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ABSTRACT

Gamma spectroscopy measurements were performed on TM1-2 core samples

to evaluate the distribution of gamma -ray-emlttlng radionuclides,

60 144
structural materials ( Co), and uranium fuel ( Ce) In the lower

portion of the reactor core. A core boring machine, similar In design to

the boring machines employed to extract geological core samples, was used

during July and August, 1986, to drill through the entire height of the

damaged TMI-2 reactor core at ten different locations. At nine of these

locations, core samples measuring 0.064 m In diameter by about 1.8 m long

were extracted from the reactor core. The core bore samples contained

sections of Intact fuel rods, crust layers surrounding the central core

region, and previously molten ceramic material.

This report presents the results of the high-resolution gamma ray

spectroscopy measurements that were performed on the nine core bore

samples. The results Indicate that undamaged regions of the fuel rod

sections retained their original fission product Inventories. Of the

137
amount of Cs originally retained In the fuel that was assimilated Into

the previously molten ceramic material, less than 2% was retained In the

ceramic material. The results also show that the concentrations of

106n 125„u , 60p iu , , ,

Ru, Sb, and Co In the ceramic material are as much as a

factor of ten higher than their corresponding concentrations In the Intact

fuel rods.
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SUMMARY

Gamma spectroscopy measurements were performed on IMI -? core samples

to evaluate the distribution of gamma -ray -emit t Ing radionuclides,

structural materials ( Co), and uranium fuel ( Ce) in the lower

portion of the reactor core. At nine core locations, core bore samples

measuring 0.063S m In diameter by about 1.8 m long were extracted from the

reactor core.

The core grid drilling locations were chosen to provide two core bore

samples from near the center of the core, one sample from near mid-radius,

and six samples from the periphery of the core. Three of the locations

sampled corresponded to the locations of burnable poison fuel assemblies,

and the other six locations corresponded to control rod fuel assemblies.

The closed-circuit television (CCTV) inspections of the core bore holes

Indicated that the solid ceramic structure located near the mid-plane of

the core had the shape of an Inverted cone; It was about 1.2-m thick near

the center of the core and was between 0.30- and 0.60 m thick near the core

periphery. Based on these observations, It was anticipated that the core

bore samples would consist of varying lengths of stratified cores of the

previously molten material and bundles of Intact fuel rod stubs from the

bottom of the reactor core. Because of the shape of the central core

region. It was expected that the bores extracted from peripheral locations

would contain little or no ceramic material, but would contain the longest

fuel rod sections.

Following their arrival at the Idaho National Engineering Laboratory

(INEL), the nine core bore samples were unloaded from their shipping

containers, and the cutting heads were removed from the cores. The samples

were placed In transport canisters and assayed, using a high -resolution

gamma ray spectrometer/scanner system. Each core bore sample was Initially

scanned over the entire length of the canister to determine the relative

distribution of gross gamma ray Intensity as a function of position along

the axial centerllne of the sample. After evaluation of the Initial gross

intensity measurements, Isotoplc gamma spectroscopy measurements were
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performed at 2.5-cm Intervals along the entire length of each core bore,

with longer count times used at positions which corresponded to Interesting

features as determined from the Initial gross Intensity profile.

The gamma spectroscopy results Indicate that the average activities of

134Cs, 137Cs, U4Ce, and 154Eu In regions of the fuel rod bundles

removed from the bottoms of the rods are reasonably constant from one core

■I Ol I Jl

bore sample to the next. The relative abundances of Cs, Cs,

106Ru, and Ce 1n cross sections of the core bore fuel bundles agree

quite well with their 0RIGEN2-calculated core average relative abundances.

However, the average activities of Co, Ru, and Sb In the

Intact fuel rods exhibit significantly more variation, which suggests that

these radionuclides are distributed less evenly than the fuel-related

radionuclides. However, at the time these measurements were made, only

small amounts of these radionuclides remained, which probably contributed

to the wide variation observed.

In contrast to the results for the Intact fuel rod portions of the

106 125
core bores, the gamma spectroscopic results Indicate that Ru, Sb,

and Co are the dominant activities In most of the ceramic and

agglomerate materials In the core bores (I.e., the upper crust, central

core region, and lower crust) and that the bulk of the activity for these

radionuclides appears to be associated with the metallic phases. The data

also Indicate that the structural materials containing phases (from the

Co distribution) do not contain Sb and Ru at the same

locations, which suggests that the two radionuclides may be retained by

different mechanisms In the debris.

If the Intact fuel rods retained their original Inventories of

137
Cs throughout the regions for which average activities were

determined, as has been Indicated by other examinations, the gamma
137

spectroscopy data suggest that about 98% of the Cs originally present

In the intact fuel was transported out of the ceramic and agglomerate

portions of the previously molten fuel.

Iv



To provide a basts for comparing the results of the gamma ray

spectroscopy measurement results with radiochemical analyses that are now

being performed, radionuclide concentrations In the various materials In

the core bore samples were calculated. The average concentrations of

134. 137. 106„ ,
144.

t , 4 c ,

Cs. Cs. Ru, and Ce In the Intact fuel rods were.

respectively. 135. 6190. 165, and 276 pCI/g. These concentrations agree

to within about 20% of the expected fuel concentrations as determined from

0R16EM2. The measured concentrations of 1?5Sb and 154Eu are 92 and

24.5 wC1/g. respectively, which are both approximately one-half their

expected concentrations.

137
The results indicate that the concentrations of Cs in the ceramic

and agglomerate segments are, respectively, only about IX and 4% of the

137

average Cs concentration In the intact fuel rods. The concentrations

of Co, Sb. and Ru are, on the other hand, between factors of

5 and 10 higher In the previously molten material than In the bulk material

of the fuel bundles.

In summary, the garsma spectroscopy data suggest that much of the

original Inventory of fission products has been retained In the Intact fuel

137
rods; that the more volatile radionuclides (e.g., Cs) have been

significantly depleted from the previously molten materials; and that the

majority of the less volatile radionuclides and materials that probably
125 106

remained as metalllcs ( Sb and Ru) have been retained In the

previously molten materials In the metallic phases.
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TMI-2 CORE BORE GAMMA RAY SPECIROSCOPY MEASUREMENTS

1. INTRODUCTION

The Unit 2 pressurized water reactor at Three Mile Island (TMI-2)

experienced a loss-of -coolant accident on March 28. 1979, that resulted In

severe damage to the core. Since the accident, considerable effort has

been expended to Improve our understanding of the physical mechanisms that

controlled the core damage progression. An Integral part of that effort

has been focused on characterizing the end-state configuration of the

reactor core and assessing the distribution of fission products within core

materials. This report presents the results of gamma ray spectroscopy

measurements that were performed on nine core bore samples extracted from

the TMI-2 reactor core during July and August, 1986. The primary objective

of these measurements was to determine the distribution of

gamma -ray -emit ting radionuclides, structural materials ( Co), and

uranium fuel { Ce) in the lower portion of the reactor core for

comparison with radiochemical analysis data.

Prior to 1986, examinations of the active core region were limited to

visual and acoustical examinations and mechanical problngs of the upper

region of the core. The first visual Inspections of the core were

performed during 1982 using a closed-circuit television (CCTV) system.

The Inspections revealed the presence of a large void In the upper region

of the core. The void extended axial ly about 1.6 m Into the active fuel

region and radially. In some locations, to the core former wall, occupying
3

a volume of about 9.3 m
,
or approximately ?6% of the original core

2
region. Relatively Intact fuel rods were observed In the peripheral

regions of the core, and a bed of granular rubble was seen to extend over

most of the diameter of the core. After the CCTV Inspection on August 12,

1982. the debris bed was probed by lowering a stainless steel rod through

two control rod guide tube openings. The probes Indicated that the debris

bed was as deep as 0.94 m and that It rested on a hard layer of solidified

core mater lal .
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Following the success of the exploratory problngs, the first samples

of debris bed material were collected during September and October, 1983.

At this time, a total of six samples were retrieved from the debris bed at

grid locations H8 and E9 which were, respectively, near the center and

mid-radius of the core. At each location, samples were collected from the

surface of the bed and at depths of 0.08 and 0.56 m below the surface of

the debris bed. Five additional samples were extracted from the debris bed

at these same two grid locations during March 1984. These samples were

collected at depths down to 0.94 m at location E9 and at depths down to

0.77 m at location H8.

In order to complete the end-state characterization of the reactor

core, a core boring machine, similar in design to the boring machines

employed to extract geological core samples, was built and subsequently

used during July and August, 1986, to drill axlally down through the core

at ten different locations.3 At nine of these locations, core samples

measuring 0.0635 m in diameter by about 1.8 m long were extracted from the

reactor core. At the other location, the core bore sample contained only a

short section (<0.15-m long) of one fuel rod. Immediately following the

removal of each of the nine core samples, the core bore hole was visually

Inspected using a CCTV system. The Inspections revealed that damage to the

core was much more extensive than originally estimated. A region of

previously molten material having a volume estimated to be about 10% of the

original core volume was confirmed to be present In the lower, central

region of the core. This solid ceramic structure was about 1.2-m thick at

the center of the core and tapered to a thickness of between about 0.30 and

0.60 m near the core periphery. Sections of standing Intact fuel rods were

present between the bottom surface of the solid ceramic structure and the

fuel rod lower endfUtlngs.

The examinations of the reactor core described above provided a basis

for estimating a credible end-state core configuration, which Is shown In

4

Figure 1. Video examinations of the walls of the core bore holes

revealed two distinct regions between the hard crust (located at about the

mid-plane of the original core) and the lower fuel assembly endflttlngs:
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(1) a region of previously molten material that Included the hard crust and

(2) a region of intact standing fuel rods that extended from the bottom of

the previously molten region to the lower fuel assembly endflttlngs. The

previously molten region was observed to be composed of two types of

material, namely, (a) material appearing to have a uniform, homogeneous

structure that was void of any intact fuel rod components and (b) material

that contained generally degraded but Intact fuel pellets and/or fuel rod

segments. Type (a) material Is hereafter referred to as ceramic material

and type (b) as agglomerate material.

In Section 2, the core grid locations at which samples were taken are

Identified, and the condition of the core at each location Is briefly

described. The methods employed to perform the gamma ray spectroscopy

analyses of the core bore samples are described In Section 3. The results

of these examinations and analyses are presented and discussed In

Section 4, and general observations and conclusions are then summarized In

Section 5.
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2. END-STATE CORE CONF 1GURAI ION AND

CORE BORE SAMPLING LOCATION'.,

The TMI-2 active core consisted of 177 individual fuel assemblies, of

which 61 were full-length control rod assemblies, 8 were par t la 1 -length

control rod assemblies, 68 were burnable poison assemblies, and 40 were

peripheral (orifice) assemblies. Each of the fuel assemblies Is a

15 x 15 array of 208 fuel rods, 16 guide tubes, and 1 Instrument tube.

Each assembly Is about 0.217 m square. The guide tubes provide an envelope

which either directs the movement of control rods or positions the fixed

burnable poison and orifice rods when they are first Inserted. The neutron

absorber used In the full-length control rods Is a solid metal alloy

containing 80 wtX silver. 15 wtX indium, and 5 wtX cadmium. The control

rod cladding Is cold-worked 304 stainless steel. The neutron absorber used

in the majority of the burnable poison assemblies 1s Al 0_-B.C. The

burnable poison rods are clad In zlrcaloy-4.

The types of assemblies from which the ten core bores were drilled and

their grid locations are shown In Figure 2. Grid locations are Identified

by numbers (north-south) and letters (west-east). The pattern of sampling

shown provides east-west and southwest-northeast diametral cross-sectional

samples, as well as two radial sample cross sections from the core center

to the north and another to the southeast. These nine core bores provided

two samples from near the center of the core, one sample from near

■id-radius, and six samples from around the core periphery. A summary of

the grid locations of the assemblies that were sampled Is listed In

Table 1. As Indicated in Table 1. fuel assemblies G-8, G-12. K-6, and N-5

235
are burnable poison assemblies having U enrichments of 2.64 wtX, while

the remaining six assemblies are full-length control rod assemblies having
235

U enrichments of 1.98 wtX.

As was previously mentioned, following removal of each of the nine

core bore samples, the core bore hole was visually examined using a CCTV

-.ystern. The results of these observations were combined with the core

probe data and the acoustic topography data to construct contour maps that

')
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TABLE 1. SUMMARY Of DESCRIPTIVE INfORMAIION FOR CORE BORE fUEL ASSEMBI1ES

235,,
Core Bore E lement U Type of

Number Number Enr Ichment A s •> emb 1 ^

K-9 105 1.98 Control rod

G-8 74 2.64 Burnable poison
D-8 32 1.98 Control rod

G-12 78 2.64 Burnable poison
N-12 150 1.98 Control rod

0-9 159 1.98 Control rod

0-7 157 1.98 Control rod

N-5 143 2.64 Burnable poison
0 4 28 1.98 Control rod

K-6 102 2.64 Burnable poison

defined the spatial distributions of the upper debris bed, the agglomerate

region, the previously molten homogeneous ceramic region, and the region of

standing Intact fuel rods, figure 3 shows these regions as they extend

across the K row of fuel assemblies and the position of the K-9 core bore

hole. The core locations are referenced to the 298-ft elevation, which Is

the elevation of the core support plate. As shown In Figure 3, the

standing fuel rod stubs support the agglomerate and molten ceramic

regions. The agglomerate region forms a shell around the periphery of the

previously molten ceramic material. At the location of the K-9 fuel

assembly, this shell Is only 0.10- to 0.15-m thick at the Interface of the

3

agglomerate layer and the standing fuel rod stubs. Compared with other

locations that were sampled, the previously molten homogeneous material

extends to Its greatest depth at the location of the K-9 fuel assembly.

which (as shown on Figure 3) extends from the top of the core bore hole

■1 o*r to near the top of the second spacer grid, a distance of almost

1.3 m. Previously molten material was observed between fuel rods at

positions as low as 0.10 m above the bottoms of the rods.

Figures 4(a), 4(b), 4(c), and 4(d) respectively show these same four

regions as they extend across the D. G. N. and 0 rows of the fuel

assemblies. Figure 4 also shows the positions of the D 4. D-8. G 8. G-12,

N-5, N 12. 0-7, and 0-9 core bore holes. As shown, the agglomerate shell

Is relatively thin under the previously molten homogeneous ceramic In the

/
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central region of the core, but Increases In thickness towards the outer

regions and forms all of the degraded core material above the standing fuel

rod stubs at the locations of the outer fuel assemblies. This postulated

distribution of agglomerate material In the core Is supported by the fact

that previously molten homogeneous ceramic material was not observed In any

of the peripheral core bore holes (I.e., D-4, D-8, N-5, N-12, 0-7, and

0-9). Figures 3 and 4 Illustrate that the heights of the standing fuel rod

stubs above the bottom of the core vary from about 0.80 m at the center of

the core to between 1.3 and 1.5 m at the periphery of the core.

Detailed descriptions of the types of materials and lengths of fuel

rods contained In each of the core bore samples are provided In Section 4.1.
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3. ANALYTICAL Ml IHODS

This section describes the methods used to perform the gamma ray

spectroscopy examinations on the nine core bore samples.

3 . 1 Photographic Examlnatlo n s

After the core bores had been examined by gamma spectroscopy, they

were transported to the Auxiliary Reactor Reactor (ARA) for disassembly and

visual examination. Methods of photographic examination are discussed In

Reference 4. A final core bore examination report will be published In the

latter part of 1988.

3.2 Gamma Ray Spectroscopy Measurements

A description of the colllmated gamma ray spectrometer/scanner system

used to analyze the core bore samples Is provided In Section 3.2.1.

Engineering drawings of the scanner bed and the detector housing and

collimator are provided In Appendix A, figures A-l through A-3. The gamma

spectral analysis program written for the IBM personal computer that was

used to analyze the core bore spectra Is described In Section 3.2.2. The

analytical methods and the assumptions used to derive sample self-

attenuation correction factors for the signature gamma rays of the

radionuclides that were detected are discussed in Section 3.2.3.

3.2.1 Gamma Ray Spectr ome t e r/Scanner System

A spec lal -purpose gamma ray spectrometer/scanner system was developed

to examine the highly radioactive core bore samples obtained from the THI -2

reactor core. Components of spectrometer Instrumentation are Identified

in Figure S. Input gamma rays are processed In order by the detector,

amplifier, analog-to -digital converter (ADC), and micro mult 1 -channel

analyzer (MCA). Details of system design and operation are Included In

References 7 and 8.

