390E-041.390E-041.390E-04
Sn-113 2.377E-112.921E-133.589E-154.412E-17 7.387E-221.237E-260.00
Sn-114 9.663E-059.663E-059.663E-059.663E-059.663E-059.663E-059.663E-05
Sn-115 4.983E-054.983E-054,983E-054.983E-054.983E-054.g83E-054.983E-05
Sn-116 2.129E-032.129E-032.129E-032.129E-032.129E-032.129E-032.129E-03
Sn-117 1.1_5E-031.155E-031.155E-031.155E-031.155E-031.155E-031.155E-03
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TABLE D.B.c. CladdingActivation,ProductInventoryby Isotopeat
30 MWd/kgM,g/gZr (cont'd)

Isotope.,,4years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Sn-t18 3.608E-033.608E-033.608E-033.608E-033.608E-033.608E-033.60BE-03
Sn-11g 1.317E-031.317E-031.317E-031.317E-031.317E-031.317E-031.317E-03
Sn-119m4.374E-085.538E-Og7.013E-I08.880E-115.066E-132.891E-150.00
Sn-120 4.912E-034.gI2E-034.gI2E-034.gI2E-034.g12E-034.912E-034.912E-03
Sn-121m3.528E-083.432E-083.338E-083.246E-083.029E-082.826E-083.529E-14
Sn-,122 7.080E-047.080E-047.080E-047.080E-047.080E-047.080E-047.080E-04
Sn-123 2.820E-115.Sg4E-131.110E-142.202E-161.221E-.206.768E-250.00
Sn-124 8.6gOE-048.6gOE-048.6gOE-048.690E-048.690E-048.690E-048.690E-04
Sb-121 6.228E-066.22gE-066.230E-066.231E-066.233E-066.235E-066.263E-06
Sb-123 6.678E-076.67gE-076.679E-076.B7gE-076.679E-076.67gE-076.679E-07
Sb-125 1.622E-06g.833E-075.g61E-073.614E-071.034E-072.g59E-080.00

' Te-122 3.815E-073.815E-073.815E-073.815E-073.815E-073.815E-073.815E-07
Te-123 4.892E-O94.892E-094.892E-094.892E-094.892E-094.892E-094.892E-09
Te-123m 1.296E-131.885E-152.740E-173.983E-Ig1.015E-232.587E-280.00
Te-124 2.595E-082.595E-082.SgSE-082.SgSE-082.sgsE-082.SgSE-082.Sg5E-08
Te-125 6.239E-066.887E-067.27gE-067.517E-067.779E-067.854E-067.884E-06
Te-125m 2.269E-081.376E-088.340E-095.056E-091.446E-094.13gE-I00.00
Te-126 7.200E-087.200E-087.200E-087.200E-087.200E-087.200E-087.200E-08
Te-128 3.gISE-133.gI5E-133.gISE-133.915E-133.915E-133.915E-133.915E-13
1-127 2.443E-I02.443E,-I02.443E-I02.443E-I02.443E-i02.443E-I02.443E-I0
Xe-128 6.118E-126.118E-126.118E-126.118E-126.118E-126.118E-126.118E-12
Xe-129 1.883E-141.883E-141.883E-141.883E-141.883E-141.883E-141.883E-14
Yb-172 2.964E-152.964E-152.964E-152.g64E-152.964E-152.964E-152.964E-15
Yb-173 2.246E-152.246E-152.246E-152.246E-152.246E-152.246E-152.246E-15
Lu-175 4.098E-084.098E-084.098E-084.098E-084.098E-084.098E-084.098E-08
Lu-176 1.231E-091.231E-.091.231E-091.231E-091.231E-091.231E-091.231E-09
Lu-177m3.012E-151.148E-164.37gE-181.670E-194.741E-23 1.346E-260.00
Hf-174 3.223E-083.223E-083.223E-083.223E-083.223E-083.223E-O8,3.223E-08
Hf-175 1.024E-157.394E-195.338E-223.854E-255.399E-330.00 0.00
Hf-176 1.784E-061.784E-061.784E-061.784E-061.784E-061.784E-061.784E-06
Hf-177 2.806E-072.806E-072.006E-072.806E-072.806E-072.806E-072.806E-07
Hf-178 8.621E-068.621E-068.621E-068.621E-068.621E-068.621E-068.621E-06
Hf-179 1.880E-051.880E-051.880E-051.880E-051.880E-051.8BOE-051.880E-05
Hf-180 2.462E-052.462E-052.462E-052.462E-052.462E-052.462E-052.462E-05
Hf-182 2.885E-092.885E-092.885E-092.885E-092.885E-092.885E-092.885E-09
Ta-181 8.528E-078.528E-078.528E,,078.528E-078.528E-078.528E-078.528E-07
Ta-182 1.973E-122.425E-143.966E-161.045E-161.009E-161.009E-161.009E-16
W-182 7.437E-087.438E-087.438E-087.438E-087.438E-087.438E-087.438E-08
W-183 1.004E-071.004E-071.004E-071.004E-071.004E-071.004E-071.004E-07
W-184 6.660E-096.660E-096.660E-096.660E-096.660E-096.660E-096.660E-09
W-186 1.568E-131.568E-131.568E-131.568E-131.568E-131.568E-131.568E-13
Re-185 1.514E-111.514E-111.514E-111.514E-111.514E-111.514E-111.514E-11
Re-187 8.202E-158.20ZE-158.202E-158.202E-158.202E-158.202E-158.202E-15
0s-186 2.377E-122.377E-122.377E-122.377E-122.377E-122.377E-122.377E-12

Total 1.000E+O01.000E+O01.000E+O01.000E+O01.00'JE+O01.000E+O0I.O00E+O0
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TABLE D.8.d. CladdingActivationProduct Inventoryby Isotopeat
35 MWd/kgM,g/gZr

Isotope 4 Years 6 Years 8 Years 10 Years .15Years 20 Years 1000 Years

H-I 1.404E-051.404E-051.404E-051.404E-05_I.404E-051.404E-051.404E-05
H-2 3.077E-083.077E-083.077E-083,077E-083.077E-083.077E-083.077E-08
H-3 8.444E-147.547E-146.746E-!46.029E-144.554E-143.439E-144.432E-38
He-3 2.282E-143.17gE-143.980E-144.697E-146.172E-147.286E-141,073E-i3
He-4 g.457E-08g.457E-08g.457E-089,457E-08g.457E-089.457E-08g.457E-08
Li-6 1.677E-131.677E-131.677E-131.677E-131.677E-131.677E-131.677E-!3
Be-g 9.02gE._I09.02gE-I09.02gE-I0g.O29E-IO9.02gE-I0g.O29E-IOg.O2gE-IO
Be-t0 2.371E-112.37!E-112.371E-1!2.371E-112.371E,112.371E-112.370E-11
B-11 1.398E.,081,398E-081.398E-081.398E-081.398E-081.398E-081.398E-08
C-12 1.136E-041.136E-041.136E-041.136E-041.136E-041.136E-041.136E-04
C-13 1.453E-061.453E-061.453E-061.453E-061.453E-061.453E-061.453E-06
C-14 1.229E-071.228E-071.228E-071.228E-071.227E-071.226E-071.089E-07
N-14 2.476E-052.476E-052.476E-052.476E-052.476E-052.476E-052.477E-05
N-15 1.030E-071.030E-071.030E-071.030E-071.030E-071,030E-071.030E-07
0-16 1.162E-031.162E-031.162E-031.162E-031.162E-03_I.162E-031.162E-03
0-17 4.705E-074.705E-074.705E-074.705E-074.705E-074.705E-074.705E-07
0-18 2.673E-062.673E-062,673E-062.673E-062.673E-062°673E-062.673E-06
F-i9 2.529E-122.529E-12L.529E-122.529E-122.529E-122,529E-122.529E-12

Ne-21 1,055E-151.056E-151.056E-151.056E-151.056E-151.056E-151.056E-15
Ne-22 2.536E-142.536E-142.536E-142.536E-142.536E-142,536E-142.536E-I_
Na-23 2.056E-152.056E-152,056E-152,056E-152.056E-152.056E-152.056E-15
Mg-24 I_,927E-I01.927E-I01.927E-101.927E-I01.927E-I01.9_7E-I01.927E-I0
Mg-25 4.055E-I04.055E-I04.055E-I04.055E-I04.055E-I04.055E-I04.055E-I0
Mg-26 1.856E-I0!.856E-I01.856E-I01.856E,I0 1.856E-I01.856E-I01.856E-I0
AI-27 3.997E-053.997E-053.997E-053.997E-053.997E-053.997E-053.997E-05
Si-28 7.349E-057.349E-057.349E-057.349E-057.349E-057.349E-057.349E-05
Si-29 3.884E-063.884E-063.884E-063.884E-063.884E-063.884E-063.884E-06
Si-30 2,649E-062.64gE-062.64gE-062.64gE-062.64gE-062.649E-062.649E-06
P-31 8.402E-I08.402E-I08.402E-.I08.402E-I08.402E-I08.402E-I08.402E-I0
S-32 1,954E-13I.g54E-131.954E-13I.g54E-131.954E-13I.g54E-131.955E-13
Ca-44 4.521E-154.521E-154.521E-154.521E-154.521E-154.521E-154.521E-15

±

Ca-._6 1.822E-151.822E-151.822E-151.822E-15'I.822E-151.822E-151.822E-15
: Ti-47 2,086E-I02.086E-I02.086E-I02.086E-I02.086E-I02.086E-I02.086E-I0

Ti-48 5,511E-135.511E-135.511E-135.511E-135.511E-135.511E-135.511E-13
Ti-49 5.731E-I05.731E-I05.731E-I05.731E-I05.731E-I05.731E,-I05.731E-I0
Ti-50 2,329E-092.329E-092.329E-092.329E-092.329E-092.329E-092.329E-09
V-50 7,863E-097.863E-097.863E-097.863E-097.863E-097.863E-097.863E-09
V-51 1°672E-061.672E-061.672E-061.672E-061.672E-061.672E-061.672E-06
Cr-50 4,013E-054.013E-054,013E-054.013E-054.013E-054.013E-054.013E-05
Cr-52 8,294E-048.294E-048.294E-048.294E-048.294E-048.294E-048.294E-04
Cr-53 9.995E-059.995E-059.995E-059.995E-059.995E-059.995E-059.995E-05
Cr-54 2.914E-052.914E-052.914E-052.914E-052.914E-052.914E-052.914E-05
Mn-54 5.790E-I01.146E-102.266E-114.484E-127.806E-141.359E-150.00
Mn-55 5.547E-076.054E-076.352E-076.527E-076.709E-076.758E-076.775E-07

: Fe-54 I.I15E-041.115E-041.115E-041.115E-041.115E-041.115E-041.115E-04
Fe-55 1,228E-077,205E-084.228E-082.480E-086.541E-091.725E-090.00