II



High voltage

supply

High res.

Ge detector
ADC

NIM bin

power

Analyzer

Pulser #2

Rate meter

Drive and

motor

Collimator

control/

power supply

Canister

position
sense

switch

Motor

shaft

encoder

Scanner

limit

switches

Stepper
motor

Stepper motor

driver/power

supply

1 £
Manual control

and status

display

Dataway display

(maintenance)

Pulser

triggering

logic

Display

Quadrature to

To IBM PC

CAMAC crate

controller

h
Timer/sealer

(gross count

rate)

Timer/sealer

(pulser rate) r
Interval

generator

(drives pulsers)

Collimator/

status module

Stepper motor

controller

Up/down scaler

pulse convj |-j (scanner position)
zero reference

Figure 5. Spectrometer Instrumentation diagram.

12



Samples to be analyzed are laid on a moving trolley that rides on the

scanner bed. The detector/shleld/col 1 Imator assembly, which Is located at

the center of the scanner bed, views the sample from above. The trolley

motor control module Includes a position encoder that allows a scan

position to be determined to 0.254 cm.

In order to assure that the energy flux to the detector Is kept below

Its saturation limit, the detector 1s surrounded by a shield made of

tungsten alloy and lead, as shown In Figure 6. Figure A-3 In Appendix A

shows the arrangement of the slits and the calibration source holder. The

fixed calibration source provides a means of conveniently monitoring

spectrometer gain over long periods of time; the blank position Is used

when a determination of gamma ray leakage through the shield Is desired.

The length and size of the collimator slit and the distance between

the collimator and the core bore sample determine the volume of the core

bore sample that Is within the field of view of the detector (see

Appendix A). During the analyses of the core bore samples, the distance

between the collimator and the axial centerllnes of the core bore samples

was maintained at 0.38 m. Using geometrical optics, the volume of the

canister that Is within the field of view of the detector can be calculated

In a straightforward manner. Because the width of the collimator slit that

was used 1s close to the diameter of the core bore canister (I.e.. 6.35 cm)

In the direction perpendicular to the axial centerllne of the core bore

canister, about 80% of the diameter of the canister 1s within the umbra of

the detector's field of view (I.e., that region of the field of view where

the detector's counting efficiency Is constant).

Each core bore sample was Initially gamma-scanned over the entire

length of the core bore canister to determine the relative gamma ray

intensity as a function of position along the axial centerllne. During

each of these scans, the spectrometer's ADC Input count rate was recorded

on an analog chart recorder while the core bore sample was moved at a

constant rate through the field of view of the detector. The resulting

count rate profiles were used to locate the top and bottom ends of the core

13
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bore samples. They were also used to define regions of interest that would

be examined during the subsequent Incremental Isotoplc gamma spectral

measurements.

Isotoplc gamma spectral measurements were normally performed at

Intervals of 2.5 cm over the entire length of each sample. Measurements

were also made at locations beyond the ends of each core bore sample to

determine background levels of the radionuclides of Interest. For some

core bore samples. Intervals smaller than 2.5 cm were used In order to more

closely examine regions of the gamma ray Intensity profiles that exhibited

anomalous features. The count live time that was normally used at each

scan position was 100 s; however, the count live time was Increased to

600 s at a few locations on each of the core bore samples In order to

enhance detection sensitivity.

3.2.2 Gamma Spectral Analysis Program

The gamma spectral analysis program converts the gamma radiation

measured by the detector Into usable Information on the Identity and

quantity of radionuclides present 1n the sample material. Originally, It

was anticipated that the analysis of the core bore spectra would be

performed using a commercially available gamma spectral analysis program.

However, no software programs were available at the time the measurements

were made that met the requirements for the core bore scanner system.

Consequently, a program was developed using available software that was

suitable for the gamma scanner measurements. The code developed, called

RICK I
.
Is a compact, user -Interact Ive gamma spectral analysis program

written for the IBM personal computer (IBM/PC) using the IBM Disk Operating

System (DOS). Version 3.1.

R1CKI Is written In BASIC language and compiled using the IBM/PC BASIC

compiler version 2.01. System requirements for the present version of

RICKI are an IBM/PC with the enhanced graphics adapter, disk files for

spectral data, a radionuclide gamma ray library, two temporary files for

sorting, and a printer. RICKI locates peaks, compute', centrolds and areas,
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and identifies spectral peaks by energy via a user-specified library file.

Peak analysis Is a multi-operation process. Including peak and background

location, peak Integration, and comparison of peak centrold energies with

library data. The peak search algorithm utilizes an optimized second

derivative filter for efficient and reliable peak Identification. A

Gaussian Is fit to each peak found, using a modified version of Mukoyama's

linear least-squares fitting method.

Corrections for detector efficiency as a function of energy are

applied to all peaks. Two forms of efficiency estimation are available:

N C

(1) a functional efficiency = A exp [B/E,]E1 where A, B, C, and N

are parameters calculated from a least-squares analysis and E1
Is the

peak centrold energy and (2) a tabular Interpolation based on a cubic

spline fit. The dead-time pile-up correction Is derived from the ratio of

pulses Injected Into the spectrum to the area of the spectral peak

resulting from this Injection. Applying this correction requires that a

pulse generator Inject pulses of known height Into the detector's "TEST"

Input during acquisition of spectra. Averaged activities for all

identified radionuclides are computed by sorting peaks by Identification

and calculating weighted averages. For a more detailed description of the

RICKI gamma spectral analysis algorithms, the reader is referred to

Reference 9.

3.2.3 Corrections for Sample Self-Attenuation

The absolute counting efficiency of the spectrometer that was used to

analyze the core bore samples was determined by making multiple

measurements of a rectangular plane source calibration standard. The

standard was positioned at a distance that duplicated the counting geometry

that was employed to analyze the core bore samples. However, the physical

characteristics of the plane source calibration standard were different

from the physical characteristics of the actual core bore samples In two

important respects, namely: (a) the plane source standard was less than

2 -mm thick, whereas the core bore canisters contained materials that were

usually 5-cm thick, and (b) the density of the plane source standard, which
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was basically blotting paper sandwiched between two sheets of plexiglass.

was about a factor of five to ten less than the densities of the materials

present In the core bore samples. Because of these differences, the effect

of gamma ray self-attenuation within the calibration standard was

negligible compared to the effect of self -attenuation within the higher

density materials of the core bore samples. The absolute counting

efficiency data that were used to convert photopeak count rates to

radionuclides activities did not take Into account the gamma ray

self -attenuation within the materials of the core bore samples.

If, for a given energy, the material within the relatively narrow

field of view of the germanium detector can be characterized by a single

linear attenuation coefficient u
, the fraction of gamma rays escaping

the sample without any energy loss can be computed In a straightforward

manner. For a cyllndrlcally shaped sample viewed by a detector along a

diameter of the sample at a distance that Is large compared to the

11 12
diameters of the sample and detector. It has been shown that

U{t\' 2 (I (-ln(T)J - L (-ln(T)))
lu

where

CF(E ) = the self -attenuation correction factor for a gamma ray

of energy E ,

L. •= the modified Struve function of order 1,

I m the modified Bessel function of order 1, and

T » the transmission across the diameter of the sample for

a gamma ray of energy E .

The transmission across the diameter of the sample Is

T - expt-uV, (2)
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where

D = the diameter of the sample, and

u1 = the linear attenuation coefficient at energy Er

Because transmission measurements were not made, the transmission

across the diameter of the core bore sample must be computed using a u

that Is calculated based on an assumed sample composition and density. The

linear attenuation coefficient of a compound or mixture of elements 1s

calculated as the product of the mass attenuation coefficient and the mean

density of the compound. The mass attenuation coefficient of a compound Is

calculated as

= w1(um)1 *w2(Um)2 ♦ ... *wn(u\ (3)

where

w1 = the weight fraction of element (1) In the compound, and

(um), = the mass attenuation coefficient of element (1).

Values of the mass attenuation coefficients for gamma ray energies from

200 keV to 2 MeV are tabulated In Table 2 for oxygen, iron, uranium, UO^
fuel, and (U-Zr-0) ceramic. The weight percents of uranium and oxygen In

the fuel pellets In the fuel rods In the core bore samples were assumed to

be the same as they were prior to the accident; namely, 88.15 and 11.85

wt.%, respectively. The ceramic material In the core bores was assumed to

be composed of 62.87 wt.% uranium, 12.40 wt.% oxygen, 17.42 wt.% zirconium,

and 7.31 wt.% iron, silver, and other trace-level metals, which Is the

elemental composition of the active core region following oxidation of the

1 4

cladding.
*

It has been estimated that about 4,800 kg of oxygen

4
combined with the cladding during Its oxidation. The mass attenuation

coefficients for (U-Zr-0) ceramic that are presented In Table 2 were

calculated using the mass attenuation coefficients for Iron In place of

those for zirconium and the trace-level metals; over the energy range of

Interest, the mass attenuation coefficients of these metals have about the

18



TABLE 2. MASS ATTENUATION COEFFICIENT, Of ELEMENTS AND COMPOUNDS

Mass Attenuation Coefficient

(cm2/g)

Energy
(keV)

oa Fea ua

1.200

U0?

1.072

(U-Zr-0)

200 0.122 0.150 0.807

400 0.096 0.092 0.300 0.276 0.223

600 0.081 0.075 0.153 0.144 0.125

800 0.071 0.066 0.105 0.101 0.091

1000 0.064 0.058 0.082 0.080 0.0737

1200 0.058 0.053 0.068 0.067 0.0631

1400 0.053 0.049 0.059 0.059 0.0560

1600 0.050 0.045 0.054 0.053 0.0510

1800 0.047 0.042 0.050 0.050 0.0476

2O00 0.044 0.040 0.047 0.047 0.0449

a. T. Rockwell III, Reactor Shielding Design Manual, Princeton: D. Van

Nostrand Company, Inc., 1956, pp. 447 448.

same values. Linear attenuation coefficients were calculated using
3 5 3

densities of 10.13 g/cm for fuel pellets and 7.5 g/cm for ceramic

material, where the latter density Is the average density of the ceramic

samples that were removed from the core bore canisters for radiochemical

analysis.

For the purpose of comparing gamma ray self -attenuation within the

materials of the core bore samples, only the following four simplified

source geometries were considered: (a) a single U0p fuel pellet clad In

zlrcaloy-4; (b) a single (U-Zr-0) ceramic pellet having the same dimensions

as a fuel pellet; (c) a solid (U-Zr-0) r Ight -c ircular cylinder having a

diameter of 6.35 cm; and (d) a fuel rod bundle consisting of closely

packed, completely clad fuel fuel rods. The fuel pellet diameter was

assumed to be 0.94 cm, and the cladding wall thickness was assumed to be

0.135 cm. The diameter of a closely packed fuel rod bundle Is 5.46 cm.

The diameter of the (U-Zr-0) ceramic core segment was set equal to the

diameter of the core bore canister, 6.35 cm.
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The self-attenuation correction factors that were calculated for the U02

and (U-Zr-0) pellets are presented In Table 3; similar results for the fuel

rod bundle and the 6.35-cm-d1a (U-Zr-0) ceramic core segment are presented In

Table 4. The data In these tables show that for each of the four categories

of samples, the self-attenuation correction factor does not change

substantially In the energy range of 1 to 2 MeV. The average values of the

correction factors in this energy range are: U0? pellet,
1.32 ± 5%;

(U-Zr-0) pellet, 1.18 ± 3%; fuel rod bundle, 2.84 ± 15%. and (U-Zr-0) core

segment, 2.48 ± 14%. The fact that the self-attenuation correction factor

changes very Uttle between 1 and 2 MeV means that, for a given scan position.

the relative activities that were measured for radionuclides having primary

gamma rays 1n this energy range should correspond reasonably well with their

relative concentrations In the core bore samples. Of the radionuclides that

were detected. 60Co. 106Ru. 110mAg. 144CeD. and 154Eu fall Into this

13

category (see Table 5 for gamma ray energies). On the other hand, the

primary gamma rays of 134Cs, 137Cs, and 125Sb are lower, being 796, 662,

and 428 keV, respectively. Because of Increased gamma ray self-attenuation,

their measured activities required application of a correction factor to

account for the additional self-absorption.

The data 1n Table 4 also show that the self-attenuation correction

factors for a fuel rod bundle are generally about 20% higher than the self-

attenuation correction factors for corresponding gamma ray energies for a

6.35-cm-dla (U-Zr-0) core segment. These results Indicate that It Is valid to

compare the radionuclide activities of a fuel bundle with the corresponding

radionuclide activities of ceramic pieces that have diameters that are close

to the diameter of the fuel bundle. In this case, a difference In measured

activity between the two types of samples can be attributed to the samples

having different radionuclide Inventories. For small -diameter ceramic pieces,

self-attenuation is, of course, not as severe as 1t is for a fuel bundle or

large-diameter ceramic core segment. In this latter case, the validity of

1 14 1 17

comparing radionuclide activities, especially those of Cs, Cs, and

125
Sb, in small ceramic fragments with corresponding activities In core bore

fuel bundles Is questionable because of the large differences In the self-

attenuation correction factors for the two types of samples (see Tables 3

and 4).
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TABLE 3. SELF -ATTENUATION CORRECTION FACTORS FOR UO? AND (U-Zr-O) PELLETS

Energy Correction Correction

(keV) Transmission Factor Transmission Factor

200 3.69 E -05 9.34 EfOO 3.38 E -03 5.09 EfOO

400 7.20 E -02 2.69 EfOO 2.08 E-01 1.80 EfOO

600 2.54 E-01 1.83 EfOO 4.14 E-01 1.42 EfOO

800 3.82 E-01 1.56 EfOO 5.26 E-01 1.31 EfOO

1000 4.67 E-01 1.44 EfOO 5.95 E-01 1.24 EfOO

1200 5.28 E-01 1.36 E *00 6.41 E-01 1.20 E»00

1400 5.70 E-01 1.31 EfOO 6.74 E-01 1.18 E*00

1600 6.04 E-01 1.28 EfOO 6.98 E-01 1.16 E*00

1800 6.21 E-01 1.27 EfOO 7.15 E-01 1.15 EfOO

2000 6.39 E-01 1.26 EfOO 7.29 E-01 1.14 EfOO

TABLE 4. SELF -ATTENUATION CORRECTION FACTORS FOR FUEL ROD BUNDLE

AND COMPARABLY SIZED (U-Zr-0) CERAMIC CORE SEGMENT

Fuel Rod Bundle (U-Zr-0) Segment

Energy Correction Correction

(keV) Transmission

2.11 E -23

Factor Transmission

2.04 E-17

factor

200 4.04 EfOl 2.98 EfOl

400 9.73 E -07 1.09 EfOl 2.44 E-05 8.41 EfOO

600 5.65 E-04 5.99 EfOO 2.60 E -03 4.83 EfOO

800 4.81 E -03 4.37 EfOO 1.31 E-02 3.63 EfOO

1000 1.44 E -02 3.56 EfOO 2.99 E-02 3.05 EfOO

1200 2.65 E -02 3.13 EfOO 4.95 E-02 2.70 EfOO

1400 4.23 E-02 2.81 EfOO 6.95 E-02 2.48 EfOO

1600 5.67 E-02 2.61 EfOO 8.81 E-02 2.32 EfOO

1800 6.48 E-02 2.52 EfOO 1.04 E-01 2.22 EfOO

2000 7.44 E-02 2.43 EfOO 1.18 E-01 2.14 EfOO
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TABLE 5 ENERGIES OF THE PREDOMINANT GAMMA RAYS OF THE DETECTED

RADIONUCLIDES

Radlonucl Ide

Energy
(keV)

604.66

795.76

1038.50

1167.90

1365.13

Branching
Ratio (%)

Intensity
Code

134Cs 97.60

85.40

1.00

1.80

3.04

2

1

2

2

3

137Cs 661.65 85.00 1

&OCo 1173.21

1332.46

99.86

99.98

2

1

HOmftg 657.75

706.67

763.93

884.67

937.48

1384.27

1505.00

94.74

16.74

22.36

72.86

34.31

24.35

13.11

2

2

2

2

1

2

2

125Sb 427.89

463.38

600.56

635.90

29.53

10.48

17.83

11.35

1

3

2

3

106Ru 621.80

1050.10

1128.00

2193.28

9.81

1.44

0.38

0.01

3

2

1

2

144DCe 696.50

1489.20

2185.70

1.34

0.28

0.69

2

2

1

154Eu 123.14

723.30

873.19

996.32

1004.76

1274.45

1596.48

40.50

19.70

11.50

10.30

17.40

35.50

1.67

2

2

2

2

2

1

3
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4. ANALYSIS RESUL1S AND DISCUSSION

A discussion of the results of the core bore high-resolution gamma ray

spectroscopy measurements that were described In Section 3 Is presented In

this section. Also included Is a summary of the photographic results for

comparison with the gamma spectroscopy data. Significant results Include

the following:

4.1 Photographic Examinations

This section summarizes the results of the examinations of photographs

that were taken of the nine core bore samples following their arrival at

the INEL (see Appendix B). The physical features that were observed during

the examinations of the photographs of the core bores are compared with the

3
previously reported results of CCTV Inspections of the core bore holes.

These CCTV Inspections were performed Immediately following the removal of

each core bore sample.

A summary of the Information obtained from the photographic

examinations of the fuel rods contained In the nine core bore samples Is

listed in Table 6. The maximum lengths of the fuel rods In the nine core

bore canisters are Itemized, along with the lengths of the standing Intact

fuel rod stubs that were observed during the video Inspections of the core

bore holes that. In each case, were done Immediately following extraction

of the core sample. The lengths of the fuel rods as determined by these

tiro methods are plotted In Figure 7 for comparison. For five of the core

bore samples, the lengths of the fuel rods In the core bore canisters were

shorter than the observed lengths of the corresponding Intact standing fuel

rods In the bottom of the reactor vessel. The differences In their lengths

range from 5 cm for core bore D 4 to 42 cm for core bore 0-7. Two of the

core bore sampTes, G-8 and G-12, contained fuel rods whose maximum lengths

were essentially equal to the lengths of the standing fuel rods that were

observed using the CCTV.
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Figure 7. Lengths of fuel rods as determined by photographic and video
examinations.
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IABLE 6. SUMMARY Of PHOTOGRAPHIC AND VIDEO DATA fOR FUEL RODS

Fuel Rod Li>nqth (cm)

Core Bore D1 f f erence Damaged Regions3
of Fuel RodsNumber Photograph

50

Video

58

(cm)

K-9 -8 11 to 38b
6-8 65 65 0 0 to 14°

D-8 114 142 -28 10 to 20c. 36 & 61b
G-12 119 119 0 23 to 33b. 61 to 71°

N-12 123 140 -17 74 to 86c above 74d
71 to 112d0-9 166 118 48

0-7 76 118 42 28 to 46c. above 61d
N-5 125 119 6 None

D 4 126 131 -5 81 to 91c

a. Distance from the bottom of the fuel rods in centimeters.

b. Fuel rod cladding Is breached.

c. Fuel rods are sheared off.

d. Fuel rods are twisted and otherwise damaged.

On the other hand, core bore samples N-5 and 0-9 contained fuel rods

that appeared to he longer than the standing fuel rods that were observed

at the corresponding locations In the core, the differences 1n their

lengths being 6 cm for core bore N-5 and 48 cm for core bore 0-9. The fact

that the fuel rod samples that were obtained are often shorter than their

observed lengths In the reactor vessel suggests that the upper sections of

many of the standing fuel rods were brittle and these sections, or portions

thereof, were fragmented and lost during the core drilling. That the

lengths of the fuel rods in core bore 0-9 are longer than expected Is

perplexing. Because not all of the bottom ends of the fuel rods are

visible In the photograph of the opened 0-9 core bore canister. It may be

that the bottom ends of some of the fuel rods are actually positioned above

the ends that are visible In the photograph.

The locations where the fuel rods In the core bore canisters exhibited

obvious damage are also summarized In Table 6. The types of damage Include

breaches In cladding, rods that are sheared off below the average height of
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the rods In the sample, and rods that are twisted or otherwise deformed.

Only the fuel rods of core bore sample N-5 showed no indications of

damage. Fuel rod cladding In core bore samples K-9, G-8, D-8, and G-12 was

breached, the lengths of the breaches ranging from about 1 cm (D-8) to

about 27 cm (K-9). As was previously mentioned, 1t is probable that the

breaches were caused by the drill bit during core boring. The upper

sections of the fuel rods of core bore samples N-12, 0-9, and 0-7 were

twisted or otherwise deformed.

4.2 Gamma Ray Spectroscopy Measurements

This section presents the results of the high-resolution gamma ray

spectroscopy measurements that were performed on the nine core bore samples

after their arrival at the INEL. As was previously mentioned in Section 3,

each core bore sample was initially gamma -scanned over Us entire length to

determine gross gamma ray Intensity as a function of position along the

axial centerllne. The resulting gross rate profiles were used to locate

the top and bottom ends of the core bore samples and to define regions of

interest that should be examined during the subsequent Incremental Isotoplc

analyses.

Isotoplc gamma ray spectroscopy measurements were performed to

determine the quantity and Identity of fission products that made up the

gross rate profiles. Spectra were obtained at 2.5-cm Intervals over the

entire length of each core bore sample; however, for some core bores,

Intervals less than 2.5-cm were used In order to more closely examine

regions that exhibited anomalous features, either In the photographic

Inspections or the gross rate profiles.

However, with the exception of core bore K-9, not all of the spectra

that were obtained for each core bore were analyzed. For core bore samples

other than K-9, the spectra that were analyzed were those obtained at

positions corresponding to significant peaks and valleys In the gamma ray

intensity profile and at selected positions throughout the region of the

profile that corresponded to the region of the Intact fuel rod segments.
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4-2-1 Gross Gamma Rav Intensity Profiles

The gross gamma ray Intensities produced by the core bore samples

plotted as a function of position along the axial centerllnes of the nine

core bore canisters are shown in Figure 8. In these plots, gamma ray

Intensity Is expressed In units of counts per second (cps) and location Is

listed In centimeters from the bottom of the fuel stack. The locations of

distinct components, such as fuel rod lower plenum springs, fuel stacks,

and Individual ceramic and agglomerate plug segments, are Identified. The

location of the large peak ( Co) produced by the Inconel spring In the

bottom end of each fuel rod was used to Index the beginning of the fuel

stack. The lengths of the fuel stacks shown In Figure 8 are based on the

lengths of the fuel rods as determined from examinations of the core bore

photographs. However, the gross gamma profiles may not agree entirely with

the photographic data; because some of the fuel rods did not contain fuel

material and, consequently, the gamma scan data did not Indicate lengths as

long as those observed In the photographs.

Based on the photographic examinations, the lengths of the fuel stacks

shown In Figure 8 range from a low of 40.6 cm (core bore K-9) to a high of

157 cm (0-9). Among the the nine core bore samples. K-9, G-8, and 0-7 have

the shortest fuel stack lengths, with the lengths of the latter two being

55.9 and 67.3 cm, respectively. Core grid locations K-9 and G-8 are near

the center of the core, while location 0-7 Is near the periphery of the

core In the southeast quadrant (see Figure 2). The lengths of the fuel

stacks of the remaining six core bore samples range from about 105 to

157 cm. The fact that the fuel stack length of core bore sample 0-7 Is

significantly shorter than the fuel stack lengths of core bore samples 0 4,

N-5. N-12. and 0-9, which were also collected from peripheral core grid

locations, might be explained In terms of the proximity of grid location

0-7 to location R-6. This grid location Is thought to be near the pathway

by which molten core material relocated Into the lower plenum about 224 mln

after the TMI-2 turbine tripped. Because of Its nearness to the

relocation pathway, the 0-7 fuel assembly could have been subjected to
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significant thermal shock and mechanical stress. These forces may have

been strong enough to fracture and dislocate the upper sections of the 0-7

fuel rod remnants.

The maximum count rates measured at the locations of the fuel rod

lower plenum springs ranged from a low of about 20 cps for core bore sample

N-12 to a high of about 67 cps for core bore sample K-9. Corresponding

count rates for core bore samples D-8 and 0-9 are 59 and 60 cps,

respectively; while those of the remaining five core bore samples occupy a

relatively narrow range between 26 and 33 cps. These variations In

activity may be attributed to differences in the production of Co by

neutron activation and. consequently, differences In the neutron flux and

enrichment at these core locations. [A higher enrichment (2.64%) would

produce a greater neutron flux than the lower enrichment assemblies.]

Also, the presence of control and poison materials would affect the

measurable count rates.

The portions of the count rate profiles that correspond to the regions

of the fuel rod stacks generally exhibit count rates that Increase

monotonlcally with distance from the bottom of the fuel stacks, which shows

the Increase In burnup closer to the center of the core. The count rate

profiles for the fuel stacks are at their maximum near the tops of the fuel

stacks. Maximum count rates over the regions of the fuel stacks range from

a low of 35 cps for core bore sample K-9 to a high of 51 cps for core bore

sample D-4.

The count rate profiles for the fuel stacks of core bore samples D-8

and D-4 exhibit abrupt decreases 1n count rate that probably correspond to

the locations of gaps between fuel pellets. For both of these core bore

samples, the first significant decrease In count rate occurs at about the

height of the second spacer grid. The heights of the midpoints of the

first, second, and third spacer grids, relative to the bottom of the fuel

stack, are about -0.013, 0.55. and 1.10 m. respectively. The drill bit

penetration rate decreased abruptly when passing through the locations of

the spacer grids of the D-8 and D-4 fuel assemblies, and the torque on the
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drill bit was temporarily Increased to maintain a nominal penetration
3

rate. The above-average mechanical stress at these locations was

probably responsible for the apparent voids in the fuel stacks.

The maximum count rates associated with agglomerate core segments are,

in general, comparable to those of the corresponding fuel stacks. However,

the count rates associated with previously molten core segments and with

relatively small Individual fragments are significantly lower than the

maximum rates recorded for agglomerate core segments. These data suggest

that the previously molten regions are significantly depleted 1n fission

product activity as might be expected from previously molten fuel.

4.2.2 Isotoplc Activity Profiles

This section presents the results of the Isotoplc gamma ray

spectroscopy examinations. The relative activities, expressed in units of

cm ne 134r. 13?r H0"U 1 25_. 106D 144r
uC1, of Cs, Cs, Ag, Sb, Ru, Ce, and

154
Eu that were measured at positions along the axial center! Ines of the

nine core bore samples are tabulated In Appendix C, Tables C-l through

C-9. For each position that was scanned, the sum of the activities of

these eight radionuclides is also given. Because these data are not

corrected for sample self-attenuation, they are not actual measures of the

curie content of the core bores. They are, however. Indicative of relative

changes In activity that can be Intercompared. Actual radionuclides

concentrations are estimated In Section 4.2.3.

The relative radionuclide activity data tabulated In Tables C-l

through C-9 are presented graphically as discussed In the following
subsections. (The Cs and mAg data were not plotted, as there are

few mAg data points and the 134Cs data follows the 137Cs curves,

although at lower concentrations) In these figures, radionuclide activity,

expressed In units of pCI, is plotted versus position relative to the

bottom of the fuel stack. The distributions of 137Cs along the

centerllnes of all nine of the core bore samples are shown 1n Figure 9.
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To Interpret the plotted radionuclide data, each core bore was divided

Into regions where Individual Isotope concentrations remained relatively

constant. These areas have been identified as regions of average

activity. A region was considered to be representative If both the

137Cs. and 154Eu (high- and low-volatile fission products.

respectively) remained reasonably uniform throughout the region. For

example, for core bore N-12, average activities were computed for the

reqlon from 0.324 to 0.933 m above the bottom of the fuel stack (I.e., the

137

region of Intact fuel rods). Figure 9 Indicates that the Cs activity

of the N-12 fuel stack Increases by about a factor of 20 from the bottom of

137
the stack to a height of about 0.30 m; above 0.30 m, the Cs activity

remains fairly constant.

The activity distribution of 154Eu, shown In Figure 10, Is similar

to that of 137Cs In that the 154Eu activity profile follows the same

137

pattern as the Cs, Indicating a similar distribution for both

radionuclides as would be expected from Intact fuel material. This type of

activity profile 1s common to all core bores In the Intact fuel regions.

The determination of average radionuclide activities In incremental

cross sections of the core bore fuel rod bundles Is complicated by the fact

that detection limits for the various radionuclides may cause them to not

be detectable at the shorter count times. To Increase sensitivity, count

times of 600 s were used at some locations to assure that most

radionuclides would be measurable. The effect of Increasing the count live

time Is evident In the results for core bore G-12, that are listed In

Table C-4. A count live time of 600 s was used at the 0.229-, 0.432-,

0.610-, 0.737-, 0.991-, and 1.194-m scan positions, while a count time of

only 100 s was used at the Intermediate positions. When a 600-s count time

125 144 154
was used, Sb, Ce, and Eu were consistently detected and

quantified; but when a 100-s count time was used, they were frequently not

detected. Consequently, the approach adopted to compute the average

activities entailed using only the real measured values. This approach was

used to compute the average activities of 134Cs, 13?Cs. 6°Co
125c. 106D 144r , 154r c

bD» Ku. Ce, and Eu for the constant activity regions as

listed In Table 7.
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TABLE 7. AVERAGE UNCORRECTED RADIONUCLIDE ACTIVITIES IN INCREMENTAL CROSS SECTIONS OF FUEL STACKS3

CJ

Region of .

Fuel Stack"

2.5 to 30.5

134Cs 137Cs 60Co

Averaqe Actlvltv (uCl)

Core

Bore 125Sb 106Ru 144Ce 154£ u Total

K-9 2.33 E03 1.12 E05 1.24 E03 1.73 E03 3.61 E03 1.08 E04 6.12 E02 1.32 E05

G-8 8.3 to 48.9 4.38 E03 1.75 E05 1.81 E03 1.60 E03 2.55 E03 1.94 E04 1.18 E03 2.06 E05

D-8 5.1 to 101.6

43.2 to 101. 6C

4.71 E03

5.22 E03

1.52 E05

1.64 E05

9.07 E02

9.94 E02

9.76 E02

9.37 E02

7.28

7.28

E03

E03

1.72

1.83

[04

E04

1.23

1.35

E03

E03

1.84 E05

1.98 E05

G-12 10.2 to 86.4 5.30 E03 2.08 E05 2.33 E02 2.21 E03 6.87 E03 1.77 E04 1.37 E03 2.42 E05

N-12 4.4 to 93.3

32.4 to 93. 3C

2.74 E03

4.05 E03

1.35 E05

1.64 E05

1.42 E02

ND

5.78 E02

ND

5.67

7.51

E03

E03

1.88

2.19

E04

E04

7.21

1.13

E02

E03

1.64 E05

1.99 E05

0-9 36.2 to 71. 8C

36.2 to 113.7

5.84 E03

3.49 E03

1.97 E05

1.01 E05

8.74 E03

5.16 E03 8.48 E03

9.29

4.30

E03d
E04

1.80

8.95

E04

E03

1.32

1.21

E03

E03

2.40 E05

1.71 E05

0-7 2.5 to 52.1 4.07 E03 1.67 E05 3.37 E03 1.28 E03 7.78 E03 1.89 E04 9.07 E02 2.04 E05

N-5 9.5 to 106.0 4.59 E03 1.96 E05 5.43 E03 1.64 E03 1.43 E04 1.77 E04 1.22 E03 2.41 E05

D-4 38.7 to 109.9 5.65 E03 2.02 E05 4.31 E02 1.14 E03 1.00 E04 2.08 E04 1.46 E03 2.41 £05

Averagee:
Std. Dev.:

4.89 E03

0.25 E03

1.84 E05

0.06 E05

3.00 E03

1.18 E03

1.47 E03

0.18 E03

8.20

1.17

E03

E03

1.91

0.05

E04

E04

1.24

0.06

E03

E03

2.21 E05

0.07 E05

a. Activities are not corrected for sample self-attenuation. Activities are decay-corrected to April 1, 1986.

b. Distance In centimeters from the bottom of the fuel stack.

c. Activities In this region of the fuel stack were used to compute overall average activities.

d. Activity measured at 71.8 cm was Ignored.

e. The results for core bore sample K-9 were omitted when the overall average activities were computed. The standard

deviation is the one-slgma standard deviation of the average value.



Table 7 also contains the average activities of these seven

radionuclides and the associated one slgma standard deviations. Iho

results for core bore K-9 were omitted when the overall average activities

were computed because the K-9 fuel stack was much shorter than the fuel

stacks of the majority of the core bore samples and therefore experienced

less burnup.