_
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TABLE D.B.d. CladdingActivation ProductInventoryby Isotopeat
35 MWd/kgM, g/gZr (cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Fe-56 1.825E-031.825E-031,825E-031.825E-031.825E-031.825E-031,825E-03
Fe-57 5.716E-055.716E-055,716E-055.716E-055.716E-055.716E-055,716E-05
Fe-58 6.322E-066.322E-066.322E-066.322E-066.322E-066.322E-066.322E-06
Co-59 I.,967E-081.967E-081.967E-081.967E-081.967E-081.967E,,.081.967E-08
Co-60 5,952E-I04.576E-I03.517E-I02.704E-I01.401E-I07.256E-110.00
Ni-60 6.440E-I07.817E-I08.875E-I09.689E-I01.099E-091.167E-091.239E-09
Ni-61 2.962E-122.962E-122.962E-122.962E-122.962E-122.962E-122.962E-12
Ni-62 4.765E-154.765E-154.765E-154,765E-154.765E-154.765E-154,765E-15
Sr-87 1.371E-081.371E-081.371E-081.371E-081.371E-081.371E-081.371E-08
Sr-88 1.326E-061.326E-061.326E-061.326E-061.326E-061.326E-061.326E-06
Sr-90 4.920E-114.691E-114.473E-114.265E-113.787E-113.362E-112.490E-21
Y-89 1.01_Z-071.010E-071.010E-071.010E-071.010E-071.010E-071.010E-07
Y-90 1.234E-141.176E-141.122E-141.070E-149.495E-158.430E-156,244E-25
Zr-90 4.973E-014.973E-014.973E-014.973E-014.973E-014.973E-014,973E,01
Zr-91 1.090E-011.0gOE-011.090E-011.090E-011.090E-011.090E-011.090E-01
Zr-92 1.695E-011.695E-011.695E-011.695E-011.695E-011,695E-011.695E-01
Zr-93 2.500E-042.500E-042.500E-042.500E-.042,500E-042.500E-042.499E-04
Zr-94 1.755E-011.755E-011.755E-011.755E-011,755E-011.755E-011.755E-01
Zr-95 6.905E-132.524E-169.230E-203.375E-238.626E-320.00 0.00
Zr-96 2.872E-022.872E-022.872E-022.872E-022.872E-022.872E-022.872E-02
Nb-93 1.493E-I02.292E-103.234E-I04.304E-I07.462E-I01.118E-091.114E-07
Nb-93m 5.992E-I07.457E-I08.780E-I09.975E-I0 1.248E-091.442E-092.110E-09
Nb-94 1.225E-131.225E-131.225E-131.225E-131.225E-131.225E-131.184E-13
Nb-95 8.422E-133.079E-161.126E-194.116E-237.802E-340.00 0.00
Mo-95 8.952E-058.952E-058.952E-058.952E-058.952E-058.952E-058.952E-05
Mo-96 4.535E-064.535E-064.535E-064.535E-064.535E-064.535E-064.535E-06
Mo-97 1.390E-041.390E-041.390E-041.390E-041.390E-041.390E-041.390E-04
Mo-98 1.329E-061.329E-061.329E-061.329E-061.329E-061.329E-061.329E-06
Mo-100 1.937E-131.937E-13I.g37E-131.937E-131.937E-13I.g37E-131.937E-13
Tc-98 1.425E-151.425E-151.425E-151.425E-151.425E-151.425E-151.424E-15
Tc-99 3,411E-I03.411E-I03.411E-I03.411E-I03.411E-I03.411E-I03.400E-I0
Ru-99 5.828E-158.048E-15 1.027E-141.249E-141,804E-142.359E-141.110E-12
Ru-100 2.157E-112.157E-112.157E-112.157E-112.157E-112.157E'112.157E-11
Ru-101 9.253E-149.253E-14g.253E-149.253E-149.253E-149.253E-149.253E-14
Ru-102 1.263E-151.263E-151.263E-151.263E-151.263E-151.263E-151.263E-15
Cd-111 1.433E-111.433E-111.433E-111.433E-111.433E-111.433E-111.433E-11
Cd-112 1.219E-I01.219E-I01.219E-I01.219E-i01.219E-I01.219E-I01.219E-10
Cd-113 3.462E-133.462E-133.462E-133.462E-133.462E-133.462E-133.462E-13
Cd-114 2,064E-082.064E-082.064E-082.064E-082.064E-082.066E-082,064E-08
Cd-116 9.229E-119.229E-11g.229E-119.229E-119.229E-119.229E-119.229E-11
In-113 2.527E-062.527E-062.527E-062.527E-062.527E-062.527E-062o527E-06
In-113m1.755E-142.150E-162.642E-183.247E-205.436E-259.102E-300.00
In-115 3.135E-113.135E-113.135E-113.135E-113.135E-113.135E-113.135E-11
Sn-112 1.385E-041.385E-041.385E-041.385E-041.385E-041.385E-041.385E-04
Sn-113 2.912E-113.579E-134.399E-155.406E-179.052E-221.516E-260.00
Sn-114 9.673E-059.673E-05g.673E-059.673E-059.673E-059.673E-059.673E-05
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TABLE D.B.d. CladdingActivationProductInventoryby Isotopeat
35 MWd/kgM,g/gZr (cont'd)

Isotop_e4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 years

sn-115 4.883E-054.883E-054.883E-054.883E-054.883E-054.883E-054.883E-05
Sn-I16 2.124E-032.124E-032.124E-032.124E-032.124Eu032,124E-032.124E-03
Sn-117 1.157E-031.157E-031.157E-031.157E-031.157E-031.157E-031.157E-03
Sn-118 3.606E-033.606E-033.606E-033.606E-033.606E-033.606E-033.606E_03
Sn-119 1.321E-031.321E-031.321E-031.321E-031.321E-031.321E-031.321E-03
Sn-119m 5.343E-086.766E-098.568E-I01.085E-I06.191E-133.533E-150.00
Sn-120 4.913E-034.913E-034.913E-034,913E-034.913E-034.913E-034.913E-03
Sn-121m 4.229E-084.113E-084.001E-083.891E-083.631E-083.387E-084.230E-14
Sn-122 7.079E-047.079E-047.079E-047.079E-047.079E-047.079E-047.079E-04
Sn-123 3.462E-116.869E-131.363E-142.704E-161.499E-208.310E-250.00
Sn-124 8.674E-048.674E-048.674E-048.674E-048.674E-048.674E-048.674E-04
Sb-121 7.373E-067.374E-067.375E-067.376E-067.379E-067.381E-067.415E-06
Sb-123 7.952E-077.952E-077.952E-077.952E-077.952E-077.952E-077.952E-07
Sb-125 1.952E-061.183E-067.173E-074.349E-071.244E-073.561E-080.00
Te-122 5.406E-075.406E-075.406E-075.406E-075.406E-075.406E-075.406E-07
Te-123 7.580E-097.581E-097.581E-097.581E-097.581E-097.581E-097.581E-09
Te-123m 2.250E-133.272E-154.756E-176.915E-191.762E-234.491E-280.00
Te-124 3.912E-083.912E-083.912E-083.912E-083,912E-083.912E-083.912E-08
Te-125 7.441E-068.220E-068.693E-068.979E-069.294E-069.384E-069.420E-06
Te-125m 2.730E-081.655E-081.004E-086.084E-091.740E-094.980E-I00.00
Te-126 1.031E-071.031E-071.031E-071.031E-071.031E-071.031E-071.031E-07
Te-128 8.023E-138.023E-138.023E-138.023E-138.023E-138.023E-138.023E-13
1-127 4.172E-I04.172E-I04.172E-I04.172E-I04.172E-I04.172E-I04.172E-I0

Xe-128 1.253E-111.253E-111.253E-111.253E-111,253E-111.253E-111.253E-11
Xe-129 4.600E-144.600E-144.600E-144.600E-144.600E-144.600E-144.600E-14
Xe-130 1.766E-151.766E-151.766E-151.766E-151.766E-151.766E.-151.766E-15
Yb-172 3.895E-153.895E-153.895E-153.895E-153.895E-153.895E-153.895E-15
Yb-173 3.130E-153.130E-153.130E-153.130E-153.130E-153.130E-153.130E-15
Lu-175 4.263E-084.263E-084.263E-084.263E-084.263E-084.263E-084,263E-08
Lu-176 1.354E-091.354E-091.354E-091.354E-091.354E-091.354E-091.354E-09
Lu-177m4.148E-151.582E-166.031E-182.300E-196.530E-231.854E-260.00
Hf-174 2.655E-082.655E-082.655E-082.655E-082.655E-082.655E-082.655E-08
Hf-175 1.050E-157.579E-195.472E-223.951E-255.534E-330.00 0.00
Hf-176 1.631E-061.631E-061.631E-061.631E-061.631E-061.631E-061.631E-06
Hf-177 2.117E-072.117E-072.117E-072.117E-072.117E-072.117E-072.117E-07
Hf-178 6.930E-066.930E-066.930E-066.930E-066.930E-066.930E-066.930E-06
Hf-179 1.915E-.051.915E-051.915E-051.915E-051.915E-051.915E-051.915E-05
Hf-180 2.596E-052.596E-052.596E-052.596E-052.596E-052.596E-052.596E-05
Hf-182 4.241E-094.241E-094.241E-094.241E-094.241E-094.241E-094.241E-09
Ta-181 1.015E-061.015E-061.015E-061.015E-061.015E-061.015E-061.015E-06
Ta-182 2.547E-123.132E-145.299E-161.530E-161.484E-161.484E-161.484E-16
W-182 9.322E-089.323E-089.323E-089.323E-089.323E-089.323E-089.323E-08
W-183 1.537E-071.537E-071.537E-071.537E-071.537E-07i.537E-071.537E-07
W-184 1.228E-081.228E-081.228E-081.228E-081.228E-081.228E-081.228E-08
W-186 3.996E-133.996E-133.996E-133.996E-133.996E-133,996E-133.996E-13
Re-185 3.269E-113.269E-113.269E-113.269E-113.269E-113.269E-113.269E-11
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TABLE D.B.d. CladdingActivation ProductInventoryby Isotopeat
35 MWd/kgM, g/gZr (cont'd)

Isotope 4 Years..6 years. 8 Years _0 Years,,15,Yea_,s.20 Years,!000 Years

Re-187 2.514E-142.514E-142.514E_142.514E-142.514E-142.B14E,142.514E-14
0s-186 6.124E-126.124E-126.124E-126,124E-126.124E-126.124E-126.124E-12
0s-188 1.267E-151.267E-151.267E-151.267E-151.267E-151.267E-151.267E-15

Total 1.000E+O01.000E+O01.000E+O01.000E+O01.000E+O01.000E+O01.000E+O0

D.126



TABLED.8.e. CladdingActivationProductInventoryby Isotopeat
40 MWd/kgM,g/gZr

Isotope...._ Years,,j6 Yeas 8 Years ,10 Years, .15Years,,20 Years .I000,Years

H-I 1.405E-051.405E-051.405E-051.405E-051.405E-051.405E-051.405E-05
H-2 3.538E-083.538E-083.538E-083.538E-083.538E-083.538E-083.538E-08
H-3 1.226E-131.096E-139.796E-148.756E-146.613E-144.995E-146.445E-38
He-3 3.281E-144.583E-145.747E-146.787E-148.930E-141.055E-131.554E-13
He-4 1.109E-071.109E-071.109E-071.109E-071.10gE-071.109E-071.109E-07
Li-6 2.116E-132.116E-132.116E-132.116E-132.116E-132.116E-132.116E-13
Be-9 1.059E-091.059E-091.059E-091.059E-091.059E-091.059E-091.059E-09
Be-t0 2.794E-112.794E-112.794E-112.794E-112.794E-112.794E-112.792E-11
B-11 1.640E-081.640E-081.640E-081.640E-081.640E-081.640E-081.640E-08
C-12 1.136E-041.136E-041.136E-041.136E-041.136E-041.136E-041.136E-04
C-13 1.465E-061.465E-061.465E-061.465E-061.465E-061.465E-061.465E-06
C-14 1.441E-071.440E-071.440E-071.440E-071.439E-071.438E-071.277E-07
N-14 2.473E-052.473E-052.473E-052.473E-052.473E-052.473E-052.475E-05
N-15 1.039E-071.039E-071.039E-071.039E-071.039E-071.039E-071.039E-07
0-16 1.162E-031.162E-031.162E-031.162E-031.162E-031.162E-031.162E-03
0-17 4.706E-074.706E-074.706E-074.706E-074.706E-074.706E-074.706E-07
0-18 2.673E-062.673E-062.673E-062.673E-062.673E-062.673E-062.673E-06
F-19 2.967E-122.967E-122.967E-122.967E-122_967E-122.967E-122.967E-12