SUver-llOm was not Included In Table 7 as 1t was only rarely detected

In any of the core bores. For example, over the region of the fuel stack

of the K-9 core bore sample. It was detected at only two locations: 0.0 and

0.025 m (see Table C-l). It was probably detected at these locations due

to the presence of control rod material (silver), which had been activated

1 1 fkn

to produce Ag 1n this portion of the core bore. This radionuclide

was not detected at any scan positions on core bore samples G-8, G-12,

N-12, 0-9, or N-5. probably due to the small amount remaining at the time

the measureflsents were performed and the shielding effects of the fuel

material In other portions of the core bores.

Among the radionuclides detected In the core bore samples, Ce and

Eu are the teost refractory and are expected to have been retained In

the fuel with only minor losses due to mechanisms other than radioactive

decay. Because they are retained In the fuel, these two radionuclides are

used as Indicators of the quantity of fuel present and provide a

qualitative Indication of the retention of other radionuclides as a

function of fuel content.

Consequently, to determine the relative retention of some of the more

volatile fission products, ratios were calculated to evaluate the retention

of several radionuclides In the fuel. The Eu data was chosen as the

reference, as It was detected more often than the Ce. The ratios of

137Cs, 106Ru. and U4Ce to 1S4Fu activity are listed In Appendix D.

Tables 0-1 through D-9. Plots of the 137Cs. 106Ru. and 144Ce

normall7ed activity distributions for the nine core bore samples are

presented In the following subsections, which discuss the Isotoplc activity
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data and the normalized retention data for the isotopes measured In the

Intact fuel portions of the core bores. The data are discussed In order

from the most to least volatile.

4.2.2.1 Ceslum-137. The 137Cs activity profiles shown In Figure 9

Indicate that the 137Cs activities remain reasonably constant In the

regions of the Intact fuel stacks and that the activities are similar In

all core bores. The data presented In Table 7 Illustrate the similarity of

■I OT

the average Cs activity for all core bores. That core bore K-9

1 37
exhibits the lowest average Cs activity over the region of the fuel

stack is probably due to the fact that the fuel rods present 1n the K-9

core bore are substantially shorter than the fuel rods of the other eight

core bore samples and consequently experienced a lower average burnup than

the longer rod sections. For core bore 0-9, the gamma scan data Indicate a

large decrease In activity between about 62 and 103 cm. This dramatic

1 37
decrease In Cs activity suggests that fuel pellets were lost from the

upper regions of the fuel rod remnants, which Is likely because the

photographs Indicate that the fuel rods In core bore sample 0-9 were

twisted and severely damaged. Ignoring activities for positions higher
137

than 72 cm, the average Cs activity over the region of the 0-9 fuel

stack falls within the range measured for the remaining core bores.

137
Also shown In Figure 9 are the Cs activity distributions In the

previously molten regions of the core bores. The activity distributions

137
Indicate that the Inventories of Cs In the large-diameter (U-Zr-0)

ceramic core segments are substantially less than the Inventories of

137
Cs In the corresponding fuel stacks. The visual examinations

Indicated the presence of large-diameter ceramic core segments In core bore

samples K-9 and G-12 at distances of about 91 and 147 cm from the bottoms

137
of the fuel stacks. The maximum Cs activities that were measured for

these ceramic core segments are 0.006 and 0.004 CI, respectively; while the

average activities measured for the corresponding fuel stacks are 0.11 and

137
0.21 C1. The maximum Cs activities of the ceramic segments correspond

137
to only 5.4% and 1.9% of the average Cs activities measured for the

respective fuel stacks. As the gamma ray self-attenuation correction
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factors for large ceramic segments and fuel rod bundles are similar (within
137

20%). the data Indicate significant depletion of Cs In the ceramic

core segments

ihree core bore samples (K-9. 0-7. and 0-8) contained large

agglomerate core segments at distances of about 43, 72, and 138 cm from the

137
bottoms of their fuel stacks. The maximum Cs activities measured for

these three core segments were 0.08, 0.02, and 0.004 CI, respectively. For

the K-9 agglomerate segment, the activity Is comparable to the K-9 fuel rod

bundle, which Indicates that the agglomerate sections are depleted In

137
Cs content. Also, several of the core bore samples contained ceramic

nd/or agglomerate fragments (I.e., pieces much smaller than the diameter of

137
the core bores) with low Cs activity, suggesting that these sample

137 137
fractions are depleted In Cs content. The maximum Cs activity of

these fragments ranges from a low of 0.002 CI for ceramic fragments In core

bore K-9 to a high of 0.03 CI for the agglomerate fragments In core bore

N-5.

Based on 0RIGEN2 calculations . as of April 1. 1986. the ratio of

the core Inventory of Cs to that of Eu was about 134. For each

137

position that was scanned, the ratio of the activity of Cs to that of

Eu was computed. The results for the nine core bore samples are

plotted In Figure 11. The graphs In Figure 11 show that the

Cs/ Eu ratio Is reasonably constant for the majority of the core

bore samples over most of the length of the fuel stack. For several of the

core bores (K-9, N-12, and 0-7 In particular), the value of the ratio

decreases by about a factor of two between the bottom of the fuel stack and

a height of about 30 cm. If only those regions of the fuel stacks where

the Cs/ Eu activity ratio remains reasonably constant are

considered (I.e.. typically regions above 30 cm from the bottoms of the

fuel stacks), the average values of the ratio for the Individual fuel

stacks are approximately equal. They range from a low of 121 for core bore

D-8 to a high of 163 for core bore N-5. Similar average values for the

retwlnlng seven core bore samples are: K-9. 156; 0-7. 150; G-12, 147;

N-12. 147; D-4. 145; 0-9, 142; and G-8. 139. The mean value and standard
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deviation of the average ratio for all nine fuel stacks Is 146 ♦ 3%. The

ratio suggests that the Inventory data for
'

Eu Is higher than would be

expected based on the measurement data.

Ihe values of the Cs/ Eu ratio for the large-diameter

(U-Zr-0) ceramic core segments In core bores K-9 and G-12 are 4.1 and 4.2.

respectively, while the average values of the ratio for the upper regions

of the corresponding fuel stacks are 156 and 147, respectively. Based on

the assumption that the Eu activity measured at a given location Is

proportional to the quantity of fuel at that location, these data Indicate

137
that the quantity of Cs that Is associated with fuel In the ceramic

core segments Is less than 3% of that associated with the fuel In the upper

137
regions of the fuel stacks. In other words, even If all of the Cs In

the ceramic segments are considered to be associated with fuel, these

137
results indicate that at least 97% of the original Inventory of Cs In

the fuel that combined with zirconium to form a ceramic was lost from the

ceramic.

4.2.2.2 Cobalt -60. Co is a relatively nonvolatile radionuclide

59
that Is produced by neutron activation of natural Co present In the

structural steel. The Co activity profiles of the nine core bore

samples are shown In Figure 12. The locations of the fuel rod lower plenum

springs, which are made of 304 stainless steel are Indicated by the large

peaks on the left side of the plots. Other peaks In the intact fuel region

Indicate the location of fuel rod spacer grids. As originally installed

In the fuel assemblies, each spacer grid consisted of thirty-two 0.22-m

long by 0.033-m high by 0.0005-m thick strips of lnconel-718.

Excluding core bore N-12. average
*

Co activities over the regions

of the core bore fuel stacks range from a low of about 0.0002 CI for core

bore G 12 to a high of 0.009 C1 for core bore 0-9. In the case of core

bore N-12, Co was detected at only three scan locations on the fuel

stack, all of which were within about 22 cm of the bottom of the fuel

stack. The average 60Co activity for the N-12 fuel stack Is about

0.0001 CI. Core bore samples G 8. G 12. and N 5 were extracted from
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burnable poison fuel assemblies, while the remaining six core bore samples

were removed from control rod fuel assemblies. Burnable poison rods are

clad In 2lrca1oy-4. while control rods are clad In 304 stainless steel.

The fact that the Co activity levels over the regions of the fuel

stacks are not significantly different for the two types of fuel assemblies

suggests that the neutron flux Is similar at the spacer grid locations on

both types of assemblies as might be expected.

60
The Co activities measured for ceramic and agglomerate materials

are generally significantly higher than the activity levels of the core

bore fuel rod bundles, which suggests the presence of significant amounts

of structural material In the plug regions. In the case of core bore K-9,

the good symmetry of the Co peak at 91 cm suggests that Co Is

homogeneously distributed In this 7-cm-long ceramic segment.

4.2.2.3 Antlmony-125. Antlmony-125 Is both a fission product and an

activation product with several relatively volatile oxide forms. However,

the energy required for oxidation Is significant, which suggests that this

fission product probably remained In a metallic form during the accident.

125
The

'

Sb activity distributions presented In figure 13 and the data

125
listed In Table 7 Indicate that Sb was frequently not detected during

the core bore scans. This Is somewhat expected, as the principal gamma ray

emission lines for this radionuclide are relatively low In energy and are

significantly attenuated by the fuel material present 1n the core bores.

125
Excluding core bore N-12. the Sb average activities In the fuel

stacks range from a low of about 0.0009 CI for core bore 0-8 to a high of

125
about 0.002 CI for core bore G-12. The Sb activity profile of core

bore N-5 exhibits a sharp peak at 0.053-m above the bottom of the fuel

stack, which corresponds to the location of a broad Co peak that Is

evident 1n figure 12. These data suggest that there are accumulations of

Sb associated with structural materials, as Indicated by the Co

concentrations.

41



 



Kf

Kf

%Kf
>■

I Kf r

Cor* bora K-S

"Sb

Kf

, F
K>

Kf

Kf

IW r

i
'

I*f r

_u i . . ■ . i . . . -

60-26 0 28 50 78 tOO T28 »0 176

Distance from bottom of fuel stack (cm) a*a< «n «

Cora bo>a OS

"S*

n

Kf

Kf

Kf

r

*• 1

60 28 0 28 60 78 100 125 «0 178

Dastance from bottom of fuel stack (cm) ><*•*««

Kf r

%o

:."!

•I

/

i» 0 2t) 00 ? too I2» »0 171

Oaatance mam bottOttr^Vkml 81*0* ferni hmmi

f tgwro 13

42

Kf

Kf

%Kf

f Kf

Kf

Kf

~

,~y~. . ,

,yi
i t i

|
. | | I |

I I I I | I I »-. |»i»lf.t..

Cora bora 0-17

-60-28 0 28 60 76100128160176

Distance from bottom of fuel stack (cm) MMmnN)H

-60-28 0 28 80 76 KX5 126 »0 178

Dastance from bottom of fuel slack (cm) mmmiwh

Kf

Kf

?Kf

-.-,.... t -♦■T.

Cera !>

•Hb

• ot

I

Kf[

Kf
p

Kf r

|Kf

f Kf

Kf

i « 1 1 1 1 1 1 1 1
1

1 1 ■ ■ i ■ ■ ■ i
* * r •

i

Cora 0-7
1

3

Kf

Kf

Kf

Kf

J

80 26 0 2860 75100128160175

Dastance from bottom of fuel stack (cm) ..«. «*n •*> «•

Kf

t

[

Kf

Kf

Kf ;

§Kf I

2*1

Kf

•

t • •• ■

~t~ 1

Cora bora N S

*&b

1

60 28 0 28 60 78 *00 ,t2B CO 178

Distance '-c^- boito*r of fuel itack (cm) *«*. .^ M. u

Kf
80 78 0 78 60 76 tOO t28 mO 178

Dastance from bottom of fuel stack loin) nmhwwim

40

Activity dlilrltHitlon for 1?Hb for Hint TH1-? cort bort samp let

o n

Dastance Hot

J.
78 too no mo off

m of fuel alack torn} •«*» •»* a** i



As was the case with 60Co activities, the 1?SSb activities
measured for ceramic and agglomerate materials are generally an order of

125

magnitude or more higher than the Sb activities of the fuel rod

bundles, suggesting accumulations of this Isotope In the plug regions. The

125
Sb activity profile for core bore K-9 exhibits a broad, fairly

trlcal peak centered at the location of the large ceramic segment.

The ataxlmum activity of this peak Is 0.03 CI. which Is about a factor of

125
four higher than the maximum Sb activity of the agglomerate core

segment peak at 0.43 m and about a factor of 17 higher than the average

125
Sb activity of the K-9 fuel stack. These data suggest accumulations

125
of Sb, with higher concentrations In the upper ceramic region and

lower concentrations In the lower agglomerated region.

125
The maximum Sb activity 1n core bore G-12 was for the ceramic

segment (0.005 CI), while the average activity measured for the fuel stack

125
was about 0.002 CI. The pronounced Sb activity peak that Is located

about 1.43 m above the bottom of the D-4 fuel stack reaches a maximum

activity of 0.03 CI. The location of this latter peak corresponds to the

position of agglomerate fragments in the D-4 canister, which Indicates

accumulations of activity at these locations.

1 ?5
The maximum Sb activities of the agglomerate materials In core

bores 0-7 and N-5 are 0.04 and 0.009 CI, respectively which Indicate

activity accumulations in 0-7 but not N-5.

4.2.2.4 Ruthenium 106. Ruthenium, which Is a noble metal, Is

expected to be relatively nonvolatile In Its elemental form and requires

significant amounts of energy to form the relatively volatile oxide forms.

The 106Ru activity profiles presented In Figure 14 are similar to those

of the 1?SSb. In the Intact fuel sections, with the exception of 0-9.

the average 106Ru activities over the regions of the fuel stacks range

from a low of about 0.003 C1 for core bore G-8 to a high of about 0.01 C1

for core bore N-5. In core bore 0-9, however, the highest Ru activity

for the fuel stacks was measured at 1.10 m above the bottom of the

stack(0.15 CI). These data suggest a significant accumulation of

structural materials and 106Ru activity at this core location.
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As was the case with Co and 25Sb. the 106Ru activities of the

ceramic and agglomerate materials are generally significantly higher than

106
the Ru activities measured for the fuel stacks. As was previously

mentioned, large ceramic core segments were present In core bore samples

K-9 and G-12 at respective distances of 0.91 and 1.47 m from the bottoms of

their fuel stacks. The maximum Ru activities that were measured at

these locations are 0.10 and 0.02 CI, respectively, while the average
106

Ru activities measured for the corresponding fuel stacks are about

0.004 and 0.007 CI. respectively. These data suggest a high Ru

concentration In the upper crust layer.

The maximum 06Ru activities of the K-9 and G-12 fuel stacks

106
correspond, respectively, to only about 7% and 40% of the maximum Ru

activities measured for their respective ceramic core segments. These data

suggest that the concentrations of Ru In the ceramic materials are as

much as an order of magnitude higher than the concentration of Ru In

the fuel bundles. In the case of core bore sample K-9, the good symmetry
1 06 1 06

of the Ru peak at 0.94 m Indicates that the Ru 1s uniformly

distributed within the 7-cm-long ceramic core segment. As was previously

mentioned, three core bore samples, K-9, D-8. and 0-7. contained large

agglomerate pieces. The maximum Ru activities that were measured for

these three agglomerate core segments are 0.04, 0.12, and 0.16 CI.

respectively. The maximum Ru activities that were measured for the

agglomerate fragments In core bores N-5 and D 4 have similar values, the

activities being 0.06 and 0.13 CI, respectively. The agglomerate core

106„
segments and fragments, like the ceramic core segments, have Ru

106
activities that are significantly higher than the Ru activities of the

fuel bundles.

Based on 0RIGEN2 calculations .
as of April 1. 1986. the ratio of

the core Inventory of Ru to that of
'

Eu was about 5.1. For each

position scanned, the ratio of the activity of Ru to that of Eu

wa; computed. The results for the nine core bore samples are presented In

Tables 0-1 through 0-9 and are plotted In Figure 15. The graphs 1n

Figure 15 show that, for the majority of the core bores, the
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Ru/
'

Eu activity ratios over the regions of the fuel stacks are

reasonably constant. The average values of the ratio over the upper

regions of the fuel stacks (I.e.. the same regions used to compute the

average Cs/ Eu ratios) range from a low of 2.1 for core bore G-8

to a high of 15.7 for core bore N-5. Similar average values for the

remaining seven core bore samples are: N-5, 11.3; N-12. 9.2; 0-7, 8.9;

D-4, 7.3; G-12, 6.6; K-9, 5.3; and D-8. 4.8. The mean value and standard

deviation of the mean value of the ratio for all nine fuel stacks Is

8 i 17V Because the signature gamma rays of Ru have about the same

energies as the primary gamma rays of Eu. one would expect the average

values of the 106Ru/1S4Eu activity ratios to be close to the 0RIGEN2

value (I.e., 5.1 ).