Ne-21 1.453E-151.453E-151.453E-151.453E-151.453E-151.453E-151.453E-15
Ne-22 3.490E-143.490E-143.490E-143.490E-143.490E-143.490E-143.490E-14
Na-23 2.831E-152.831E-152.831E-152.831E-152.831E-152.831E-152.831E-15
Mg-24 2.261E-I02.261E-I02.261E-I02.261E-I02.261E-I02.261E-I02.261E-I0
Mg-25 4.757E-I0 4.757E-I04.757E-I04.757E-I04.757E-I04.757E-I04.757E-I0
Mg-26 2.180E-I02.180E-I02.180E-I02.180E-I02.180E-I02.180E-I02.180E-I0
AI-27 3.997E-053.997E-053.997E-053.997E-053.997E-053.997E-053.997E-05
Si-28 7.349E-057.349E-057.349E-057.349E-057.349E-057.349E-057.349E-05
Si-29 3.889E-063.889E-063.889E-063.889E-063.889E-063.889E-063.889E-06
Si-30 2.649E-062.649E-062.649E-062.649E-062.649E-062.649E-062.649E-06
P-31 9.857E-I09.857E-I09.857E-I09.857E-I09.857E-I09.857E-I09.857E-I0
S-32 2.689E-132.689E-132.689E-132.689E-132.689E-132.689E-132.690E-13

• Ca-44 6.206E-156.206E-156.206E-156.206E-156.206E-156.206E-156.206E-15
Ca-46 2.505E-152.505E-152.505E-152.505E-152.505E-152.505E-152.505E-15
Ti-47 2.438E-I02.438E-I02.438E-I02.438E-I02.438E-I02.438E-I02.438E-I0
Ti-48 7.556E-137.556E-137.556E-137.556E-137.556E-137.556E-137.556E-13
Ti-49 6.715E-I06.715E-I06.715E-I06.715E-I06.715E-I06.715E-I06.715E-I0
Ti-50 2.740E-092.740E-092.740E-092.740E-092.740E-092.740E-092.740E-09
V-50 9.039E-099.039E-099.039E-099.039E-099.039E-099.039E-099.039E-09
V-51 1.952E-061.952E-061.952E-061.952E-061.952E-061.952E-061.952E-06
Cr-50 3.985E-053.985E-053.985E-053.985E-053.985E-053.985E-053.985E-05
Cr-52 8.261E-048.281E-048.281E-048.281E-048.281E-048.281E-048.281E-04
Cr-53 1.005E-041.005E-041.005E-041.005E-041.005E-041.005E-041.005E-04
Cr-54 2.996E-052.996E-052.996E-052.996E-052.996E-052.996E-052.996E-05
Mn-54 6.875E-I0 1.360E-I02.691E-115.324E-129.269E-141.614E-150.00
Mn-55 6.490E-077.089E-077.440E-077.646E-077.861E-077.918E-077.938E-07
Fe-54 1.114E-041.114E-041.114E-041.114E-041.114E-041.114E-041.114E-04
Fe-55 1.448E-078.499E-084.986E-082.926E-087.715E-092.034E-090.00
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TABLED.8.e. CladdingActivationProduct Inventoryby Isotopeat
40 MWd/kgM,g/gZr (cont'd)

Isotope,4 Years__6 Years 8Years 10 Years 15 Years 20 Years 1000 Years

Fe-56 1,822E-031.822E-031.822E-031,822E-031.822E-031.822E-031.822E-03
Fe-57 5.944E-055.g44E-055.g44E-055,944E-055,944E-055.944E-055.944E-05
Fe-58 6.384E-066.384E-066.384E-066.384E-066.384E-066.384E-066.384E-06
Co-59 2.295E-082.295E-082.295E-082.295E-082.295E-082.295E-082.295E-08
Co-60 8.173E-I06.283E-I04.829E-I03.712E-I0 1.923E-I09.963E-110.00
Ni-60 8,800E-I01.069E-091.214E-091.326E-091.505E-091.598E-091.697E-09
Ni-61 4.769E-124.769E-124.769E-124.769E-124.769E-124.769E-124.769E-12
Ni-62 9.006E-159.006E-159.006E-159.006E-159.006E-159,006E-159,006E-15
Sr-87 1.593E-081,593E-081.593E-081.593E-081.593E-081.593E-081.593E-08
Sr-88 1.555E-061.555E-061.555E-061.555E-061.555E-061.555E-061.555E-06
Sr-90 6.765E-116.451E-116.151E-II5.865E-115.207E-114.623E-113.424E-21
Y-89 1.185E-071,185E-071,185E-071.185E-071.185E-071,185E-071.185E-07
Y-90 1.697E-141,618E-141.542E-141.471E-141.306E-141.159E-148.586E-25
Zr-90 4.973E-014.973E-014.973E-014.973E-014.973E-014.973E-014.973E-01
Zr-91 1.089E-011.089E-011.089E-O1,I.089E-011.089E-011.089E-011.089E-01
Zr-92 1.696E-011,696E-011.696E-011.696E-011.696E-011.696E-011.696E-01
Zr-93 2.926E-042.926E-042.926E-042.926E-042.926E-042.926E-042.925E-04
Zr-94 1.755E-011.755E-011,755E-011.755E-011.755E-011.755E-011.755E-01
Zr-95 8.244E-133.014E-161.102E-194.029E-231.030E-310.00 0.00
Zr-96 2.870E-022.870E-022.870E-022.870E-022.870E-022.870E-022.870E-02
Nb-93 1.737E-I02.672E-I03.773E-I05.024E-I08.717E-I01.307E-091.304E-07
Nb-93m 6,994E-I08.711E-I01.026E-091.166E-091.460E-091.687E-092.470E-09
Nb-94 1.674E-131.674E-131,674E-i31.674E-131.674E-131.673E-131.618E-13
Nb-95 1.006E-123.677E-161.344E-194.915E-239.315E-340.00 0.00
Mo-95 1.041E-041.041E-041.041E-041.041E-041.041E-041.041E-041.041E-04
Mo-96 6.197E-066.197E-066.197E-066.197E-066.197E-066.197E-066.197E-06
Mo-97 1.628E-041.628E-041.628E-041.628E-041.628E-041.628E-041.628E-04
Mo-98 1.827E-061.827E-061.827E-061.827E-061.827E-061.827E-061.827E-06
Mo-t00 3.712E-133.712E-133.712E-133.712E-133.712E-133.712E-133.712E-13
Tc-98 2.673E-152.673E-152.673E-152.673E-152.673E-152.673E-152.673E-15
Tc-99 5.444E-I05.444E-I05.444E-I05.444E-I05.444E-I05.444E-I05.426E-I0
Ru-99 9.262E-151.280E-141.635E-141.989E-142.875E-143.761E-14 1.771E-12
Ru-100 4.045E-114.045E-114.045E-114.045E-114.045E-114.045E-114,045E-11
Ru,.1012.034E-132.034E-132.034E-132.034E-132.034E-132.034E-132.034E-13
Ru-102 3.262E-153.262E-153.262E-153.262E-153.262E-153.262E-153.262E-15
Cd-t11 1.668E-111.668E-111.668E-111.668E-111.668E-111.668E-111.668E-11
Cd-112 1.413E-I01.413E-I01.413E-I01.413E-I01.413E-I01.413E-I01.413E-I0
Cd-113 3.484E-133.484E-133,484E-133,484E-133.484E-133.484E-133.484E-13
Cd-114 2.776E-O8'2.776E-082.776E-082.776E-082.776E-082,776E-082.776E-08
Cd,.116 1.084E-I01.084E-I01.084E-I01.084E-!01.084E-I01.084E-I01.084E-I0
In-113 2.889E-062.889E-062.889E-062.889E-062.889E-062.889E-062.889E-06
In-113m2.089E-142.559E-163.145E-183.866E-206.472E-251.084E-290.00
In-115 3.319E-113.319E-113.319E-113.319E-113.319E-113.319E-113.319E-11
Sn-112 1,380E-041.380E-041.380E-041.380E-041.380E-041.380E-041.380E-04
Sn-113 3.468E-114.262E-135.238E-156.437E-171.078E-211.804E-260.00
Sn-114 9,684E-059.684E-059.684E-059.684E-059.684E-059.684E-059.684E-05
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TABLE D.B.e. Cladding ActivationProductInventoryby Isotopeat
40 MWd/kgM, g/gZr (cont'd)

Isotope .4Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Sn-115 4.7&lE-054.781E-054.781E-054.781E-054.781E,054.781E-054.781E-05
Sn-116 2.119E-032.119E-032.119E-032.119E-032.119E-032.119E-032.119E-03
Sn-117 1.159E-031.159E-031.159E-031.159E-031.159E-031.159E-031.159E-03
Sn-118 3.603E-033.603E-033.603E-033_603E-033.603E-033.603E-033.603E-03
Sn-119 1.326E-031.326E-031.326E-031.326E-031.326E-031.326E-031.326E-03
Sn-119m 6.362E-088.056E-Og 1.020E-091.292E-I07.371E-134.207E-150.00
Sn-120 4.913E-034.913E-03 4.913E-034.913E-034.g13E-034.913E-034.913E-03
Sn-121m 4.963E-084.827E-084.695E-084.567E-084.261E-083.975E-084.965E-14
Sn-122 7.077E-047.077E-047.077E-047.077E-047.077E-047.077E-047.077E-04
Sn-123 4.132E-118.198E-13 1.626E-143.227E-161.789E-209.918E-250.00
Sn-124 8.658E-048.658E-048.658E-048.658E-048.658E-048.658E-048.658E-04
Sb-121 8.542E-068.543E-068.544E-068.546E-068.549E-068.552E-068.SgIE-06
Sb-123 9.268E-079.268E-079.268E-079.268E-079.268E-079.268E-079.268E-07
Sb-125 2.297E-061.393E-068.442E-075.118E-071.464E-074.191E-080.00
Te-122 7.340E-077.340E-077.340E-077.340E-077.340E-077.340E-077.340E-07
Te-123 1.108E-081.108E-081.108E-081.108E-081.108E-081.108E-081.108E-08
Te-123m 3.643E-135.297E-157.701E-171.120E-182.853E-237.272E-280.00
Te-124 5.660E-085.660E-085.660E-085.660E-085.660E-085.660E-085.660E-08
Te-125 8.691E-069.608E-061.016E-051.050E-051.087E-051.098E-051.102E-05
Te-125m3.213E-081.948E-081.181E-087.160E-092.048E-095.861E-I00.00
Te-126 1.415E-071.415E-071.415E-071.415E-071.415E-071.415E-071.415E-07
Te-127m 1.387E-151.333E-171.281E-191.235E-211.117E-261.011E-310.00
Te-128 1.511E-121.511E-121.511E-121.511E-121.511E-121.511E-121.511E-12
1-127 6.688E-I06.688E-I06.688E-I06.688E-I06.688E-I06.688E-I06.688E-I0
1-129 1.111E-151.111E-151.111E-151.111E-151.111E-151.111E-151.111E-15

Xe-128 2.358E-112.358E-112.358E-112.358E-112.358E-112.358E-112.358E-11
Xe-129 1.011E-131.011E-131.011E-131.011E-131.011E-131.011E-131.011E-13
Xe-130 4.559E-154.559E-154.559E-154.559E-154.559E-154.559E-154.559E-15
Yb-172 4.894E-154.894E-154.894E-154.894E-154.894E-154.894E-154.894E-15
Yb-173 4.092E-154.092E-154.092E-154.092E-154.092E-154.092E-154.092E-15
LU-175 4.316E-084.316E-084.316E-084.316E-084.316E-084.316E-084.316E-08
Lu-176 1.42gE-091.429E-Og1.429E-091.429E-091.429E-091.429E-091.429E-09
Lu-177m5.337E-152.035E-167.759E-182.959E-198.400E-232.385E-260.00
Hf-174 2.167E-082.167E-082.167E-082.167E-082.167E-082.167E-082.167E-08
Hf-175 1.038E-157.493E-195.410E-223.906E-255.471E-330.00 0.00
Hf-176 1.485E-061.485E-061.485E-061.485E-061.485E-061.485E-061.485E-06
Hf-177 1.749E-071.749E-07 1.749E-071.749E-071.749E-071.749E-071.749E-07
Hf-178 5.512E-065.512E-065.512E-065.512E-065.512E-065.512E-065.512E-06
Hf-17g 1.910E-051.910E-05 1.910E-051.910E-051.910E-051.910E-051.910E-05
Hf-180 2.738E-052.738E-052.738E-052.738E-052.738E-052.738E-052.738E-05
Hf-182 5.997E,095.997E-095.997E-095.997E-095.997E-095.997E-095.997E-09
Ta-181 1.186E-061.186E-06 1.186E-061.186E-061.186E-061.186E-061.186E-06
Ta-182 3.150E-123.877E-146.819E-162.156E-162.098E-162.098E-162.098E-16
W-182 1.126E-071.126E-07 1.126E-071.126E-071.125E-071.126E-071.126E-07
W-183 2.218E-072.218E-072.218E-072.218E-072.218E-072.218E-072.218E-07
W-184 2.090E-082.090E-082.090E-082.090E-082.090E-082.090E-082.0gOE-08
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TABLE D.8.e. CladdingActivationProductInventoryby Isotopeat
40 MWd/kgM, g/gZr (cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years.