The maximum values of the Ru/ Eu ratio measured at the

locations of the large ceramic core segments In core bore samples K-9 and

6-12 are 92 and 26, respectively, while the average values of the ratio for

the upper regions of the corresponding fuel stacks are 5.3 and 6.6,

respectively. Similar results for the large agglomerate core segments that

were present In core bores K-9, 0-7. and D-8 are 35. 184. and 56.

respectively. The relatively high value of the Ru/ Eu ratio for

the agglomerate segment In core bore 0-7 1s due to the fact that the

Eu activity measured at this position Is low compared to the
'

Eu

activities of the other two agglomerate segments, having a value of only

0.0009 CI. Values of the activity ratio for the agglomerate fragments In

core bore samples N-5 and D-4 are 62 and 84, respectively. The fact that

the average Ru/ Eu ratios for the upper regions of the fuel stacks

are comparable to or larger than the theoretical value of the ratio

Indicates that the fuel stacks have retained their initial Inventories of

106Ru. On the other hand, the fact that the ceramic and agglomerate

materials have 106Ru/1S4Eu ratios significantly larger than the average

values for the fuel stacks. In spite of the fact that the Eu

activities of the ceramic and agglomerate materials are typically higher

than the 154Eu activities of the fuel stacks. Indicates that Ru has

been concentrated In these materials. These data Indicate that the Ru

4/



In the ceramic and agglomerate materials cannot be accounted for In terms

of the In1

materials

of the Initial Inventory of 106Ru In the fuel that Is bound up In these

4.2.2.5 Cerlum-144 Among the radionuclides detected In the core bore

samples, 144Ce Is one of the most refractory and It 1s expected that this

radionuclide was retained In the fuel. The Ce activity distribution

plots shown In Figure 16 Indicate that, for each core bore sample except

0-9, the level of 144Ce activity remains reasonably constant throughout

the reqlon of the fuel stack. Figure 16 also shows that, excluding core

1 Ail

bores K-9 and 0-9, the average values of the measured
'

Ce activities

over the regions of the fuel stacks are about equal; they range from a low

of about 0.018 C1 for core bores D-8, G-12, and N-5 to a high of 0.022 C1

for core bore N-12. Similar results for core bores K-9 and 0-9 are 0.011

144

and 0.009 CI, respectively. The fact that the average Ce activity for

the K-9 fuel stack Is only about one-half the average values for the

majority of the fuel stacks might be explained by the fact that the K-9

fuel rods are much shorter that the fuel rods of the other eight core bore

samples. As was the case with Cs, for a number of the fuel stacks the

144Ce activities near the bottoms of the fuel stacks are less than the

activities measured at positions farther removed from the bottoms of the

fuel stacks. Between 10.2 and 20.3 cm from the bottom of the K-9 fuel

144

stack, Ce was not detected at several of the scan locations.

As was previously mentioned, the fuel rods 1n core bore sample 0-9

appeared to be severely damaged In the region between about 62 and 103 cm

144
above the bottom of the fuel stack. The Ce activities of the 0-9 fuel

stack decrease linearly with height, from 0.03 CI at 36 cm to 0.002 CI at

144
96 cm. Because Ce Is a very refractory material and Is expected to

have been retained by the fuel, these data Indicate that the quantity of

fuel within the field of view of the detector decreased with Increasing

distance from the bottom of the 0-9 fuel stack. Over the regions of their

144
fuel stacks, the contours of the Ce activity profiles of core bore

samples D-8 and D-4 each exhibit an abrupt dip In activity. As was

previously discussed, a number of the fuel rods of core bores D-8 and D-4
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were breached between the locations of the second and third spacer grids.

The locations of the dips very likely correspond to the locations of voids

In some of the fuel stacks.

144
The activity profiles shown In Figure 16 Indicate that the Ce

activities of large ceramic core segments are comparable to the average

144Ce activities of the fuel stacks. The maximum Ce activities that

were measured for the ceramic core segments 1n core bore samples K-9 and

G-12 are 0.018 and 0.016 CI, respectively, while the average activities

measured for the corresponding fuel stacks are 0.011 and 0.018 C1,

respectively. Three core bore samples (K-9, 0-7, and D-8) contained large
144

agglomerate core segments whose maximum Ce activities were measured at

distances of about 0.48, 0.72, and 1.38 m, respectively, from the bottoms

144
of their fuel stacks. The maximum Ce activities measured for these

three agglomerate core segments are 0.012, 0.011, and 0.024 CI,

respectively. As was previously stated, several of the core bore samples
144

contained ceramic and/or agglomerate fragments. The maximum Ce

activities of these fragments range from a low of 0.0013 CI for agglomerate

fragments 1n core bore N-5 to a high of 0.021 C1 for ceramic fragments In

144
core bore K-9. In general, the Ce activities measured for ceramic

samples are about the same as those measured for agglomerate samples.

For each position that was scanned, the ratio of the activity of

144 154
Ce to that of Eu was calculated. The results for the nine core

bore samples are tabulated In Tables D-l through D-9 and are plotted in

Figure 17. Based on the results of 0RIGEN2 calculations1, as of April 1,
144

1986, the theoretical value of the core Inventory of Ce to that of
154

Eu was about 8.0. The graphs In Figure 17 show that, as was the case

with Cs/ Eu ratios, the Ce/154Eu ratios generally decrease

with Increasing height above the bottoms of the fuel stacks. For example,

the value of the ratio for the 0-7 fuel stack Is about 46 at a height of

2.5 cm, but drops to about 15 at 62 cm above the bottom of the fuel stack.

The average values of the ratio over the upper regions of the fuel stacks

(I.e., the same regions used to compute the average Cs/ Eu and
106 154

Ru/ Eu ratios) range from a low of 11.1 for core bore 0-9 to a
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high of 18.7 for core bore 0-7. Similar average values for the remaining

seven core bore samples are: N-12, 18.3; D-4, 15.9; N-5, 15.1; 0-8, 14.3;

G-12, 13.2; G-8, 12.9; and K-9, 12.2. The mean value and standard

deviation of the mean value of the ratio for all nine fuel stacks Is

15 ± 6%.

The maximum values of the 144Ce/154Eu activity ratios that were

measured at the locations of the large ceramic core segments In core bore

samples K-9 and G-12 are 16.0 and 17.2, respectively. These values agree

quite well with the average ^Ce/1 Eu ratio for the fuel stacks

(I.e., 15 ± 18%), which Indicates that these two radionuclides were

retained by the fuel In the ceramic material to the same degree.

4.2.2.6 Europ1um-l54. Like cerium, europium Is a refractory rare

154
earth. The Eu activities that were measured at positions along the

centerllnes of the nine core bore samples are plotted In Figure 10

154

(p. ??). The plots In Figure 10 show that. In general, Eu activities

Increase with height up to a distance of between 20 to 30 cm from the

bottoms of the fuel stacks. This behavior Is particularly evident 1n the

activity profiles of core bores K-9, G-12, N-12, and 0-7. The data

presented In Table 7 and Figure 10 show that, excluding core bore K-9, the

154
average Eu activities over the fuel stacks are In good agreement,

their mean value and standard deviation of the mean being 0.0012 CI ±

55*. The corresponding average value for core bore K-9 1s about one-half

154
this amount, being 0.0006 CI. The reason the average Eu activity of

the K-9 core bore sample Is lower than the average values for the other

core bores Is because the fuel rods In this core bore are shorter than the

others.

154
The maximum Eu activities that were measured at the locations of

the large ceramic core segments In core bores K-9 and G-12 are about 0.0020

and 0.0009 CI, respectively, while the maximum activities measured for the

corresponding fuel stacks are about 0.001 and 0.002 CI, respectively. The

154
maximum Eu activities measured for the three large agglomerate core

segments In core bores K-9, 0-7, and D-8 are 0.0012, 0.0009, and 0.002 CI,
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respectively. As was previously mentioned, several of the core bore

samples contained ceramic and/or agglomerate fragments. The maximum

Eu activities of these fragments range from a low of 0.0011 CI for the

agglomerate fragments In core bore G-8 to a high of 0.013 CI for the

agglomerate fragments In core bore N-5. The latter activity Is an order of

magnitude higher than the average
'

Eu activity of the N-5 fuel stack

and Is the highest Eu activity measured. The average Eu activity

of the ceramic fragments In core bore K-9 Is 0.0014 CI. The unusually high

Eu concentrations measured for the agglomerate materials In core bore

samples 0-7, N-5, and D-4 likely Indicate that these materials contain a

high proportion of fuel pellet remnants.

134
4.2.2.7 Total Activity. The sums of the activities of Cs.

137Cs. b0Co, "°%. 1?V 10V 144Ce, and 154Eu at scan

positions along the axial centerllnes of the core bore samples are plotted

as a function of position In Figure 18. The average total activities at

positions In selected regions of the fuel stacks of the core bore samples

are tabulated In Table 7. The activities presented In Table 7 are not

corrected for sample self -attenuation. The data presented In Table 7 show

that, excluding core bore K-9. the average total activities In Incremental

cross sections of the fuel stacks are about the same and range from a low

of 0.20 CI to a high of 0.24 CI.

Because the upper regions of the 0-9 fuel rods were severely damaged.

the average total activity In a cross section of the 0-9 fuel stack was

cceaputed using the activities measured In the region 36.2 to 71.8 cm, a

region that appeared to be relatively undamaged. Ignoring the result for

the K-9 fuel stack, the average total activity in incremental cross

sections of the fuel stacks of the remaining eight core bore samples Is

0.221 i 0.007 CI, where the standard deviation Is the standard deviation

of the average value. The average total activity In an Incremental cross

section of the K-9 fuel stack Is about one-half this value, being 0.13 CI.

As has been previously mentioned, the K-9 fuel stack 1s much shorter than

the fuel stacks of the majority of the core bore samples; therefore. Its

fuel experienced less burnup than the fuel In the upper regions of the

other fuel stacks.
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Uncorrected for sample self attenuation, the maximum total activities

measured for the large ceramic core segments In core bore samples K-9 and

G-12 are 0.17 and 0.05 CI, respectively, while the maximum total activities

of the large agglomerate core segments In core bore samples K-9. 0-7, and

D-8 are 0.15, 0.26, and 0.21 CI, respectively. Similar values for the

agglomerate fragments 1n core bore samples N-5 and D-4 are, respectively.

0.12 and 0.17 CI. These results show that, In general, the total

activities In Incremental cross sections of the ceramic and agglomerate

materials are comparable to the average total activities In Incremental

cross sections of the fuel rod bundles.

4.2.3 Comparisons with 0RIGEN2 Analyses

Comparisons were performed with 0RIGEN2 analyses to evaluate the

relative abundances of fission products In the Intact fuel rods. To

provide a basis for comparing theoretical and measured relative activities

In the core bore fuel stacks, the average uncorrected radionuclide

activities presented In Table 7 were corrected for sample self -attenuation

using the correction factors from Table 4. The results are presented In

Table 8. In each case, the activity In Table 7 was multiplied by the

self -attenuat Ion correction factor for a fuel bundle corresponding to the

energy of the intens lty-code-1 gamma ray of the radionuclide. For example,
125

for Sb, Its 1ntenslty-code-l gamma ray has an energy of 427.89 keV

(see Table 5 for energies of the radionuclides of Interest). The

self -attenuat Ion correction factor obtained by Interpolating between the

values presented In Table 4 for 400 and 600 keV Is 10.2. So. the corrected

125
Sb activities that are presented 1n Table 8 are about a factor of ten

125
higher than the uncorrected Sb activities listed In Table 7.

For the purpose of comparing measured relative abundances with those

calculated using 0RIGEN2. the average radionuclide activities presented in

Table 8 were converted to percentages of total activity. These results are

137

presented In Table 9. which shows that Cs Is the dominant activity of

the ganna emitting radionuclides that were detected In the fuel stacks; it

constitutes 89.6 ♦ 0.3% of the total measured activity. The average
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TABLE 8. AVERAGE RADIONUCLIDE ACTIVITIES IN INCREMENTAL CROSS SECTIONS OF FUEL STACKS AFTER CORRECTION FOR

SAMPLE SELF -ATTENUATION*

Average Activity (uCI)
Core

Bore

Region of

Fuel Stack"

2.5 to 30.5

134(:s 137Cs 60.
Co 125Sb 106D

Ru
144
'™Ce 154(:U Total

K-9 1.03 E04 6.15 E05 3.62 E03 1.77 E04 1.19 E04 2.54 E04 1.84 E03 6,86 E05

G-8 8.3 to 48.9 1.93 E04 9.61 E05 5.29 E03 1.63 E04 8.39 E03 4.56 E04 3.55 E03 1.06 E06

D-8 43.2 to 101.6 2.30 E04 9.00 E05 2.90 E03 9.57 E03 2.40 E04 4.30 E04 4.06 E03 1.01 E06

G-12 10.2 to 86.4 2.34 E04 1.14 E06 6.80 E02 2.26 E04 2.26 E04 4.16 E04 4.12 E03 1.26 E06

N-12 32.4 to 93.3 1.79 E04 9.00 E05 NDC ND 2.47 E04 5.15 E04 3.91 E03 9.98 E05

0-9 36.2 to 71.8 2.58 E04 1.08 E06 2.55 E04 __d 3.06 E04d 4.23 E04 3.97 E03 1.21 E06

0-7 2.5 to 52.1 1.79 E04 9.17 E05 9.84 E03 1.31 E03 2.56 E04 4.44 E04 2.73 E03 1.03 E06

N-5 9.5 to 106.0 2.02 E04 1.08 E06 1.59 E04 1.67 E04 4.70 E04 4.16 E04 3.67 E03 1.23 E06

D-4 38.7 to 109.9 2.49 E04 1.11 E06 1.26 E03 1.16 E04 3.29 E04 4.89 E04 4.39 E03 1.23 E06

Aver«gt>e :

Std. Dev.: 0.11

EQ4

E04

1.01 EQ6

0.04 E06

8.77 E03

3.45 E03

1.50 E04

0.19 E04

2.70

0.38

E04

E04

4.49

0.13

E04

E04

4.03

0.26

E03

E03

1.13 E06

0.04 E06

a. Activities are corrected for sample self-attenuation using correction factors from Table 6. Activities are

decay-corrected to April 1, 1986.

b. Distance 1n centimeters from the bottom of the fuel stack.

c. ND = not detected. For the purpose of calculating overall average activities ND results were Ignored.

d. Activity measured at 71.8 cm was Ignored.

e. The results for core bore sample K-9 were omitted when the overall average activities were computed. The standard

deviation Is the one-slgma standard deviation of the average value.



lAHtl 9. AVIRAGI RADIONUCIIOI AC11V1111S IN INCfilMlNTAl CROSS SfCUONS Of fUtl STACKS AFUR CORRECTION

fOR SAMPK Sill A1UNUA110N. IXPRISSEO AS PIRCEN1 Of 101AI ACIIVllYa

Percen_t_pJ Jotal Ac 1; 1_y1_ty_

Core

Bore
134r

Cs 137Cs 60r
Co msb 10bD

fiu
I44r

C e 154Eu
lotal

(CI)

K 9 1.50 89.65 0.53 ?.S8 1.73 3.70 o.?; 0.69

6 8 1.8? 90.66 O.bO 1.54 0.79 4.30 0.34 1.06

D-8 ?.?8 89.11 0.?S 0.95 ?.38 4.26 0.40 1.01

G-l? 1.86 90.48 0.05 1.79 1.79 3.30 0.33 1.26

N-l? 1.79 90.18 NDb ND 2.47 5.16 0.39 1.00

0-9 ?.13 89.26 2.11 . _.c ?.53c 3.50 0.33 1.21

0 7 1.74 89.03 0.96 1.27 ?49 4.31 0.27 1.03

N-5 1.64 87.80 1.29 1.36 3.82 3.38 0.30 1.23

D 4 2.02 90.24 0.10 0.94 2.67 3.98 0.36 1.23

Avera

Std.

iged
Dev.

1.91

: 0.08

89.6

0.3

0.8

0.3

1.3

0.1

2.4

0.3

4.0

0.2

0.34

0.0?