W-186 9.0i3E-139.013E-139.013E-139.013E-13g.OI3E-139.013E..13g.OI3E-13
Re-185 6.382E-116.382E-116.382E-116.382E-116.382E-116.382E-116.382E-11
Re-187 6.663E-146.663E-146.663E-146.663E-146.663E-146.663E-146.663E-14
0s-186 1.397E-111.397E-111.397E-II1.397E-111.397E-111.397E-111.397E-11
0s-188 3.g75E-153.975E-153.g75E-153.g75E-153.975E-153.975E-153.975E-15

Total 1.000E+O01.000E+O01.000E+O01.000E+O01.000E+O01.000E+O01.000E+O0
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TABLE D.8.f. CladdingActivationProduct Inventoryby Isotopeat
45 MWd/kgM,g/gZr

Isotope 4 Years 6 Years _8,Years__!O.,,.,Years....X5 Years. ,20,Years 1000 Y.ears

H-I 1.406E-051 406E 05 1.406E-051 406E-05 I 406E-05 1 406E-05 1 406E-05H-2 4.018E-08 4:018_"08 4.018E-08 4:018E-08 4:018E-08 4:0_8E-08 4:018E-08
H-3 1.;,11E-11.$29E-11.36;'E-131.221E-139.226E-146.96 E-14 .9 9E-38

He-3 4.541E-14 6.357E-14 7.981E-14 9.432E-14 1.242E-13 1.468E-13 2.165E-13
He-4 1.280E-07 1.280E-07 1.280E-07 1.280E-07 1.280E-07 1.280E-07 1.280E-07
Li-6 2.587E-13 2.587E-13 2.587E-13 2.587E-13 2.587E-13 2.587E-13 2.587E-13
Be-9 1.221E-09 1.221E-09 1.221E-09 1.221E-09 1.221E-09 1.221E-09 1.221E-09
Be-lO 3.238E-11 3.238E-11 3.23BE-11 3.238E-11 3.238E-11 3.238E-11 3.236E-11
B-11 1.891E-08 1.891E-08 1.891E-08 1.891E-08 1.891E-08 1.891E-08 1.891E-08
C-12 1.136E-04 1.136E-04 1.136E-04 1.136E-04 1.136E-04 1.136E-04 1.136E-04
C-13 1.478E-06 1.478E-06 1.478E-06 1.478E-06 1.478E-06 1.478E-06 1.478E-06
C-14 1.661E-07 1.661E-07 1.660E-07 1.660E-07 1.659E-07 1.658E-07 1.473E-07
N-14 2.471E-05 2.471E-05 2.471E-05 2.471E-05 2.471E-05 2.471E-05 2.472E-05
N-15 1.048E-071.048E-071.048E-071.048E-071.048E-071.048E-071.048E-07
0-16 1.162E-031.162E-031.162E-031.162E-031.162E-031.162E-031.162E-03
0-17 4.706E-074.706E-074.706E-074.706E-074.706E-074.706E-074.706E-07
0-18 2.673E-062.673E-062.673E-062.673E-062.673E-062.673E-062.673E-06
F-19 3.423E-123.423E-123.423E-123.423E-123.423E-123.423E-123.423E-12
Ne-21 1.933E-151.933E-151.933E-151.933E-151.933E-151.933E-151.933E-15
Ne-22 4.645E-144.645E-144.645E-144.645E-144.645E-144.645E-144.645E-14
Na-23 3.769E-153,769E-153.,769E-153.769E-153.769E-153.769E-153.769E-15
Mg-24 2.608E-I02.608E-I02.608E-I02.608E-I02.608E-I02.608E-I02.608E-I0
Mg-25 5.487E-I05.487E-I05.487E-I05.487E-I05.487E-I05.487E-I05.487E-I0
Mg-26 2.516E-I02.516E-I02.516E-I02.516E-I02.516E-I02.516E-I0,2.516E-I0
AI-27 3.997E-053.997E-053.997E-053.997E-053.997E-053.997E-053.997E-05
Si-28 7.349E-057.349E-057.349E-057.349E-057.349E-057.349E-057.349E-05
Si-29 3.895E-063.895E-063.895E-063.895E-063.895E-063.895E-063.895E-06
Si-30 2.650E-062.650E-062.650E-062.650E-062.650E-062.650E-062.650E-06
P-31 1.137E-091.137E-091.137E-091.137E-091.137E-091.137E-091.137E-09
S-32 3.579E-133.579E-133.579E-133.579E-133.579E-133.579E-133.580E-13
Ca-44 8.236E-158.236E-158.236E-158.236E-158.236E-158.236E-158.236E-15
Ca-46 3.331E-153.331E-153.331E-153.331E-153.331E-153.331E-153.331E-15
Ti-47 2.801E-I02.801E-I02.801E-I02.801E-I02°801E-I02.801E-I02.801E-I0
Ti-48 1.002E-121.002E-121.002E-121.002E-121.002E-121.002E-121.002E-12
Ti-49 7.736E-I07.736E-I07.736E-I07.736E-I07.736E-I07.736E-I07.736E-I0
Ti-50 3.171E-093.171E-093.171E-093.171E-093.171E-093.171E-093.171E-09
V-50 1.021E-081.021E-081.021E-081.021E-081.021E-081.021E-081.021E-08
V-51 2.242E-062.242E-062.242E-062.242E-062.242E-062.242E-062.242E-06
Cr-50 3.956E-053.956E-053.956E-053.956E-053.956E-053.956E-053.956E-05
Cr-52 8.267E-048.267E-048.267E-048.267E-048.267E-048.267E-048.267E-04
Cr-53 1.010E-041.010E-041.010E-041.010E-041.010E-041.010E-041.010E-04
Cr-54 3.082E-053.082E-053.082E-053.082E-053.082E-053.082E-053.082E-05
Mn-54 8.002E-I0 1.583E-I03.132E-116.197E-121.079E-131.878E-150.00
Mn-55 7.469E-078.162E-078.569E-078.808E-079.058E-079.123E-079.147E-07
Fe-54 1.113E-041.113E-041.113E-041.113E-041.113E-041.113E-041.113E-04
Fe-55 1.678E-079.847E-085.777E-083.390E-088.939E-092.357E-090.00
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TABLE D.8.f. CladdingActivationProductInventoryby Isotopeat
45 MWd/kgM,g/gZr (cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Fe-56 1.820E-031.820E-031.820E-031.820E-031.820E-031.820E-031.820E-03
Fe-57 6.182E-056.182E-056.182E-056.182E-056.182E-056.182E-056.182E-05
Fe-58 6.450E-066.450E-066.450E-066.450E-066.450E-066.450E-066.450E-06
Co-59 2.632E-082,632E-082.632E-082.632E-082.632E-082.632E-082.632E-08
Co-60 1.084E-Og8.336E-I06.408E-I04.926E-I02.552E-I01.322E-I0.0.00
Ni-60 1.163E-091.414E-Og1,607E-091.755E-Og1.g93E-O92_116E-092.248E-09
Ni-61 7.300E-127.300E-127.300E-127.300E-127.300E-127.300E-127.300E-12
Ni-62 1,591E-141.591E-141.591E-141.591E-i41.591E-141.591E-141.591E-14
Sr-87 1.o_gE-081.81gE-081.81gE-081.819E-081.81gE-081.81gE-081.819E-08
Sr-88 1.794E-061.794E-061.794E-061.794E-061.794E-061.794E-061.794E-06
Sr-gO 8.g95E-118.577E-118.178E-117.798E-116.g23E-116.147E-114.553E-21
Y-89 1.367E-071.367E-071.367E-071.367E-071.367E-071.367E-071.367E-07
Y-90 2.256E-142,151E-142.051E-141.956E-141.736E-141.541E-141.142E-24
Zr-gO 4.972E-014.g72E-014.g72E-014.g72E-014.g72E-014.g72E-014.g72E-01
Zr-gl 1.088E-011.088E-011.088E-011.088E-011.088E-011.088E-011.088E-01
Zr-g2 1.697E-011.697E-011.697E-011.697E-011.697E-011.697E-011.697F-01
Zr-93 3.368E-043.368E-043.368E-043.368E-043.368E-043.368E-043.367E-04
Zr-g4 1.755E-011.755E-011.755E-011.755E-011.755E-011.755E-011.755E-01
Zr-g5 9.632E-133.521E-161.288E-194.707E-231.203E-310.00 0.00
Zr-g6 2.867E-022.867E-022.867E-022.867E-022.867E-022.867E-022.867E-02
Nb-93 I.ggoE-103.064E-I04.330E-I05.769E-I01.002E-Og1.503E-091.501E-07
Nb-g3m 8.032E-I0 1.001E-091.180E-091.341E-091.679E-091.941E-Og2.844E-09
Nb-g4 2.209E-132.208E-132.208E-132.208E-132.208E-132.207E,-132.13SE-13
Nb-95 1.175E-124.295E-16 1.570E-195.742E-231.088E-330.00 0.00
Mo-g5 1.191E-041.191E-041.191E-041.191E-041.191E-041.191E-041.191E-04
Mo-g6 8.186E-068.186E-068.186E-068.186E-068.186E-068.186E-068.186E-06
Mo-97 1.874E-041.874E-041.874E-041.874E-041.874E-041.874E-041.874E-04
Mo-98 2.427E-062.427E-062.427E-062.427E-062.427E-062.427E-062.427E-06
Mo-100 6.631E-136.631E-136.631Eo136.631E-136.631E-176.631E-136.631E-13
Tc-g8 4.6gOE-154.690E-154.690E-154.6gOE-154.6gOE-154.690E-154.689E-15
Tc-g9 8.25gE-I08.259E-I08.259E-I08.25gE-I08.259E-I08.259E-I08.233E-I0
Ru-99 1.400E-141.938E-142.475E-143.013E-144.357E-145.700E-142.687E-12
Ru-100 7.OglE-117.OglE-II7.OglE-117.091E-117.091E-117.091E-117.091E-11
Ru-101 4.110E-134.110E-134.110E-134.110E-134.110E-134.110E-134.110E-13
Ru-102 7.615E-157.615E-157.615E-157.615E-157.615E-157.615E-157.615E-15
Cd-111 1.909E-111.gOgE-11 I.gogE-11I.gogE-111.909E-11I.gOgE-111.gogE-11
Cd-112 1.611E-I0 i.611E-I01.611E-I01.611E-I01.611E-I01.611E-I01.611E-I0
Cd-113 3.507E-133.507E-133.507E-133.507E-133.507E-133.507E-133.507E-13
Cd-114 3.611E-083.611E-083.611E-083.611E-083.611E-083.611E-083.611E-08
Cd-116 1.252E-I01.252E-I01.252E-I01.252E-I01.252E-I01.252E-I01.252E-I0
In-113 3.246E-063.246E-063.246E-063,246E-063.246E-063.246E-063.246E-06
In-113m2.433E-142.976E-163.657E-184.494E-207.525E-251.260E-2g0.00
In-115 3.552E-113.552E-113.552E-113.552E-113.552E-113.552E-113.552E-11
Sn-112 1.375E-041.375E-04 1.375E-041.375E-041.375E-041.375E-041.375E-04
Sn-113 4.032E-114.955E-136.00gE-157.483E-171.253E-212.098E-260.00
Sn-114 9.698E-05g.698E-059.698E-05g.698E-05g.698E-05g.698E-059.698E-05
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TABLE D.B.f. Cladding ActivationProductInventoryby Isotopeat
45 MWd/kgM, g/gZr (cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years i000 Years