1.13

0.04

a. Activities are corrected for self -attenuat Ion using correction factors for fuel bundles from

Table 4. Activities are decay-corrected to April 1. 1986.

b. ND . not detected. For the purpose of computing average percentages, ND values were Ignored.

c. Activity measured at 71.8 cm was Ignored.

d. The results for core bore K-9 were omitted when the overall average activities were computed. The

standard deviation 1s the one-slgma standard deviation of the average value.



activities of the remaining seven radionuclides, expressed as percentages
144 1 06

of total measured activity, are: Ce, 4.0 ± 0.2%; Ru, 2.4 ±

0.3%; 134Cs, 1.91 ± 0.08%; 125Sb, 1.3 ± 0.1%; 6°Co. 0.8 ± 0.3%;

and 154Eu 54, 0.34 ± 0.02%. Omitting Co, an activation product,

the average ratios of these fission products as calculated using 0RIGEN2

are: 137Cs, 86.2%, U4Ce. 5.1%; 106Ru. 3.3%; 134Cs, 2.2%; 125Sb.

2.6%; and 154Eu, 0.64%, where the results are expressed as percentages of

the calculated combined core Inventory of the radionuclides as of April 1,

1986. These data Indicate that, at positions removed from the bottoms of

the fuel stacks, the relative quantities of Cs, Ce, Ru, and

134
Cs 1n the fuel stacks agree quite well with their calculated core

125

average relative abundances. The relative quantities of Sb and

154
Eu at the same positions In the fuel stacks are, on the other hand,

lower than their 0RIGEN2 calculated values. The measured relative

abundances of these two radionuclides are both about a factor of two lower

than their abundances determined using 0RIGEN2. Other data suggest that

0RIGEN2 may overpredlct the production of these radionuclides, because they
124

are produced, respectively, by neutron capture on stable Sn and the

153
fission product Eu, which would make them more sensitive to variations

In neutron flux.

The activities of the previously mentioned radionuclides In

Incremental cross sections of the large ceramic core segments and

agglomerate fragments were corrected for sample self-attenuation by

multiplying each measured activity by the self-attenuation correction

factor for a (U-Zr-0) core segment corresponding to the energy of the

lntenslty-code-1 gamma ray of the radionuclide. The self-attenuation

correction factors were obtained by Interpolating between the values

presented In Table 4. The results are presented In Tables 10 and 11.

After being corrected for self-attenuation, the activities for a given

ceramic sample were summed to determine the total activity 1n a cross

section of the sample.

The data presented In Tables 10 and 11 were converted to percentages

of the total activities 1n cross sections of the corresponding ceramic and
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1ABLE 10. RADIONUCLIDE ACllVllltS IN INCRENIN1AI CROSS SECTIONS Of CERAMIC SEGMENTS AND FRAGMENTS

AMIR CORRECTION f OR SAMPLE SELF -AT 11 NUA1 ION

Core

Bore

K-9a

Scan

Location

(cm) Co

Averaqe Act V

1?SSb

1.87 E05

rltv ItCI)

106Ru

?.68 F05

144Ce 154Eu134c$ T37Cs Total

91.4 NDb T.20 104 6.94 E04 2.53 E04 2.69 E03 5.64 £05

G-12* 147.3 3.98 EO? 1.74 104 1.48 E04 3.9? (04 b.77 E04 3.02 (04 ?44 (03 1.72 [05

K-9C 50.8 to ?.74 10? 7.65 E03 7.74 E03 1.10 E04 1.89 E04 1.23 f04 1.38 £03 5.92 E04

OD 61.0

a. Activities were corrected for self -attenuat Ion using the correction factors for a (U-Zr-0) ceramic segment from

Table 4. Activities are decay-corrected to April 1. 1986.

b. ND - not detected.

c. Ceramic fragments are present In this region. Activities were corrected for self -attenuat Ion using the correction

factors for a (U-Zr-0) pellet from Table 3.



TABLE 11. RADIONUCLIDE ACTIVITIES IN INCREMENTAL CROSS SECTIONS OF AGGLOMERATE SEGMENTS AND FRAGMENTS

AFTER CORRECTION FOR SAMPLE SELF -ATTENUATION

Scan

Location

(cm)

Averaqe Activity (mCI)
Core

Bore 134Cs 137Cs 60Co 125Sb 106Ru 144Ce 154Eu Total

K-9* 43.2 1.20 E04 3.63 E05 5.53 E04 5.54 E04 7.08 E04 2.04 E04 2.82 E03 5.80 E05

0-7a 72.4 1.16 E03 8.74 E04 T .03 E05 2.14 E05 4.51 E05 2.26 E04 2.26 E03 8.81 E05

D-83 138.4 8.25 E02 1.76 E04 3.95 E04 1 .45 E05 3.44 E05 4.95 E04 5.69 E03 6.02 E05

D-4C 142.9 NDb 2.35 E02 1.61 E04 4.56 E04 1.60 E05 ND 6.90 E03 2.29 E05

N-5C 118.7 9.83 E02 4.52 E04 1.24 E04 1 .75 E04 7.89 E04 ND 1 .45 E03 1.56 E05

a. Activities were corrected for self-attenuation using the correction factors for a (U-Zr-0) ceramic segment from
Table 4. Activities are decay-corrected to April 1, 1986.

b. ND = not detected.

c. Agglomerate fragments are present at this scan location. Activities were corrected for self-attenuation using the
correction factors for a (U-Zr-0) pellet from Table 3.



agglomerate samples. The results are presented In Tables 12 and 13. These

data Indicate that the relative abundances of the gamma -emit ting

radionuclides are significantly different 1n the ceramic and agglomerate

materials as compared to their relative abundances In the core bore fuel

137
stacks. While Cs comprises about 90% of the total activity In the

fuel stacks. It makes up only from 2.1% to 12.9% of the total activity In

the ceramic materials and from 0.1% to 62.6% of the total activity in the

agglomerate materials. The data presented ln Tables 9 and 10 show that

137
Cs activities In ceramic and agglomerate materials are generally

137
substantially less than the average Cs activity In the core bore fuel

stacks.

The data In Tables 12 and 13 show that Ru and Sb are the

dominant activities for the majority of the ceramic and agglomerate

samples. Ruthentum-106 comprises from 31.9% to 47.5% of the total

activity in the ceramic samples and, excluding the results for the

agglomerate segment 1n core bore K-9. from 50. 6% to 69. 9% of the total

activity In the agglomerate samples. In the case of the agglomerate

segment In core bore K-9. Ru makes up only 12.2% of the total activity

In a cross section of the sample. Ruthentum-106 activities In the

agglomerate segments In core bores K-9. 0-7. and D-8 are. respectively.

factors of 2.6. 16. 7. and 12.7 higher than the average Ru activity In

the core bore fuel stacks.

125

The data presented In Tables 12 and 13 show that Sb constitutes

from 18. 6% to 33.2% of the total activity In the ceramic samples and.

excluding the results for the agglomerate segment 1n core bore K-9. from

11.2% to 24.3% of the total activity In the agglomerate samples.

Antlmony-125 activities In the ceramic segments In core bores K-9 and G-12

125

are respectively, factors of 12.5 and 2.6 higher than the average Sb

1 Ot-

activity In the core bore fuel stacks. As was the case with Ru

activity, the 1?SSb activity measured In a cross section of the K-9

agglomerate sample Is substantially lower than the corresponding activities

measured In cross sections of the 0-7 and 0-8 agglomerate samples. The
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TABLE T2. RADIONUCLIDE ACTIVITIES IN INCREMENTAL CROSS SECTIONS OF CERAMIC SEGMENTS AND

FRAGMENTS AFTER CORRECTION FOR SAMPLE SELF -ATTENUATION, EXPRESSED AS PERCENT OF

TOTAL ACTIVITY

Scan

Location

(cm)

Percent of Total Actlv ltY
Core

Bore 134Cs 137Cs 60Co 125Sb 106Ru 144Ce 154Eu Total

K-9a 91.4 NDD 2.13 12.30 33.16 47.52 4.49 0.48 0.564

G-12* 147.3 0.23 10.12 8.60 22.79 39.36 17.56 1.42 0.172

K-9C 50.8 to

61.0

0.46 12.91 13.06 18.57 31.90 20.78 2.33 0.059

a. Activities were corrected for self-attenuation using the correction factors for (U-Zr-0) ceramic segment from

Table 4. Activities are decay-corrected to April 1, 1986.

b. ND = not detected.

c. Ceramic fragments are present In this region. Activities were corrected for self -attenuation using correction

factors for a (U-Zr-0) pellet from Table 3.



TABU 13. RA010NUCMDE ACUVIllfS IN 1NCRIMIN1AI CROSS SfCTIONS Of AGGlOHERATf SEGMENTS AND FRAGMENTS

AFTER CORRECTION fOR SAMPl I S( I F AT11NUA1ION. E XPRfSSI 0 AS PfRCINT Of TOTAL ACT1V11Y

Scan Percent of Total Activity

Core

Bore

Location

(cm) l_34q_s__
2.07

137Cs Co 1?SSb

9.55

106Ru

1?.?1

144Ce

3.52

1S4£u Total

K-9* 3.2 62.59 9.53 0.49 0.580

0-7* 72 4 0.13 9.9? 11.69 ?4.?9 51.19 ?.57 0.?6 0.881

D-8a 138 4 0.T4 ?.9? 6.56 ?4.09 57.14 8.2? 0.95 0.602

D-4C 142.9 NDb 0.10 7.03 19.91 69.87 ND 3.01 0.229

N-5C 118.7 0.63 28.97 7.95 11.?? 50.58 ND 0.93 0.156

a. Activities were corrected for self -attenuation using the correction factors for (U-Zr-0) ceramic segment from

Table 4. Activities are decay -corrected to April 1. 1986.

b. ND • not detected.

c. Agglomerate fragments are present In this scan location. Activities were corrected for self -attenuat ton using
correction factors for a (U-Zr-0) pellet from Table 3.



125Sb activities in the above samples are, respectively, factors of 3.7,
125

14.3, and 9.7 higher than the average Sb activity 1n the core bore

fuel stacks.

The data presented 1n Tables 10 and 11 also Indicate that Co

activities In ceramic and agglomerate samples are generally significantly

higher than the average activity of Co 1n the core bore fuel stacks.

Cobalt-60 activities 1n cross sections of the ceramic segments In core

bores K-9 and G-12 are, respectively, factors of 7.9 and 1.7 higher than

the average Co activity In the core bore fuel stacks. Cobalt-60

activities 1n the three agglomerate segments In core bores K-9, 0-7, and

D-8 are, respectively, factors of 6.3, 11.7, and 4.5 higher than the

average Co activity 1n Incremental cross sections of the core bore fuel

stacks. Unlike Its 106Ru and 125Sb activities, the 60Co activity of

the K-9 agglomerate segment Is comparable to the Co activities measured

for the other two agglomerate segments. The average Co activity in

cross sections of the ceramic fragments In core bore K-9 1s 0.0077 CI,

while corresponding activities In the agglomerate fragments In core bores

D-4 and N-5 are 0.016 and 0.012 C1, respectively.

The activities listed 1n Tables 10 and 11 Indicate that 154Eu

activities In the ceramic and agglomerate segments are generally comparable
154

to the average Eu activity measured for the core bore fuel stacks.

154
The Eu activities 1n Incremental cross sections of the ceramic

segments In core bores K-9 and G-12 are, respectively, 67% and 61% of the

154
average Eu activity In cross sections of the core bore fuel stacks.

Europlum-154 activities In the three agglomerate segments show more

154
variation. The Eu activities In cross sections of the agglomerate

segments In core bores K-9, 0-7, and D-8 are, respectively, 0.0028, 0.0023,

and 0.0057 CI. These latter activities correspond to about 70%, 56% and

154
141% of the average Eu activity of the core bore fuel stacks. As was

mentioned In Section 4.1.3, fuel pellet remnants were visible on the

surface of the agglomerate segment In core bore D-8. The anomalously high
154

Eu activity of the D-8 agglomerate sample Is probably due to the fact

that the sample has a higher concentration of fuel pellet remnants than the
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other agglomerate samples. Based on the premise that Eu activity Is

proportional to fuel content, the data Indicate that the Inventories of

uranium In cross sections of the ceramic segments and of two of the three

agglomerate segments are about equal but are only about 65% of the average

Inventory of uranium In incremental cross sections of the core bore fuel

rod bundles.

Ihe data presented In Tables 10 and 11 show that the total activities

In cross sections of the ceramic and agglomerate segments range from a low

of 0.172 CI for the ceramic sample In core bore G-12 to a high of 0.881 C1

for the agglomerate sample In core bore 0-7. These total activities

correspond to 15% and 78%, respectively, of the average total activity In

Incremental cross sections of the core bore fuel stacks. The total

activity in a cross section of the G-12 ceramic segment Is about a factor

of three lower than the total activity measured In a cross section of the

K-9 ceramic segment. The fact that the total activities of these two

ceramic segments are substantially different might Indicate that the

ceramic sample located 147 cm above the bottom end of the G-12 fuel stack

Is actually a fragment rather than a core segment having a diameter equal

to the diameter of the core bore canister. As was discussed In

Section 4.1.4, dark-colored fragments consisting of pieces ranging In size

from 1.3 to 2.5 cm filled 53 cm of the G-12 core bore casing directly above

the upper ends of the fuel rods. If the self -attenuat Ion correction

factors for a (U-Zr-0) pellet are used rather than those for a (U-Zr-0)

ceramic segment, the total activity of the G-12 ceramic sample Is only

0.068 CI. This value 1s similar to the average total activity In cross

sections of the ceramic fragments In core bore K-9. which Is 0.059 CI. The

total activity In a cross section of the K-9 ceramic segment Is 0.564 CI.

which Is about 50% of the average total activity In cross sections of the

core bore fuel stacks. The total activities In cross sections of the

agglomerate segments In core bores K-9 and D-8 are 0.580 and 0.602 CI.

respectively, while the total activities In cross sections of the

agglomerate fragments In core bores D-4 and N-5 are 0.229 and 0.156 CI.

respectively.
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4.2.4 Summary of Gamma Ray Spectroscopy Results

This section presents a summary of the Important differences In the

distribution of fission products and Co In the core bore samples.

Differences In measured activities between the fuel stacks and the large

ceramic pieces can generally be attributed to the accumulation of fission

products In the different types of materials. Because the large-diameter

agglomerate segments In core bore samples K-9, 0-7, and D-8 are probably

non-homogeneous mixtures of (U-Zr-0) ceramic and remnants of fuel pellets

and cladding that are likely randomly oriented within the ceramic, sample

geometry Is not well defined and, therefore, the results for the

agglomerate segments must be viewed as being more qualitative than the

results for the fuel stacks and ceramic segments. Because the actual sizes

of the Individual ceramic and agglomerate fragments that are present In

core bores K-9, D-4, and N-5 are not known, the corrections for sample

self-attenuation that were made for these small -diameter samples must be

viewed as being less exact than the corrections made for the fuel rod

stacks and the large-diameter ceramic segments.

The results presented In Table 8 show that, excluding core bore K-9,
134 137 144 154

the average activities of
J

Cs.
°

Cs, '^Ce, and ID*Eu In the

fuel rod bundles of the core bore samples remain reasonably constant from

one core bore sample to the next. The average activities of these

radionuclides In cross sections of the K-9 fuel stack are all approximately

one-half their corresponding average activities In the remaining eight fuel

stacks.

The results presented In Table 9 show that the relative abundances of

134„ 137,, 106„ 144
Cs, Cs. Ru, and Ce In regions of the fuel stacks

removed from the bottoms of the fuel stacks agree quite well with their

theoretical core average relative abundances. The relative abundances of

125c. . 154r , 1L

bb and Eu In the same regions of the core bore fuel stacks are

both about a factor of two lower than their corresponding abundances

calculated using 0RIGEN2.
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In contrast to the results for the core bore fuel stacks, the data

presented ln Tables 10 through 13 show that 106Ru and 1?SSb are the

dominant activities In the majority of the ceramic and agglomerate

materials in the core bore samples and are as much as a factor of 15 higher

than their corresponding average activities 1n cross sections of the core

bore fuel stacks. Cobalt-60 activities 1n the ceramic and agglomerate

materials are also generally significantly higher than the average 60Co
concentration in cross sections of the core bore fuel stacks. The 60Co
activities measured In the former samples are as much as an order of

magnitude higher than the av<

sections of the fuel stacks.

ignltude higher than the average Co activity measured In cross

The results for the fuel stacks and selected results for the

large-diameter ceramic and agglomerate segments presented In Tables 8, 10.

and 11 are summarized In Table 14. As was previously mentioned, the

average activities In cross sections of the core bore fuel stacks were

computed omitting the results for core bore K-9; however, because of the

uncertainty regarding the actual size of the ceramic sample In core bore

G-12, only the results for the ceramic segment In core bore K-9 are

presented In Table 14.

The data presented In Table 13 show that the relative abundances of

Cs. Ru, and Sb In the K-9 agglomerate segment are much

different than their respective relative abundances In the 0-7 and D-8

agglomerate segments. Ceslum-137 comprises 62.6% of the total activity In

the K-9 agglomerate segment, whereas It makes up only 9.9% and 2.9%.

respectively, of the total activities In the 0-7 and D-8 agglomerate

segments. These results suggest that relatively Intact fuel pellets
137

containing most of their original Inventories of Cs are embedded In

the K-9 agglomerate segment. The relative abundances of Ru and

125
Sb In the K-9 agglomerate sample are substantially lower than their

corresponding relative abundances in the other two agglomerate segments.

Because of these differences, only the results for the agglomerate segments

In core bores 0-7 and D-8 were used to compute average agglomerate material

137
radionuclide activities. The data presented in Table 14 for Cs,
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TABLE 14. AVERAGE RADIONUCLIDE ACTIVITIES IN INCREMENTAL CROSS SECTIONS OF FUEL STACKS, CERAMIC

SEGMENTS, AND AGGLOMERATE SEGMENTS AFTER CORRECTION FOR SAMPLE SELF -ATTENUATION3

CO

Activity (uC 1)

Type of

Material 134Cs 137Cs 60Co 125Sb 106Ru U4Ce
154
IJ*Eu

Total

(CI)

Fuel stack 2.2 E04

0.1 E04D

1.01 E06

0.04 E06

8.8 E03

3.4 E03

1.5 E04

0.2 E04

2.7 E04

0.4 E04

4.5 E04

0.1 E04

4.0 E03

0.3 E03

1.13 E06

0.04 E06

Ceramic0 NDd 1.20 E04 6.94 E04 1.87 E05 2.68 E05 2.53 E04 2.69 E03 5.64 E05

Agglomeratee 9.9 E02

1.7 E02D

5.3 E04

3.5 E04

7.1 E04

3.2 E04

1.8 E05

0.4 E05

4.0 E05

0.5 E05

3.6 E04

1.4 E04

4.0 E03

1.7 E03

7.4 E05

1.4 E05

a. Activities are corrected for self-attenuation using the correction factors for a (U-Zr-0) ceramic

segment from Table 4. Activities are decay-corrected to April 1, 1986.

b. One-slgma standard deviation of mean value.

c. Results for K-9 ceramic segment only.

d. ND = not detected.

e. Average of results for 0-7 and D-8 agglomerate segments.



1?5Sb. 106Ru. and 60Co are plotted in figure 19, where radionuclide

activities are expressed In units of Curies.

137
While Cs Is significantly depleted from the ceramic and

agglomerate materials. Figure 19 shows that Ru. Sb and Co are

highly concentrated In these materials. The data In Table 14 show that the

average Eu activity In cross sections of the agglomerate segments Is

equal to the average Eu activity In similarly sized cross sections of

154
the core bore fuel stacks. Based on the premise that Eu activity Is

proportional to fuel Inventory, the data Indicate that the quantity of fuel

In a cross section of the ceramic segment Is about 30% less than average

Inventories of fuel In similarly sized cross sections of the agglomerate

segments and core bore fuel stacks. This Indicates that the quantities of

Ru and Sb In the ceramic and agglomerate materials cannot be

accounted for ln terms of their Initial Inventories In the fuel that were

assimilated Into these materials

137,
The results presented In Table 14 also show that average Cs

activities In cross sections of the agglomerate and ceramic sections are

1 37

only 1.2% and 5.2% of the average Cs activity in the core bore fuel

137
stacks. These results Indicate that about 98% of the Cs that was

originally present 1n the fuel was lost from the ceramic material. The

relatively higher 137Cs/ Eu ratio of the agglomerate segments

indicates that the agglomerate segments contain Intact fuel pellet
137

fragments that retained about 5% of their original Cs Inventories.

4.2.5 Core Materials Distribution

Based on the normal distribution of Instrument tubes, guide tubes, and

fuel rods In a TMI-2 fuel assembly.5 each core bore fuel rod bundle

should contain one Instrument tube, two guide tubes, and about 18 fuel

rods. Collectively, these 21 rods have a linear density of about

164.6 g/cm, which includes the mass of the Ag-In-Cd control rods that are

Inside the two guide tubes, for the case where a core bore fuel bundle

contains 18 fuel rods, the fuel rods collectively have a linear U0?

6S
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Fuel stack Ceramic Agglomerate

Core material

4 Cs-137

Figure 19. Average activities 1n Incremental cross sections of fuel

bundles, ceramic segments, and agglomerate materials.
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density of about 126.4 g/cm. Using the pre-accldent concentration of

uranium In the tuel pellets (I.e.. 88.15 wt%). this converts to about

111.4 g of uranium per centimeter. In the case of the ceramic and

agglomerate core segments, a solid 6.35-cm-d1a right circular cylinder
3

having a density of 7.5 g/cm has a linear density of about 237.5 g/cm.

Using these linear densities, the masses of material within the umbra of

the detector's field of view, which Is 0.991-cm wide, are: (a) bulk

material of 21-rod fuel rod bundle. 163.1 g; (b) uranium In 18 fuel rods,

110.4 g; (c) ceramic and agglomerate segments. 235.4 g. The densities and

dimensions of the ceramic and agglomerate materials are assumed to be the

same.

The average radionuclide activities presented In Table 14 were

converted to concentrations by dividing by the corresponding sample masses

listed In the preceding paragraph. The results are presented In Table 15

and are plotted In Figure 20. The concentrations presented In Table 15 for

the fuel bundle are the average concentrations In the bulk material of the

fuel bundle, which is assumed to have a linear density of 164.6 g/cm. For

the purpose of comparison, the core average radionuclide concentrations

calculated using 0RIGEN2 are also presented in Table 15. The 0RIGEN2

results were calculated by dividing the calculated core radionuclide

Inventories by 1.295 EOS g. the total mass of materials In the active core

region Including the 4.81 E06 g of oxygen that Is estimated to have been

taken up during the oxidation of the fuel rod cladding. Average

radionuclide concentrations in the fuel 1n the core bore fuel bundles are

presented In Table 16. where the concentrations were calculated using a

uranium mass of 110.4 g, the calculated mass of uranium In the umbra of the

detector's field of view. The theoretical concentrations of radionuclides

In the fuel are also presented in Table 16. These latter results were

calculated by dividing the 0R1GEN? core radionuclide Inventories by

8.357 E07 g.4 the mass of uranium In the core at the time of the

accident. These results are plotted In Figure 21. The ratio of the

measured and theoretical concentrations are also given In Table 16 for each

radlonuc 1 Ide.
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TABLE 15. AVERAGE RADIONUCLIDE CONCENTRATIONS IN CORE MATERIALS COMPARED WITH

THEORETICAL CORE AVERAGE CONCENTRATIONS3

Concentirations (uC1/q)
Core

Material 134Cs 137Cs 60rCo 125Sb 106D
Ru

144
'"Ce

154,
Eu

Total

(CI)

ORIGEN20 1.41 E02 5.59 E03 NA 1.68 E02 2.11 E02 3.33 E02 4.16 E01 6.48 E03

Fuel bundle0 1.35 E02 6.19 E03 5.39 E01 9.20 E01 1.65 E02 2.76 E02 2.45 E01 6.94 E03

Ceramic ND 5.10 E01 2.95 E02 7.95 E02 1.14 E03 1.07 E02 1.14 E01 2.40 E03

Agglomerate 4.21 EOO 2.25 E02 3.02 E02 7.65 E02 1.70 E03 1.53 E02 1.70 E01 3.14 E03

a. All concentrations are decay-corrected to April 1, 1986.

b. Calculated using a core mass of 1.295 E08 g that Includes 4.81 E06 g of oxygen that Is estimated to have
been taken up during the oxidation of the zircaloy cladding.

c. Calculated assuming the core bore fuel bundles consist of 1 Instrument tube, 2 control rods, and 18 fuel
rods. Based on this composition, the mass of the fuel bundle within the umbra of the detector's field of
view Is 163.1 g.
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Figure 20 Average radionuclide concentrations In core materials compared

with theoretical core average concentrations.
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TABLE 16. COMPARISON OF MEASURED

CONCENTRATIONS

Concentration

Radio

nuclide Fuel Stack

13«Cs 1.99 E02

137Cs 9.14 E03

125Sb 1.35 E02

106Ru 2.45 E02

™*Ce 4.07 E02

15AEu 3.63 E01

a. Calculated using core uranium 1

THEORETICAL FUEL STACK RADIONUCLIDE

(uCI/g of uranium)

0RIGEN23 Ratio

2.19 E02 0.91

8.66 E03 1.06

2.60 E02 0.52

3.27 E02 0.75

5.16 E02 0.79

6.44 E01 0.56

entory of 8.357 E07 g.
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Figure 21. Comparison of measured and theoretical fuel stack radionuclide

concentrat Ions.
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The results presented In Table 15 show that, using the calculated mass

of material In the umbra of the detector's field of view, the measured

concentrations of radionuclides in the bulk material of the fuel bundles

generally agree quite well with the 0RIGEN2 results. The average measured

concentrations of 134Cs, 137Cs, 106Ru, and 144Ce In the fuel

bundles are, respectively, 135, 6190, 165, and 276 uCI/g, which all agree

to within about 20% of their corresponding 0RIGEN2 concentrations. The

concentrations of 125Sb and 154Eu in the bulk material of the fuel

bundles are, on the other hand, significantly lower than their 0RIGEN2

values. Their measured concentrations are 92.0 and 24.5 uC1/g,

respectively, while their concentrations determined using 0RIGEN2 are 168

125
and 41.6 uCl/g, respectively. Because Sb is both a fission product

154
and an activation product and Eu Is purely an activation product. It

Is probable that the 0RIGEN2 inventories of these two radionuclides are not

correct. The data Indicate that the 0RIGEN2 Inventories for these two

radionuclides are both too high by about a factor of two. The cumulative

concentration of the detected radionuclides In the fuel bundles Is

6940 uCI/g, which Is about 7% higher than the corresponding 0RIGEN2 value.

The results presented 1n Table 15 show that the concentrations of

137
Cs In the ceramic and agglomerate segments are, respectively, only

137
about 1% and 4% of the average Cs concentration In the bulk material

of the fuel bundles. The concentrations of Co, Sb, and Ru

are, on the other hand, between factors of 5 and 10 higher ln the

previously molten material than In the bulk material of the fuel bundles.

144 154
The concentrations of Ce and Eu In the ceramic segment are

between 40% and 50% of their respective average concentrations In the bulk

material of the core bore fuel bundles. The average concentrations of

these same radionuclides In the agglomerate segments are somewhat higher,

being between 55% and 70% of their respective average concentrations 1n the

fuel bundles.

The data presented In Table 16 show that, using the calculated mass of

uranium In the umbra of the detector's field of view, the measured average

radionuclide concentrations In the fuel In the fuel bundles generally agree
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quite well with similar 0RIGEN2 results. The only exceptions are Sb

and Eu; as was the case In the bulk material of the fuel bundles, the

measured concentrations of Sb and Eu in the fuel are only about

one-half of their corresponding ORIGIN.' concentrations.



5. OBSERVATIONS AND CONCLUSIONS

Principal observations made and conclusions determined from the

tographlc examinations and high-resolution gamma ray spectroscopy

surements performed on the nine core bore samples Include the following:

o The lengths of the fuel rods In the core bore samples as

determined from examinations of the photographs are: K-9, 0.5 m;

G-8, 0.65 m; 0-7, 0.76 m; D-8, 1.14 m; G-12, 1.19 m; N-12.

1.23 m; N-5, 1.25 m; D-4. 1.26 m; and 0-9, 1.66 m.

o The lengths of the fuel rods as determined from examinations of

the photographs of the core bore samples differ from the lengths

determined via the CCTV Inspections of the core bore holes. Five

of the core bore samples contained fuel rods that are shorter

than the lengths determined via the CCTV Inspections of their

core bore holes. The differences 1n length range from 5 cm for

core bore D-4 to 42 cm for core bore 0-7. The fuel rods In core

bore samples 0-9 and N-5 are, respectively, 48 and 6 cm longer

than their lengths determined via the CCTV Inspections of their

core bore holes.

o A number of core bore samples contained large-diameter ceramic

and/or agglomerate core segments. Ceramic core segments, each

about 7-cm long, were present in core bore samples K-9, D-8, and

G-12. Agglomerate core segments, from 8- to 13-cm long, were

present In core bore samples K-9, G-8, D-8, and 0-7.

o Ceramic and/or agglomerate fragments, ranging ln diameter from

0.6 to 5.1 cm, were present In most of the core bore samples.

134 137 144 154
o The average activities of Cs, Cs, Ce, and Eu

In undamaged regions of the fuel rod stacks removed from the

bottoms of the rods are reasonably constant throughout the core.

Excluding the data for core bore sample K-9, the average
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activities of these radionuclides in cross sections of the fuel

bundles are: 134Cs. 0.022 i 0.001 CI; 13/Cs. 1.01 t 0.04

CI; 144Ce. 0.045 i 0.001 CI; and 154Eu. 0.0040 i

0.0003 CI. The activities are corrected for sample

self -attenuation and are decay-corrected to April 1, 1986.

The average activities of Co, Ru, and
"

Sb In cross

sections of the fuel stacks (except K-9) are: Co. 0.009 t

0.003 CI. 106Ru. 0.027 i 0.004 CI; and 1?5Sb, 0.015 i

0.002 CI.

o The average activities of the previously mentioned radionuclides

In cross sections of the K-9 fuel bundle are typically one-half

their corresponding average activities In the other eight fuel

bundles.

, 134„ 137„ 106o . 144.
o The relative abundances of Cs. Cs. Ru, and Ce

In the fuel bundles agree quite well with their core average

relative abundances calculated using 0RIGEN2. This Indicates

that the Inventories of these radionuclides In undamaged regions

of the fuel bundles have not been appreciably depleted.

o The relative abundances of Sb and Eu In the same

regions of the fuel bundles are both about one-half their core

average relative abundances calculated using 0RIGEN2. Because

1?^Sb Is both a fission product and an activation product and

154Eu Is purely an activation product. 1t 1s plausible that the

0RIGEN2 results for these two radionuclides are not correct. The

results Indicate that the 0RIGEN2 core average Inventories for

these two radionuclides are both about a factor of two too high.

o In contrast to the results for the fuel bundles, the data

indicate that 106Ru. 1?5Sb. and 60Co are the dominant

activities In the majority of the ceramic and agglomerate

materials In the core bore samples.
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The measured activities and per cent of total measured activity

in a cross section of the ceramic segment In core bore K-9 for

106Ru, 125Sb, and 6°Co are: 106Ru, 0.27 CI and 47.5%;

125Sb, 0.19 C1 and 33.2%; and 60Co, 0.069 CI and 12.3%.

The average activities of 106Ru, 125Sb, and Co In cross

sections of the large-diameter agglomerate segments In core bore

samples 0-7 and D-8 are, respectively, 0.40, 0.18, and 0.071 CI.

These activities correspond to 54.1%, 24.3%, and 9.5% of the

average total activity In cross sections of the samples.

137
While the average Cs activity 1n cross sections of the fuel

bundles 1s 1.01 ± 0.04 CI, Its average activities In cross

sections of the ceramic and agglomerate core segments are only

0.012 and 0.052 CI, respectively. These activities correspond to

137
only 1.2% and 5.2% of the average Cs activity ln cross

sections of the fuel bundles.

The data Indicate that about 98% of the 137Cs originally
retained In the fuel that was assimilated Into the ceramic

material was lost from the ceramic material and that about 95% of

137
the original Inventory of Cs associated with the fuel in the

agglomerate material was lost from the agglomerate material.

Using the mass of material In the umbra of the detector's field

of view, the average concentrations of 134Cs, 137Cs, 106Ru,
and Ce In the bulk material of the fuel bundles are,

respectively, 135, 6190, 165, and 276 uCI/g. These

concentrations agree to within about 20% of their corresponding

core average concentrations calculated using 0RIGEN2.

The measured concentrations of 125Sb and 154Eu In the bulk

material of the fuel bundles are 92 and 24.5 uCl/g,

respectively. These values are both about a factor of two lower

than their corresponding core average concentrations calculated

using 0RIGEN2.
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o Using the mass of uranium In the umbra of the detector's field of

...

,
134. 137. 106.

view, the average concentrations of Cs. Cs, Ru.

and Ce In the fuel In the fuel bundles are, respectively.