Sn-115 4.677E-054.677E-054.677E-054.677E-054.677E-054.677E-054.677E-05
Sn-116 2.113E-032.113E-032.113E-032.113E-032.113E-032.113E-032.113E-03
Sn-117 1.162E-031.162E-031.162E-031.162E-031.162E-031.162E-031.162E-03
Sn-118 3.600E-033.600E-033.600E-033.600E-033.600E-033.600E-033.600E-03
Sn-119-1.331E-03 1.332E-031.332E-031.332E-031.332E-031.332E-031.332E-03
Sn-11gm7.422E-08g.3ggE-og 1.1gOE-091.507E-I08.595E-134.905E-150.00
Sn-120 4.914E-034.914E-034.914E-034.914E-034.914E-034.914E-034.914E-03
Sn-121m5.728E-085.571E-085.419E-085.270E-084.917E-084.588E-085.730E-14
Sn-122 7.076E-047.076E-047.076E-047.076E-047.076E-047.076E-047.076E-04
Sn-123 4.827E-119.577E-13 1.900E-143.770E-162.0gOE-201.159E-240.00
Sn-124 8.641E-048.641E-048.641E-048.641E-048.641E-048.641E-048.641E-04
Sb-121 9.727E-069.729E-069.730E-069.732E-069.735E-069.738E-069.784E-06
Sb-123 1.062E-061.062E-061.062E-061.062E-061.062E-061.062E-061.062E-06
Sb-125 2.655E-061.610E-069.759E-075.916E-071.693E-074.844E-080.00
Te-122 9.632E-079.632E-079.632E-079.632E-07g.632E-079.632E-079.632E-07
Te-123 1.549E-081.549E-081.54gE-081.549E-081.549E-081.549E-081.549E-08
Te-123m5.572E-138.101E-15 1.178E-161.712E-184.364E-231.112E-270.00
Te-124 7.921E-087.921E-087.921E-087.921E-087.921E-087.921E-087.921E-08
Te-125 9.984E-061.104E-051.169E-051.208E-051.251E-051.263E-051.268E-05
Te-125m3.714E-082.252E-081.365E-088.277E-092.368E-096.776E-I00.00
Te-126 1.878E-071.878E-071.878E-071.878E-071.878E-071.878E-071.878E-07
Te-127m2.145E-152.061E-171.980E-191.909E-211.727E-261.563E-310.00
Te-128 2.660E-122.660E-122.660E-122.660E-122.660E-122.660E-122.660E-12
1-127 1.019E-091.019E-091.019E-091.019E-091.019E-091.019E-091.019E-09
1-129 2.250E-152.250E-152.250E-152.250E-152.250E-152.250E-152.250E-15

Xe-128 4.149E-114.149E-114.149E-114.149E-114.14gE-114.14gE-114.14gE-11
Xe-129 2.041E-132.041E-132.041E-132.041E-132.041E-132.041E-132.041E-13
Xe-130 1.064E-141.064E-141.064E-141.064E-141.064E-141.064E-141.064E-14
Yb-172 5.933E-155.933E-155.933E-155.933E-155.933E-155.933E-155.933E-15
Yb-173 5.092E-155.092E-155.092E-155.092E-155.092E-155.092E-155.092E-15
Lu-175 4.275E-084.275E-084.275E-084.275E-084.275E-084.275E-084.275E-08
Lu-176 1.462E-091.462E-Og1.462E-Og1.462E-091.462E-091.462E-091.462E-09
Lu-177m6.517E-152.485E-169.476E-183.613E-191.026E-222.913E-260.00

° Hf-174 1.754E-081.754E-081.754E-081.754E-081.754E-081.754E-081.754E-08
Hf-176 1.347E-061.347E-061.347E-.061.347E-061.347E-061.347E-061.347E-06

- Hf-177 1.519E-071.519E-071.519E-071.519E-071.519E-071.519E-071.51gE-07
Hf-178 4.353E-064.353E-064.353E-064.353E-064.353E-064.353E-064.353E-06
Hf-17g 1.872E-051.872E-051.872E-051.872E-051.872E-051.872E-051.872E-05
Hf-180 2.881E-052.881E-052.881E-052.881E-052.881E-052.881E-052.881E-05
Hf-182 8.217E-098,217E-098.217E-098.217E-098.217E-098.217E-098.216E-09
Ta-181 1.362E-061.362E-061.362E-061.362E-061.362E-061.362E-061.362E-06
Ta-182 3.783E-124.659E-148.542E-162.944E-]62.875E-162.875E-162.374E-16
W-182 1.322E-071.322E-071.322E-071.322E-071.322E-071.322E-071.322E-07
W-183 3.055E-073.055E-073.055E-073.055E-073.055E-073.055E-073.055E-07
W-184 3.340E-083.340E-083.340E-083.340E-083.340E-083.340E-083.340E-08J

W-186 1.845E-121.845E-121.845E-121.845E-121.845E-121.845E-121.845E-12
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TABLE D.B.f. CladdingActivationProduct Inventoryby isotopeat
45 MWd/kgM,g/gZr (cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years.

Re-185 1.150E-I01.150E-I01.150E-I01.150E-I01.150E-I01.150E-I01.150E-I0
Re-187 1.575E-131.575E-131.575E-131.575E-131.575E-131.575E-131.575E-13
0s-186 2.895E-112.895E-112.895E-112.895E-112.895E-112.895E-112.895E-11
0s-188 1.092E-141.092E-141.092E-141.092E-141.092E-141.092E-141.092E-14

Total 1.000E+O01.000E+O01.000E+O01.000E+O01.000E+O01.000E+O01.000E+O0
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TABLED.B.g. CladdingActivationProduct Inventoryby Isotopeat
50 MWd/kgM,g/gZr

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

H-I 1.407E-051.407E-051.407E-051.407E-051.407E-051.407E-051.407E-05
H-2 4.515E-084.515E-084.515E-084.515E-084.515E-084.515E-084.515E-08
H-3 2.307E-132.062E-131.843E-131.647E-131.244E-139.398E-14 1.212E-37
He-3 6.087E-148.537E-14 1.073E-131.268E-131.672E-131.976E-132.916E-13
He-4 1.456E-071.456E-071.456E-071.456E-071.456E-071.456E-071.456E-07
Li-6 3.084E-133.084E-133.084E-133.084E-133.084E-133.084E-133.084E-13
Be-9 1.389E-091.389E-091.389E-091.389E-091.389E-091.389E-091.389E-09
Be-t0 3.701E-113.701E-113.701E-113.701E-113.701E-113.701E-113.700E-11
B-11 2.150E-082.150E-082.150E-082.150E-082.150E-082.150E-082.150E-08
C-12 1.136E-041.136E-041.136E-041.136E-041.136E-041.136E-041.136E-04
C-13 1.491E-061.491E-061.491E-061.491E-061.491E-061.491E-061.491E-06
C-14 1.88gE-071.889E-071.888E-071.888E-071.887E-071.885E-071.675E-07
N-14 2.468E-052.468E-052.468E-052.468E-052.468E-052.468E-052.470E-05
N-15 1.058E-071.058E-071.058E-071.058E-071.058E-071.058E-071.058E-07
0-16 1.162E-031.162E-031.162E-031.162E-031.162E,031.162E-031.162E-03
0-17 4.707E-074.707E-074.707E-074.707E-074.707E-074.707E-074.707E-07
0-18 2.673E-062.673E-062.673E-062.673E-062.673E-062.673E-062.673E-06
F-19 3.895E-123.895E-123.895E-123.895E-123.895E-123.895E-123.895E-12

Ne-21 2.501E-152.501E-152.501E-152.501E-152.501E-152.501E-152.501E-15
Ne-22 6.013E-146.013E-146.013E-146.013E-146.013E-146.013E-146.013E-14
Na-23 4.883E-154.883E-154.883E-154.883E-154.883E-154.883E-154.883E-15
Mg-24 2.967E-I02.967E-I02.967E-I02.967E-I02.967E-I02.967E-I02.967E-I0
Mg-25 6.244E-I06.244E-I06.244E-I06.244E-I06.244E-I06.244E-I06.244E-I0
Mg-26 2.866E-I02.866E-I02.866E-I02.866E-I02.866E-I02.866E-I02.866E-I0
AI-27 3.996E-053.996E-053.996E-053.996E-053.996E-053.996E-053.g96E-05
Si-28 7.349E-057.349E-057.349E-057.349E-057.349E-057.349E-057.349E-05
Si-29 3.900E-063.900E-063.900E-063.900E-063.900E-063.900E-063.900E-06
Si-30 2.650E-062.650E-062.650E-062.650E-062,650E-062.650E-062.650E-06
P-31 1.294E-091.294E-091.294E-091.294E-091.294E-091.294E-091.294E,09
S-32 4.633E-134.633E-134.633E-134.633E-134.633E-134.633E-134.635E-13
Ca-44 1.063E-141.063E-141.063E-141.063E-141.063E-141.063E-141.063E-14
Ca-46 4.308E-154.308E-154.308E-154.308E-154.308E-154.308E-154.308E-15
Ti-47 3.174E-I03.174E-I03.174E-I03.174E-I03.174E-I03.174E-I03.174E-I0
Ti-48 1.292E-121.292E-121.292E-121.292E-121.292E-121.292E-121.292E-12
Ti-49 8.791E-IO8.791E-I08.791E-I08.791E-I08.791E-I08.791E-I08.791E-I0
Ti-50 3.619E-093.619E-093.619E-093.619E-093.619E-093.619E-093.619E-09
V-50 1.137E-081.137E-081.137F-081.137E-081.137E-081.137E-081.137E-08
V-51 2.53gE-062.53gE_062.539E-062.539E-062.539E-062.539E-062.53gE-06
Cr-50 3.926E-053.926E-053.926E-053.926E-053.926E-053.926E-053.926E-05
Cr-52 8.253E-048.253E-048.253E-048.253E-048.253E-048.253E-048.253E-04
Cr-53 1.016E-041.016E-041.016E-041.016E-041.016E-041.016E-041.016E-04
Cr-54 3.171E-053.171E-053.171E-053.171E-053.171E-053.171E-053.171E-05
Mn-54 9.162E-I01.813E-I03.586E-117.095E-121.235E-132.150E-150.00
Mn-55 8.479E-079.27iE-079.735E-071.001E-061.029E-061.037E-061.039E-06
Fe-54 1.111E-041.111E-041.111E-041.111E-041.111E-041.111E-041.111E-04
Fe-55 1.916E-071.124E-076.595E-083.870E-08 1.020E-082.691E-090.00
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TABLE D.B,g. CladdingActivationProduct Inventoryby Isotopeat
50 MWd/kgM, g/gZr (cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years

Fe-56 1.817E-031,817E-031.817E-031.817E-031.817E-031.817E-031.817E-03
Fe-57 6.427E-056.427E-056.427E-056.427E-056.427E-056.427E-056.427E-05
Fe-58 6.522E-066.522E-066.522E-066.522E-066.522E-066.522E-066.522E-06
Co-59 2.978E-082.978E-082.978E-082.978E-082.978E-082.978E-082.978E-08
Co-60 1.399E-091.075E-098.267E-I06.354E-I03.292E-I01.705E-I00.00
Ni-60 1.496E-091.820E-092.069E-092.260E-092.566E-092.725E-092.895E-09
Ni-61 1.072E-111.072E-111.072E-111.072E-111.072E-111.072E-111.072E-11
Ni-62 2.658E-142.658E-142.658E-142.658E-142.658E-142.658E-142.658E-14
Sr-87 2.047E-082.047E-082.047E-082.047E-082.047E-082.047E-082.047E-08
Sr-88 2.040E-062.040E-062.040E-062.040E-062.040E-062.040E-062.040E-06
Sr-90 1.163E-I01.109E-I01.058E-I01.009E-I08,954E-117.949E-115.888E-21
Y-89 1.556E-071.556E-071.556E-07 1.556E-071.556E-071.556E-071.556E-07
Y-90 2.917E-142.782E-142.652E-142.529E-142.245E-141.993E-141.477E-24
Zr-90 4.971E-014.971E-014.971E-014.971E-014.971E-014.971E-014.971E-01
Zr-91 1.087E-011.087E-011.087E-011.087E-011.087E-011.087E-011.087E-01
Zr-92 1.698E-011.698E-011.698E-011.698E-011.698E-011.698E-011.698E-01
Zr-93 3.824E-043.824E-043.824E-043.824E-043.824E-043.824E-043.822E-04
Zr-94 1.755E-011.755E-011.755E-011.755E-011.755E-011.755E-011.755E-01
Zr-95 1.105E-124.041E-161.478E-195.402E-231.381E-310.00 0.00
Zr-96 2.865E-022.865E-022.865E-022.865E-022.865E-022.865E-022.865E-02
Nb-93 2.251E-I03.468E-I04.903E-I06.535E-I01.136E-091.704E-091.704E-07
Nb-93m 9.101E-I01.135E-091.338E-091.521E-091.905E-092.203E-093.228E-09
Nb-94 2.831E-132.831E-132.831E-132.831E-132.830E-132.830E-132.737E-13
Nb-95 1.348E-124.929E-161.802E-196.589E-231.249E-330.00 0.00
Mo-g5 1.343E-041.343E-041.343E-041.343E-041.343E-041.343E-041.343E-04
Mo-96 1.052E-051.052E-051.052E-051.052E-051.052E-051.052E-051.052E-05
Mo-97 2.128E-042.128E-042.128E-042.128E-042.128E-042.128E-042.128E-04
Mo-98 3.136E-063.136E-063.136E-063.136E-063.136E-063.136E-063.136E-06
Mo-100 1.119E-121.119E-121.119E-121.119E-121.119E-121.119E-121.119E-12
Tc-98 7.783E-157.783E-157.783E-157.783E-157.783E-157.783E-157.781E-15
Tc-99 1.202E-091.202E-091.202E-091.202E-091.202E-091.202E-091.198E-09
Ru-99 2.032E-142.814E-143.596E-144.378E-146.333E-148.28gE-143.909E-12
Ru-100 1.176E-I01.176E-I01.176E-I01.176E-I01.176E-I01.176E-I01.176E-10
Ru-101 7.750E-137.750E-137.750E-137.750E-137.750E-137.750E-137.750E-13
Ru-102 1.636E-141.636E-141.636E-141.636E-141.636E-141.636E-141.636E-14
Cd-111 2.154E-112.154E-112.154E-112.154E-112.154E-112.154E-112.154E-11
Cd-112 -I.810E-I01.810E-I01.810E-I01.810E-I01.810E-I01.810E-I01.810E-I0
Cd-113 3.530E-133.530E-133.530E-133.530E-133.530E-133.530E-133.530E-13
Cd-114 4.569E-084.569E.-084.569E-084.569E-084.569E-084.569E-084.569E-08
Cd-116 1.427E-I01.427E-I01.427E-I01.427E-I01.427E-I01.427E-I01.427E-I0
In-113 3.594E-063.594E-063.594E-063.594E-063.594E-063.594E-063.594E-06
In-113m2.783E-143.416E-164.198E-185.159E-208.638E-251.446E-290.00
In-115 3.844E-113.844E-113.844E-113.844E-113.844E-113.844E-113.84.4E-11
Sn-112 1.370E-041.370E-041.370E-041.370E-041.370E-04I,,370E-041.370E-04
Sn-113 4.628E-115.688E-136.990E-158.591E-171.438E-212.408E-260.00
Sn-114 9.714E-059.714E-059.714E-059.714E-059.714E-059.714E-059.714E-05
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TABLE D.8.g. CladdingActivationProduct Inventoryby Isotopeat
50 MWd/kgM,g/gZr (cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years ]5 Years 20 Years 1000 Years

Sn-115 4.572E-054.572E-054.572E-054.572E-054.572E-054.572E-054.572E-05
Sn-116 2.108E-032.108E-032.108E-032.108E-032.108E-032.108E-032.108E-03
Sn-117 1.164E-031.164E-031.164E-031.164E-031.164E-031.164E-031.164E-03
Sn-118 3.597E-033.597E-033.597E-033.597E-033.597E-033.597E-033.597E-03
Sn-119 1.337E-031.337E-031.337E-031.337E-031.337E-031.337E-031.337E-03
Sn-119m8.515E-08 1.078E-081.365E-091.729E-I09.863E-135.626E-150.00
Sn-120 4.914E-034.914E-034.914E-034.914E-034.914E-034.914E-034.914E-03
Sn-121m6.519E-086.341E-086.167E-085.999E-085.597E-085..222E-086.521E-14
Sn-122 7.075E-047.075E-047.075E-047.075E-047.075E-047.075E-047.075E-04
Sn-123 5.548E-111.101E-122.184E-144.333E-162.402E-201.332E-240.00
Sn-124 8.624E-048.624E-048.624E-048.624E-048.624E-048.624E-048.624E-04
Sb-121 1.092E-051.092E-051.092E-051.093E-051.093E-051.093E-051.099E-05
Sb-123 1.200E-061.200E-061.200E-061.200E-061.200E-061.200E-061.200E-06
Sb-125 3.025E-061.834E-061.112E-066.739E-071.928E-075.518E-080.00
Te-122 1.229E-061.229E-061.229E-061.229E-061.229E-061.229E-061.229E-06
Te-123 2.086E-082.086E-082.086E-082.086E-082.086E-082.086E-082.086E-08
Te-123m8.159E-131.186E-141.725E-162.507E-186.390E-231.628E-270.00
Te-124 1.077E-071.077E-071.077E-071.077E-071.077E-071.077E-071.077E-07
Te-125 1.131E-051.252E-051.325E-051.370E-051.419E-051.432E-051.438E-05
Te-125m4.231E-082.565E-081.555E-089.428E-092.697E-097.718E-I00.00
Te-126 2.424E-072_424E-072.424E-072.424E-072.424E-072.424E-072.424E-07
Te-127m3.171E-153.047E-172.927E-192.822E-212.553E-262.311E-310.00
Te-128 4.429E-124.429E-124.429E-124.429E-124.429E-124.429E-124.429E-12
1-127 1.489E-091.489E-091.489E-091.489E-091.489E-091.489E-091.489E-09
1-129 4.252E-154.252E-154.252E-154.252E-154.252E-154.252E-154.252E-15

Xe-128 6.906E-116.906E-116.906E-116.906E-116.906E-116.906E-116.906E-11
Xe-129 3.845E-133.845E-133.845E-133.845E-133.845E-133.845E-133.845E-13
Xe-130 2.285E-!42.285E-142.285E-142.285E-142.285E-142.285E-142.285E-14
Yb-172 6.987E-156.987E-156.987E-156.987E-156.987E-156.987E-156.987E-15
Yb-173 6.089E-156.089E-156.089E-156.089E-156.089E-156.089E-156.089E-15
Lu-175 4.158E-084.158E-084.158E-084.158E-084.158E-084.158E-084.158E-08
Lu-176 1.457E-091.457E-091.457E-091.457E-091.457E-091.457E-091.457E-09
Lu-177m7.629E-152.909E-161.109E-174.230E-191.201E-223.410E-260.00
Hf-174 1.409E-081.409E-081.409E-081.409E-081.409E-081.409E-081.409E-08
Hf-176 1.218E-061.218E-061.218E-061.218E-061.218E-061.218E-061.218E-06
Hf-177 1.350E-071.350E-071.350E-071.350E-071.350E-071.350E-071.350E-07
Hf-178 3.424E-063.424E-063.424E-063.424E-063.424E-063.424E-063.424E-06
Hf-179 1.808E-051.808E-051.808E-051.808E-051.808E-051.808E-051.808E-05
Hf-180 3.024E-053.024E-053.024E-053.024E-053.024E-053.024E-053.024E-05
Hf-182 1.096E-081.096E-081.096E-081.096E:o081.096E-081.096E-081.096E-08
Ta-181 1.545E-061.545E-061.545E-061.545E-061.545E-061.545E-061.545E-06
Ta-182 4.433E-125.464E-141.048E-153.915E-163.834E-163.834E-163.833E-16
W-182 1.519E-071.519E-071.519E-071.519E-071.519E-071.519E-071.519E-07
W-183 4.052E-074.052E-074.052E-074.052E-074.052E-074.052E-074.052E-07
W-184 5.073E-085.073E-085.073E-085.073E-085.073E-085.073E-085.073E-08
W-186 3.491E-123.491E-123.491E-123.491E-123.491E-123.491E-123.491E-12
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TABLE D.B.g. CladdingActivationProduct Inventoryby Isotopeat
50 MWd/kgM,g/gZr (cont'd)

Isotope 4 Years 6 Years 8 Years 10 Years 15 Years 20 Years 1000 Years.

Re-185 I.g43E-IO1.943E-I01.943E-I01.g43E-IO1,943E-I0I.g43E-IO1.943E-I0
Re-187 3.389E-133.389E-133.389E-133.389E-133.38gE-133.389E-133.389E-13
0s-186 5.544E-115.544E-115.544E-115.544E-115.544E-115.544E-115.544E-11
0s-188 2.695E-142.695E-142.695E-142.695E-142.695E-142.695E-142.695E-14

Total 1.000E+O01.000E+O01,000E+O01.000E+O01.000E+O01.000E+O01.000E+O0

D.138
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APPENDIXE

DETAILSOF CERAMOGRAPHY/METALLOGRAPHY

This appendix includesthe resultsof all ceramographicand metallo-

graphicexaminationsconductedto date on ATM-lO4fuel. Photographspresented

in the text are presentedhere for completeness. Table E.I gives a summaryof

fuel sample locations. Refer to Figure 4.3 and AppendixC (Sectioning

Diagrams)for furtherdetails.

The organizationof the Figures in AppendixE is given below:

Figure E.1.a - E.1.e Photomacrographsof PolishedTransverseSamples

Figure E.1.f - E.1.h Photomacrographsof Polished LongitudinalSamples

Figure E.2.a - E.2.h Photomicrographsof PolishedTransverseSamples

Figure E.2.i - E.2.k Photomicrographsof Polished LongitudinalSamples

Figure E.3.a - E.3.e Photomicrographsof Argon Ion-EtchedTransverse
Samples

Figure E.3.f - E.3.h Photomicrographsof Argon Ion-EtchedLongitudinal
Samples

Figure E.4.a - E.4.j Exterior/InteriorCladding Surfacesof Polished
Samples

Figure E.5.a - E.5.e Etched Claddingof TransverseSamples

Figure E.5.f - E.5.h Etched Claddingof LongitudinalSamples

Figure E.6.a - E.6.j Alpha and Beta/GammaAutoradiographsof Transverse
Samples

Figure E.6.k - E.6.p Alpha and Beta/GammaAutoradiographsof Longi-
tudinalSamples.

E.I



. TABLE E.I. Summaryof Ceramographic/MetallographicSections

L III II I II I I II II _ _""_

Distance from Top(a)
Sample ID cm (inches) Type

I04-MKPI09-C 43.39-44.58 TransverseFuel Sample
(17.08-17.55)

I04-MKPIOg-H 121.92-123.19 TransverseFuel Sample
(48.00-48.50)

I04-MKPIOg-N 205.35-207.26 LongitudinalFuel Sample
(80.85-81.60)

104-MKPI09-O 207.32-208.59 TransverseFuel Sample
(81.62-82.12)

I04-MKPIOg-AA 341.99-343.92 LontitudinalFuel Sample
(134.64-135.40)

,

I04-MKPI09-BB 343.98-345.27 TransverseFuel Sample
(135.43-135.93)

104-MIPIO9-JJ 356.70-358.62 Longitudinal Fuel Sample
(140.43-141.19)

I04-MKPIO9-KK 358.68-359.97 Transverse Fuel Sample
(141.21-141.72)

(a) Rod distance referencedfrom top end of rod.

E.2



FIGURE E.1.a. Photomacrographof PolishedTransverseSample
104-MKPIO9-C(~gx)(Neg.No. 8704494-14)

z

FIGUREE.1.b. Photomacrographof PolishedTransverseSample
I06-MKPIO9-H(~8x) (Neg. No. 8704675-5)
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FIGURE E.l.d. Photomacrographof PolishedTransverseSample
I04-MKPIOg-BB(-gx) (Neg. No. 8704494-22)
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FIGURE E.1.e. Photomacrographof PolishedTransverseSample
I04-MKPIOg-KK(~8x) (Neg.No. 8704675-22)

=
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FIGURE E.].f. Photomacrographof PolishedLongitudinalSample
I04-MKPIOg-N(-1Ox) (Neg, No, 8704675-3)
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FIGURE E.l.g. Photomacrographof Argon Ion-EtchedLongitudinal
Sample I04-MKPIOg-AA(-1Ox) (Neg.No. 8704494-6)
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FIGURE E.1.h. Photomacrographof Polished LongitudinalSample
I04-MKPIO9-JJ(-1Ox) (Neg. No. 8704675-18)
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c) 2/3 Radius (Neg. No. P-3028) d) Edge (Neg. No. P-3026)

FI6URE E.2.a. Photomicrographsof PolishedTransverse
Sample I04-MKPI09-C
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Fuel

L___J
20 l_m

FIGUREE,2obo Mosaic of Polished Transverse Sample 104-MKPI09-C
Near Fuel Edge (Neg Nos. 6545, 6546, 6547)
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FIGUREE.2.d. Mosaic of Polished Transverse Sample 104-MKPIOg-H
Near Fuel Edge (Neg Nos. 6534, 6535, 6536)

E.12



• . . ,, .._,'..", ..- ::. "..m_ _" ,_ ,.,-_,._:_" ",.. .:,? :

• dL'" _k '¢,'_ .,_ . . , _.,,_ _. _ . ,,r ,.,_,_ ,,,_4 ..'ii.

• ,,,._-. ' ,.... . : /' .'. , ..,_,_.. . . , . .

I1_ " • _ " _., , ,m lV,dk_'_*' , ;._ ,' _ _ , Ql,:_l , ,' , _ .,_,"

- ._ ,," -- ' _,, :_ . .-__,, _._ ..', :,._., -' . ,_ , , _ _._ _.,, _',u-.. ,-_:
, _-,:_,- • _.,_.,_,_, _.._ , _ ,_ v ,_" _. __.t'.'_' " _" ". .I"

,_.8 . ' • •

c) 213 Radius (Neg. No. P-2679) d) Edge (Neg. No. P-2678)

FIGURE E.2.e. Photomicrographs of Polished Transverse
Sample I04-MKPI09-.O
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FIBURE Eo2.f. Mosaic of Polished Transverse Sample 104-MKP109-O
Near Fuel Edge (Neg. Nos. 6523, 6524, 6525)
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a) Center (Neg. No. P-3062) b) I/3 Radius (Neg. No. P-3061)
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c) 2/3 Radius (Neg. No. P-2684) d) Edge (Neg, No. P-2683)

FI6URE E.2,i, Photomicrographs of" Polished Longitudinal
Samp]e 104-MKPIO9-N
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a) Centerline (Neg. No. P-27Bg) b) I/3 Radius (Neg, No, P-2788')
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c) 2/3 Radius (Nc,g. No. P-3077) d) Edge (Neg. No. P-3076)

FIGUREE.3.a. Photomicrographs of Argon Ion-etched Transverse
Sample I04-MKPI09.-C
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_11,": '.,_:: 40 pm

" c) 2/3 Radius (Neg. No. P-2906) d) Edge (Neg. No. P-2905)

FIGURE E.3.b, Photomicrographs of Argon Ion-etched Transverse
: Sample I04-MKPIO9-H
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c) 2/3 Radius (Neg. No. P-3166) d) Edge (Neg. No. P-3165)

FIGURE E.S.d. Photomicrographs of Argon Ion-etched Transve,,_se
Sample 104-MKPIO9-BB
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c) 2/3 Radius (Neg. No. P-2918) d) Edge (Neg. No. P-2917)

FIGUREE.3.e. Photomicrographs of Argon Ion-etched Transverse
Sample ]04-MKPIOg-KK
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c) 2/3 Radius (Neg. No. P-3182) d) Edge (Neg. No. P-3181)

FIGURE E.S.g. Photomicrographs of Argon Ion-etched Longitudinal
Sample I04-MKPIOg-AA
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c) 2/3 Radius (Neg, No, P-2914) d) Edge (Neg, No, .P-2913)

FIGURE E.3.h. Photomicrographs of Argon Ion-Etched Longitudinal
Sample I04-MKPIOg-JJ
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a) 0 ° Clockwise from Reference
Notch (Neg. No. P-6538)

Ziroaloy.,4
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20pm i

b) 270° Clockwisefrom c) 90° Clockwisefrom
ReferenceNotch Reference Notch
(Neg. No. P-6544) (Neg. No. P-6540)
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Oxld _ ........ ." ..:_ ' .
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d) 180° Clockwise from Reference
Notch (Neg. No. P-6542)

FIGUREE,4,a, Exterior Cladding Surface at Four Circumferential
Locations on Polished Sample I04-MKPI09-C

E.28



ZIr(Jalay-4

a) 0° Clockwisefrom Reference
Notch (Neg.No. P-6537)
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Reference Notch Reference Notch
(Neg. No. P-6543) (Neg. No, P-6539)

Zircaloy.4
___.J
20 _(m

d) 180° Clockwise from Reference
Notch (Neg. No. P-6541)

FIGUREE.4.b. Interior Cladding Surface at Four Circumferential
Locations on Polished Sample 104-MKPI09-C
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a) 0 ° Clockwise from Reference
Notch (Neg. No. P-6527)
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(Neg. No. P-6533) (Neg. No. P-6529)
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d) 180° Clockwisefrom Reference
Notch (Neg. No. P-6531)

FIGURE E.4.c. ExteriorCladdingSurface at Four Circumferential
Locationson PolishedSample I04-MKPIOg-H
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Notch (Neg. No. P-6526)
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d) 180" Clockwise from Reference
Notch (Neg. No. P-6530)

FIGUREE,4,d. Interior Cladding Surface at Four Circumferential
Locations on Polished Sample 104-MKPIO9-H
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a) Exterior Surface (Neg. No. P-2687)
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b) Interior Surface (Neg. No, P-2688)

+ FIGUREE.4.e. Exterior/Interior Cladding Surface of Polished
Sample 104-MKPIO9-N
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a) 0° Clockwise from Reference
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d) 180° Clockwise from Reference
Notch (Neg. No. P-6520)

FIGUREE.4.f. Exterior Cladding Surface at Four Circumferential
Locations on Polished Sample I04-MKPI09-O
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FIBURE E.4.g. Interior Cladding Surface at Four Circumferential
Locations on Polished Sample I04-MKPI09-O
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FIGURE E.4.h. Exterior/Interior Cladding Surface of Polished
Sample I04-MKPIO9-AA
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Zircaloy-,4

20 pm

a) Exterior Surface (Neg. No. P-3063)

b) (Note" No interiorsurfaceexaminationwas performedfor
Sample I04-MKPIOg-BB)

FI6URE E.4.i. ExteriorCladdingSurface of Poli._,_2d
Sample I04-MKPIO9-BB
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a) Exterior Surface (Neg. No. P-2790)
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b) Interior Surface (Neg. No. P-2791)

FI6URE E.4.j. Exterior/InteriorCladdingSurface of Polished
Sample 104-MKPIOg-JJ
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FI6URE E.5.b. Etched Cladding of Transverse Sample
104-MKPIOg-H (Neg. No. P-3276)

Lo_



_ E.39



Rum

.- ,. ,.._,

• .
• . .

._. _:, • . .

. ) ,,
,,

• .-- • i(.li£ ! 1, 'f". ",,_

_' ' ; [t

/,

,....... k

, , .

,, .'(""

-. . ..
, .-

• , .J

FuelSide ' ?........

........ <::....:" ..":;". ,-, • . ' lO01_,m._, . . , . ._..- .

FIGURE E.5.e. Etched Claddingof TransverseSample
104-MKPIOg-KK (Neg. No. P-3248)
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FI6UREE.5.g. EtchedCladdingof LongitudinalSample
104-MKPIOg-AA(Neg. No. P-3317)
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FI6UREE.5.h. EtchedCladdingof LongitudinalSample
, I04-MKPIOg-JJ(Neg.No. P-3275)
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FIGURE E.6.a. Alpha Autoradiographof TransverseSample
I04-MKPI09-C(Neg. No. 5458)
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FIGUREE.6.b. Beta/GammaAutoradiographuf Tr._nsverseSample
I04-MKPI09-C(Neg. No. 5459)
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FIGURE E.6.c. Alpha Autoradiographof Transverse Sampl"e
I04-MKPIOg-H(Neg. No. 5420)
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FIGURE E.6.d. Beta/GammaAutoradiographof TransverseSample
I04-MKPIO9-H(Neg. No. 5421)
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FIGURE E.6.e. Alpha Autoradiographof TransverseSample
I04-MKPI09-O(Neg. No. 5416)
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FIGURE E.6.f. Beta/GammaAutoradiographof TransverseSample
I04-MKPI09-O(Neg. No. 5417)
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FIGURE E.6.g. Alpha Autoradiographof TransverseSample
104-MKPIO9-BB (Neg. No. 5450) _
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FIGURE E.6.h. Beta/GammaAutoradiographof TransverseSample
I04-MKPIOg-BB(Neg. No. 5451)
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FIGURE E.6.i. Alpha Autoradiographof TransverseSample
I04-MKPIOg-KK(Neg. No. 5428)
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FIGURE E.6.j. Beta/GammaAutoradiographof TransverseSample
I04-MKPIOg-KK(Neg.No. 5429)
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FIGURE E.6.k. Alpha Autoradiograph of Longitudinal Sample
I04-MKPIOg-N (Neg.No. 5422)
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FIGURE E.6.1. Beta/GammaAutoradiographof LongitudinalSample
I04-MKPIOg-N(Neg. No. 5415)
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FIGURE E.6.m. Alpha Autoradiographof LongitudinalSample
I04-MKPIOg-AA(Neg. No. 5454)
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FIGURE E.6.n. Beta/GammaAutoradiographof Longitudinal
Sample I04-MKPIOg-AA(Neg. No. 5455)
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FIGUREE,6,o, Alpha Autoradiograph of Longitudinal Sample
104-MKPIO9-OJ (Neg. No. 5426)
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FIGUREE,6.p, Beta/GammaAutoradiograph of Longitudinal Sample
- I04-MKPIO9-JJ(Neg. No. 5427) L
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APPENDIXF

DETAILS OF.ELEC_TRONMICROPROBEANALYSES

Electronprobe microanalyses(EPMA)were conductedon Sample

I04-MKPIOg-Has discussed in Section 7.3.2 to determinethe radial variation

of severalfissionproductsand actinidesof interest. This appendixprovides

informationon the EPMA procedureand details'onthe resultsobtained for the

concentrationsof neodymium,cesium,xenon, plutonium,uranium,americium,

technetium,and rutheniumin the ATM-lO4 fuel sample. The radialvariation in

fuel burnup is also provided based on the measuredneodymiumconcentrationsin

the fuel.

EPMA was accomplishedusing the shieldedelectronmicroprobe,Model 450,

manufacturedsome twenty years ago by MaterialsAnalysis Corporation. The

examinationinvolvesexposing a mounted fuel sample to an electronbeam after

the samplehas been speciallyground and carbon coated. The electronbeam

operates at 25 keV and 100 to 500 nA. Electronsstrikingthe fuel sample

cause characteristicx-rays to be emittedfrom the sample at a 45° emergence

angle. X-rays emitted from the fuel sample are passed throughthree crystals

locatedon a single plane. The crystalscan be independentlyrotatedto

diffractthe incomingx-ray beam for analysisof a desiredelementby wave-

lengthdispersivespectro:aetry.

The concentrationsof three elementswere simultaneouslydetermined

during a radial scan that examinedfuel material from the outer edge of the

fuel to the fuel center, lh_ first five data points are separatedby about

75 pm; the remainingapproximately25 data points are separatedby about

180 _m. Countingtime was 100 seconds for each step.

Each elementanalyzedwas comparedwith a standardemplaced in a special

examinationring positionedarour_ the mounted sample. Standardsused were

elementalmetals or oxides as suppliedby the microprobemanufacturer,except

for UO2 and PuO2 which were added locally. A list of the standardsBnd crys-

tals used to detect each element is provided in Table F.I. No certification

J

F.I



TABLE F.I. Standardsand CrystalsUsed in PerformingEPMA for
Sample I04-MKPIO9-H.

--__ I I I III rll IIII_ IIIII I III --

Absorption Detectability Crystal
Element Line.Us_ed Standard Limits,wt% Used

Pu MB Pu02 0.04 PET
Am Ms Pu O.04 LiF
U MB UO O.18 PET
Cs Le (a_ 0.01 PET
Xe Le (a) 0.01 PET
Tc Le (b) 0.02 LiF
Nd Le Sb 0.02 PET
Ru Le (b) 0.02 LiF
I Le (a) 0.04 LiF

(a) Based on extrapolationof Sn, Sb and Te standards.
(b) Based on interpolationof Mo and Pd standards.

PET- Pentaerythritol. LiF- LithiumFluoride

-- II _ IIII I I III II _

of purity or compositionis available. However,the locationof the desired

analyticalline at the expected wavelengtheffectivelyidentifiesthe element.

Elementsfor which no standardwas availablewere comparedagainst

standardsfor elementswith the closest atomicnumber possible. These data

were plotted versus atomic number and the necessarystandardsdata were

obtained by extrapolationor interpolationto find an appropriatevalue for

the element of interest. Iodine,xenon, cesium,and neodymiumstandardswere

not available. For these elements,measurementswere made on tin, antimony,

and tellurium and the data extrapolatedfor the missing standards. The

extrapolationsfor iodine,xenon and cesium are short to moderate,being one,

two, and three aLomicnumbers away, respectively. However,the extrapolation

for Nd is eight atomicnumbers away from the nearest standard. Therefore,the

standard used to approximateneodymiumwas antimony. Rutheniumand technetium

are another pair for which standardsare not availablein the microprobe.

These standardswere obtained by interpolationof molybdenumand palladium

data. Americium is also not availableas a standard;therefore,plutoniumwas

used to approximateit.
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The x-ray intensitiesfor the sample and a_iappropriatestandard are

measured by EPMA. The sample beam intensitydivided by the standard'sbeam

intensityprovidesthe K ratio for the material of interestin the specimen.

MAGIC IV is a computercode used make a ZAF adjustmentto the K ratios for

atomic number (Z), absorption (A), and florescence(F) to output elementwt%

(Colby 1971). All n_._tiveK ratios (such as for americium)were set to a

slightlypositive value (0.00001)becausethe MAGIC IV code does not accept

negative or zero values for input. Iodinewas Rot includedin the input

because it was not detected above backgroundlevel._,.

The measuredelementalconcentrationsfor neodymium,cesium,xenon,

plutonium,uranium, americium,technetium,and rutheniumare provided in Table

F.2. While a standardis used to obtain absolutevalues for the elemental

concentrations,there can be significantuncertaintiesfor some of the

elements,such as explainedabove for extrapolatingvalues for the standards.

Thus, measuredvalues for n_odymium,cesium,xenon, plutonium,and uranium

. were correctedsuch that the volume integratedconcentrationsof the element

from EPMA yielded a concentrationequal to that obtained from the known bulk

average burnup of 44.3 MWd/kgM in Sample I04-MKPIOg-H(see Equation [I] in

Section 7.1.1 and AppendicesB and C). The elementalconcentratim,,sfor the

known burnup of 44.3 MWd/kgMwere obtainedfrom the ORIGEN2output in

Appendix D. As noted in Table F.2, the correctionswere less than 5% for

neodymium,xenon, plutonium,and uranium;the cesium EPMA data was decreased

16% to bring the EPMA bulk-averageconcentrationto the expectedlevel.

Correctedprofilesfor americium,technetium,and rutheniumhave not been

determined;the rutheniumvalues appear to be three times too high based on

the bulk average burnupfor this sample.

Plots of the radial profiles of the correctedconcentrationsfor neo-

dymium, cesium,xenon, plutonium, and uranium are given in Figures F.I through

F.5, respectively. Figure F.3 also includesa curve for the xenon concentra-

tion expected based on the neodymiumconcentrationsat each radial location;

the decrease in xenon near the fuel edge has been observedb_.other experimen-

ters and is discussedin Section 7.3.2 (Pati,Garde, and Clink 1988). Plots

of EPMA data for americium,technetium,and rutheniumare presentedin Fig-

ures F.6 through F.8 without any correctionfor the expectedbulk-average

- concentrations.



j ,



I

104-MKPIO9-H

0.9 CF = 0.991

0.8

0.7

o.s

N o.,
,,4,-

¢
0.3

0.2!

0,1

0 o 1o5o 20'0o 3o'00 ,o50 sooQ
DTstonce from Cerrter, micrometers

FIGURE F.1. Radial Profileof Neodymium in Sample
104-MKP109-H

0.5

104-.MKP109 ---H

CF = 1.16 Z
o.4.

o

N
_. 0.2

0.1

0 o ,050 20'o0 30'00 ,o5o 5000
OTsfance from Center, micrometers

FIGURE F.2. Radial Profileof Cesium in Sample
I04-MKPIO9-H

-m -' F.5



1"2 1104"kiKP109 --.HCF = 0.g72

1

Predicted

o.8

o
r-
g)
x 0.6

4-.

Measured /
o.¢

0.2

o o ,o_o 20'o0 3o_o _o_o sooo
DistancefromCerder,micrometers

FIGUREF.3. Radial Profileof Xenon in Sample
I04-MKPIO9-H

2.5

104-MKPIOg-H

2

E1.5

a--

0.5

o I ,,o lo_o 2ooq 30'o0 4o5o _ooo
Distancefrom Center,micrometers

FIGURE F_4. Radial Profileof Plutoniumin Sample
I04-MKPIOg-H

F.6



907 10 4--ktKP109--H

ICF = 1.04'

85

Q
:_80 , -L

i

75"

7O
o Io_o 2o'o0 3o'oo ,obo 50o0

Disfoncefrom Center,mioromefers

FIGURE F.5. Radial Profileof Uraniumin Sample
I04-MKPIOg-H

0.16

104-MKPIO9--H
0,14

0.12 lE_ 0.1m_

L

E o.oe

N.,- o.o6

0.02

_m

o . - ---- _. - --
0 1000 2000 3000 :,000 5000

Oisfonce from Center, micrornefers

FIGUREF.6. Radial Profileof Americiumin Sample
I04-MKPIOg-H

F.7



0.$
104.--kiKP10g-H

0.5

E O.,

-_o.3

°"Io
o ,obo 2o'o0 3o'oo 4oi_o sooo

Oisfance from Center, micrometers

FIGUREF,7, Radial Profile of Technetium in Sample
I04-MKPIO9-H

o,i
o ,oao 2o_o _o'oo _oi_o 5000

Distancefrom Center,micrometers

FIGUREF.8. RadialProfileof Rutheniumin Sample
I04-MKPIOg-H

F.8



Becausethe concentrationof neodymiumis indicativeof the fuel burnup,the

neodymiumprofile can be convertedtoa radial burnup profile as shown in

Figure F.9. The radial burnup profilewas obtainedby using the corrected

EPMA data given in Table F.I and the burnupsassociatedwith the neodymium

values predictedby ORIGEN2in Appendix D.
,,

8O
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6O'13
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FIGURE F.g. Radial Burnup Profilein Sample I04-MKPIO9-H
with a Pellet-AverageBurnup of 44.3 MWd/kgM
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APPENDIX G

FISSIONGAS SAMPLING

OPERATINGPROCEDURE

. There are three objectivesfor fissiongas samplingoperations. The

first objectiveis to collect the fissiongas from the fuel rods for analysis

without contaminatingthe sample. The other two objectivesare to determine

the volume of fissiongas presentin the fuel rod and to determinethe fuel

rod void volume. To accomplishthese objectivesa systemof leak-tight

piping,valves,and calibratedflasks connectedto Vacuumpumps was fabri-

cated. This system (referredto as the fissiongas samplecart) is located in

the operatinggalleryor the "cold"side of the hot cell facility. Piping

runs from this cart to a wall plug that extendsthroughthe wall of the hot

cell. All Operations of the system are carried out with a partialvacuum

using the currentprocedure. The top of the fuel rod is insertedinto the

machined "head"with a flange which, when clampedto the other end of the wall

plug, makes a leak-tightconnectionbetweenthe fuel rod and the fissiongas

sample cart (FigureG.I).

The entire system is evacuatedby vacuum pumps to the lowest pressure

obtainable,as indicatedby a Baratron® gauge. This pressureis usuallyless

than 10-I mm Hg. The system is pl_rgedwith argon and re-evacuatedto removeJ

residualair or other contaminants. The valve to the vacuum pumps is closed,

and the readout on the pressuregauge is observedfor at least I min to deter-

minewhether there are any leaks in the system. If no leaks are indicated,

the valves to all of the calibratedflasks are closed and fissiongas sampling

can be conducted. A laser is used to make a small hole in the fuel rod by

focusingthe laser to a pinhole-sizedbeam to breach the cladding. The

fissiongas flows into.theevacuatedsample cart system. Valves to the

calibratedflasks are opened until the Baratrongauge is on scale. This

pressure,referred to as the system pressure Ps' is recorded. Valves are

®Baratronis a trademarkof MKS Instruments,Inc., Burlington,Massachusetts.

=
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FIGURE G.l. Schematicof FissionGas Sampling System

then opened to the evacuatedanalyticalsample flasks (to obtain the samples

for analysis). Two samples are taken in case the fissiongas analysisneeds

to be repeated. The valves to these flasks are closed and the entire system

is again evacuatedto remove residualfissiongas in the rod. The sample

flasks are removed from the cart and transferredto the analyticallab.

FUEL ROD VOID VOLU.ME

After the fuel rod gas is collected,the fuel rod void volume is deter-

mined. The entire piping system is evacuated. Then the valves to the

evacuatedcalibratedflasks are closed, and the fissiongas system piping and

the fuel rod are pressurizedwith argon. The argon is permittedto flow into

the fuel rod until equilibriumis reached (as indicatedby no change in pres-

sure on the Baratron gauge). This pressure is recorded,and the valve to one
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of the calibratedflasks is opened. When a secondequilibriumis reached,the
,_

void volume calculationcan be completed. The fuel rod void volume is

calculatedfrom Boyle's'law"
,,

Vp =(P2) (Vs) + P2 (Vx) " PI (Vs)

PI " P2

where" PI = first pressurereading,mm Hg

P2 = secondpressurereading,mm Hg

Vs = volume of fissiongas system piping (Vo + V2 + Vw), cm3

Vx = volume of selectedcalibratedflask,cm3

Vp = fuel rod void volume,Cm3.

_UANTITY OF GAS COLLECTED

Once Vp has been determined,the number of moles of gas collectedfrom
the fuel rod can be determinedaccordingto the ideal gas law.

(Ps) (sv)i
n =

(62360) (273 + T)

where' Ps : system pressure recorded after fuel rod puncture, mmHg

T = system temperatu're, °C

_]Vi - volume of system piping (Vs plus Vp plus volume of all cali-
brated flasks opened to obtain Ps)

n = moles of gas

62360 _--gas low constant in appropriate units.

Because Vp is a very small value compared with the other volumes used to

determine _,Vi, normal errors in Vp have only a minor effect on the values
reported for n.
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