199, 9100. 245. and 407 nCl/g uranium. These concentrations

agree to within 25% of similar values calculated using 0RIGEN2.

o The measured concentrations of Sb and Eu In the fuel In

the fuel bundles are. respectively, 135 and 36.3 yC1/g

uranium. These values are about one-half the corresponding

values calculated using 0RIGEN2.

137
o The results Indicate that the concentrations of Cs 1n the

large-diameter ceramic and agglomerate core segments are only
137

about 1% and 4% of the average Cs concentration In the bulk

material of the fuel bundles.

o The concentrations of Co, Sb. and Ru are. on the

other hand, factors of between 5 and 10 higher In the previously

molten material than In the bulk material of the fuel bundles.

Apparently these radionuclides have been concentrated In the

ceramic and agglomerate materials.

o The concentrations of Ce and Eu In the ceramic core

segment in core bore sample K-9 are between 40% and 50% of their

respective concentrations In the bulk material of the fuel

bundles. The average concentrations of these same radionuclides

ln the large-diameter agglomerate core segments are between 55%

and 70% of their respective average concentrations In the bulk

material of the fuel bundles.
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APPENDIX A

GAMMA RAY SPECTROMETER/SCANNER SYSTEM



 



APPENDIX A

GAMMA RAY SPECIROME TER/SCANNER SYSTEM

Detailed schematics of the gamma ray spectrometer/scanner system are

given as figures A-l through A-3.
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APPENDIX B

PHOTOGRAPHS OF CORE BORE SAMPLES
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APPENDIX B

PHOTOGRAPHS OF CORE BORE SAMPLES

The following photographs were taken of the nine TMI-2 core bore

samples after their arrival at the INEL (Figures B-l through B-9).
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Figure B-l. Photograph of core bore K-9.
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Figure B-2. Photograph of core bore G-8.
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Figure B-3. Photograph

B-6

of core bore 0-8.
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Figure B 4. Photograph of core bore G-12.
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Figure B-5. Photograph of core bore N-12.
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Figure B-6. Photograph of core bore 0-9.
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Figure B-7. Photograph of core bore 0-7.
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Figure B-8. Photograph of core bore N-5.
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Figure B-9. Photograph of core bore D-4.
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RADIONUCLIDE ACTIVITY PROFILES
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APPENDIX C

RADIONUCLIDE ACTIVITY PROF It ES

Radionuclide activity profiles for the nine THI-2 core bore samples

are presented ln Tables C-l through C-9.
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TABLE C-l. CORE BORE K-9 RADIONUCLIDE ACTIVITIES IN MICROCURIES (DECAY -CORRECTED TO 4/1/86)

Position3 mc, ,3,Cs 6°Co 110m.

ND

12£
'Sb

106.
Ru

144„
Ce

154c
Eu Total

124.5 NDD ND ND ND ND ND ND ND

121.9 ND ND ND ND ND ND ND ND ND

119.4 ND ND ND ND ND ND ND ND ND

116.8 ND ND ND ND ND ND ND ND ND

114.3 ND ND ND ND ND ND ND ND ND

111.8 ND ND ND ND ND ND ND ND ND

109.2 ND ND 2.40 EfOl ND ND ND ND ND 2.40 EfOl

106.7 3.66 EfOl 6.75 Ef02 4.57 Ef03 ND 5.60 Ef03 1.56 Ef04 ND 5.35 Ef02 3.34 Ef04

104.1 ND ND 9.80 EfOl ND ND ND ND ND 9.80 EfOl

101.6 ND 1.06 Ef02 1.72 Ef02 ND 1.24 Ef02 5.71 Ef02 2.06 Ef03 1.88 Ef02 3.30 Ef03

99.1 ND 3.71 Ef02 1.49 Ef03 ND 1.34 Ef03 6.09 Ef03 6.61 Ef03 4.12 Ef02 1.63 Ef04

96.5 ND 3.17 Ef03 1.28 Ef04 ND 4.58 Ef03 3.32 Ef04 1.82 Ef04 1.98 Ef03 6.34 Ef04

94.0 ND 5.76 Ef03 3.13 Ef04 ND 2.13 Ef04 1.02 Ef05 ND 1.98 Ef03 6:34 Ef04

91.4 ND 2.68 Ef03 2.72 Ef04 ND 2.37 Ef04 9.51 Ef04 1.22 Ef04 1.03 Ef03 1.68 Ef05

88.9 ND 2.33 Ef03 1.36 Ef04 ND 3.00 Ef04 4.93 Ef04 1.26 Ef04 1.00 Ef03 1.04 Ef05

86.4 5.64 EfOl 2.30 Ef03 1.88 Ef03 ND 2.10 Ef03 5.82 Ef03 1.04 Ef04 1.50 Ef03 2.42 Ef05

83.8 5.05 EfOl 1.68 Ef03 5.03 Ef02 ND ND ND 1.56 Ef04 1.73 Ef03 1.96 Ef05

81.3 6.46 EfOl 1.76 Df03 5.52 Ef02 ND ND ND 2.05 Ef04 1.59 Ef03 2.45 Ef04

78.7 ND 1.47 Ef03 8.30 Ef02 ND 1.50 Ef02 9.89 Ef02 2.08 Ef04 1.69 Ef03 2.59 Ef04

76.2 ND 1.22 Ef03 6.56 Ef02 ND ND ND 1.53 Ef04 1.56 Ef03 1.87 Ef04

73.7 ND 1.43 Ef03 1.69 Ef03 ND 4.76 Ef02 2.20 Ef03 1.56 Ef04 1.33 Ef03 2.27 Ef04

71.1 4.13 EfOl 1.42 Ef03 1.27 Ef03 ND 5.57 Ef02 1.89 Ef03 1.27 Ef04 1.11 Ef03 1.90 Ef04

68.6 4.96 EfOl 1.09 Ef03 7.88 Ef02 ND ND 1.02 Ef03 1.27 Ef04 1.21 Ef03 1.69 Ef04

66.0 5.37 EfOl 1.19 Ef03 2.44 Ef03 ND 1.03 Ef03 3.90 Ef03 1.78 Ef04 1.20 Ef03 2.76 Ef04

63.5 6.47 EfOl 1.86 Ef03 2.14 Ef03 ND 7.15 Ef02 2.67 Ef03 1.22 Ef04 1.31 Ef03 2.10 Ef04

61.0 1.49 Ef02 1.86 Ef03 2.90 Ef03 ND 1.47 Ef02 5.23 Ef03 1.51 Ef04 1.53 Ef03 3.01 Ef04

58.4 1.77 Ef02 6.15 Ef03 6.75 Ef03 ND 9.50 Ef03 1.78 Ef04 1.22 Ef04 1.21 Ef03 5.38 Ef04

55.9 1.72 Ef02 3.92 Ef03 7.81 Ef03 ND 8.35 Ef03 2.00 Ef04 9.37 Ef03 8.74 Ef02 5.05 Ef04

50.8 3.38 Ef02 8.19 Ef03 8.51 Ef03 ND 5.79 Ef03 1.93 Ef04 6.80 Ef03 1.03 Ef03 5.00 Ef04

48.3 3.18 Ef02 8.31 Ef03 5.76 Ef03 ND 3.45 Ef03 1.18 Ef04 1.22 Ef04 1.15 Ef03 4.30 Ef04

45.7 1.92 Ef03 5.93 Ef04 2.34 Ef04 ND 7.21 Ef03 4.33 Ef04 ND 1.22 Ef03 1.36 Ef05

43.2 3.30 Ef03 8.15 Ef04 2.17 Ef04 ND 7.01 Ef03 2.52 Ef04 9.84 Ef03 1.08 Ef03 1.50 Ef05

40.6 2.46 Ef03 7.96 Ef04 1.63 Ef04 ND 4.33 Ef03 ND 7.71 Ef03 8.29 Ef02 1.11 Ef05

38.1 6.89 Ef02 2.33 Ef04 9.71 Ef03 ND 2.76 Ef03 6.63 Ef03 ND 3.71 Ef02 4.35 Ef05



IABLE C-l. (CONTINUED)

Position
134.

Cs
137.

Cs
6C

1.81

'e.

[►03

110m.
Aq

ND 8.14 ff02

106oRu 144Ce

2.45 ff03

154.
Eu Total

35.6 5.72 E»02 1.80 1.04 1.37 (.03 1.32 Ef02 2.52 E.04

33.0 8.66 f»02 3.34 E f04 4.74 E»03 NO 1.96 Ef03 2.83 (.03 9.70 1 .03 3.42 Ef02 5.38 E .04

30.5 2.07 E»03 8.11 Ef04 5.61 E.03 ND 2.30 E f03 ND NO 5.82 [f02 9.17 E»04

27.9 2.83 E»03 1.03 Ef05 2.89 E f03 ND 1.11 E f03 6.91 E f03 ND 6.91 I .0? 1.17 E»05

25.4 4.03 E»03 1.46 Ef05 2.36 [f03 ND 1.00 Ef03 1.96 f .03 8.44 1 .03 8.25 Ef02 1.65 Ef04

22.9 4.35 E f03 1.64 Er05 5.40 Ef02 ND 5.11 Ef03 4.86 [♦03 2.12 1 .04 1.04 E.03 2.01 E»05

20.3 3.28 E»03 1.48 Ef05 1.72 1 .0? ND ND 6.12 E f03 ND 9.14 Ef02 1.58 Ef05

17.8 2.53 Ef03 1.25 E f05 4.67 Ef02 ND 8.93 Ef02 3.84 Ef03 4.51 Ef03 7.71 Ef02 1.38 Ef05

15.2 2.14 Ef03 1.12 E f05 2.35 E*02 ND ND 2.38 E»03 ND 7.56 Ef02 1.18 Ef05

12.7 1.91 E*03 1.07 E*05 4.95 U02 ND NO 2.31 E f03 ND 4.85 Ef02 1.12 Ef05

10.2 1.43 Ef03 9.50 E»04 3.28 E»02 ND 1.73 E*03 1.33 E»03 6.98 (.03 4 25 Ef02 1.07 Ef05

7.6 1.42 E*03 9.35 Ef04 6.70 Ef02 ND ND 3.37 Ef03 1.19 Ef04 2.04 Ef02 1.11 Ef05

5.1 1.10 Ef03 8.63 1*04 5.74 Ea02 ND 9.60 Ef02 3.77 (.03 1.10 [ .04 3.70 Ef02 1.04 E»05

2.5 8.83 E»02 8.50 E»04 5.60 Ef02 1.42 Ef02 7.08 Ef02 2.84 Ef03 1.14 (.04 2.75 Ef02 1.02 Ef05

0.0 6.60 Ef02 6.16 Ef04 2.89 Ef03 2.06 E»02 ND 1.24 Ef03 ND 6.73 EfOl 6.67 E*04

-2.5 ND 7.66 E f03 7.45 Ef04 ND ND NO ND ND 8.22 E»04

-5.1 ND ND 1.68 Ef05 ND ND ND ND ND 1.68 Ef05

-7.6 NO ND 4.29 Ef04 ND ND NO ND ND 4.29 Ef04

-10.2 NO 1.81 Ef03 5.49 Ef04 ND ND NO NO ND 5.67 E»04

-12.7 ND 8.76 EfOl 4.13 Ef02 1.11 Ef02 ND 4.20 Ef02 ND ND 1.03 Ef03

-15.2 ND ND 2.75 EfOl ND ND ND ND ND 2.75 EfOl

-17.8 ND ND 6.87 EfOO ND ND ND NO ND 6.87 £*00

a. Distance In centimeters from bottom of fuel stack.

b. ND--not detected.



TABLE C-2. CORE BORE G-8 RADIONUCLIDE ACTIVITIES IN MICROCURIES (DECAY-CORRECTED TO 4/1/86)

Position3 134Cs 137CS 60Co 110m.
Aq

NDb

125Sb
106-

Ru 144Ce
154^Eu Total

79.4 4.26 EfOl 1.36 Ef03 5.02 Ef02 ND ND 1.19 Ef04 1.09 Ef03 1.49 Ef04

69.2 1.17 Ef02 4.12 E-03 3.56 Ef02 ND 5.15 Ef02 3.23 Ef02 9.17 Ef03 8.83 Ef02 1.55 Ef04

59.1 ND 5.96 Ef02 4.95 Ef02 ND ND ND 1.37 Ef04 1.04 Ef03 1.58 Ef04

56.5 8.92 EfOl 3.11 Ef03 5.13 Ef02 ND ND ND 1.22 Ef04 9.55 Ef02 1.69 Ef04

54.0 1.37 Ef03 4.51 Ef04 8.89 Ef02 ND 6.30 Ef02 1.41 Ef03 1.37 Ef04 1.38 Ef03 6.45 Ef04

51.4 2.45 Ef03 7.65 Ef04 5.72 Ef03 ND 3.47 Ef03 ND 1.66 Ef04 9.13 Ef02 1.06 Ef05

48.9 3.19 Ef03 1.22 Ef05 4.24 Ef03 ND 1.92 Ef03 ND ND 9.65 Ef02 1.32 Ef05

46.4 4.60 Ef03 1.70 Ef05 1.80 Ef03 ND ND ND ND 1.40 Ef03 1.78 Ef05

43.8 5.08 Ef03 1.70 Ef05 1.51 Ef03 ND ND ND 1.83 Ef04 1.74 E+03 1.97 Ef05

41.3 5.29 Ef03 1.88 Ef05 1.04 Ef03 ND ND ND ND 1.56 Ef03 1.96 Ef05

38.7 5.98 Ef03 2.13 Ef05 4.66 Ef03 ND ND 5.04 Ef03 ND 1.21 Ef03 2.30 Ef05

26.0 4.75 Ef03 1.92 Ef05 9.91 Ef02 ND ND ND 1.46 Ef04 1.19 Ef03 2.15 Ef05

23.5 4.68 Ef03 1.94 Ef05 6.11 Ef02 ND 1.28 Ef03 6.50 EfOl 1.86 Ef04 1.17 Ef03 2.20 E+05

15.9 3.98 Ef03 1.83 Ef05 7.31 Ef02 ND ND ND 2.59 Ef04 7.72 Ef02 2.14 Ef05

8.3 1.87 Ef03 1.40 Ef05 7.39 Ef02 ND ND ND ND 5.99 Ef03 1.43 Ef05

0.6 ND 2.88 Ef04 5.95 Ef04 ND ND ND ND ND 8.83 Ef04

-7.0 ND 1.20 Ef04 5.63 Ef04 ND ND ND ND ND 6.83 Ef04

-12.1 ND ND ND ND ND ND ND ND ND

a. Distance In centimeters from bottom of fuel stack.

b. ND--not detected.



TABLE C-3. CORE BORE D-8 RADIONUCLIDE ACTIVITIES IN HICROCURIES (DECAY-CORRECTED TO 4/1/86)

Position*
134.

Cs
137.

Cs
6C

ND

■c.
110m.

Aq

ND

1?5Sb

ND

106.
Ru

ND

14''c.
15'•i. Total

165.1 NDD ND ND ND ND

162.6 4.54 E*02 4.26 Ef02 1.06 Ef03 ND 7.91 Ef03 4 59 [f03 ND ND 1.41 Ef04

154.9 ND NO ND ND ND ND ND ND ND

144.8 NO ND 2.30 U01 ND ND ND ND ND 2.30 C fOl

138.4 2.26 E fO? 3.94 E f03 1.55 1 .04 2.05 Ef04 1.83 1 .04 1.22 Ef05 2.39 f .04 2.18 E f03 2.07 Ef05

134.9 ND 1.48 Ef03 1.66 Ef03 NO 2.31 E f03 8.05 E f 03 1.08 1 .04 7.00 Ef02 2.50 Ef04

113.0 ND 9.26 EfOl 3.34 EfOl ND 7.52 EfOl 1.90 [f02 NO 3.50 EfOl 4.26 Ef02

101.6 4.86 Ef03 1.55 E f05 6.25 Ef02 ND 1.73 Ef03 6.96 E f03 7.48 Ef03 1.20 Ef03 1.78 £*05

96.5 9.62 Ef03 2.93 E f 05 8.58 Ef02 ND NO 3.31 [f03 2.75 Ef04 1.25 Ef03 3.36 Ef05

86.4 6.52 Ef03 1.87 E f05 1.81 Ef02 ND 1.74 Ef03 9.79 Ef03 2.48 E f04 1.86 E f03 2.32 Ef05

81.3 4.81 Ef03 1.50 Ef05 1.00 Ef02 ND 4.42 Ef02 1.04 Ef04 2.03 [f04 1.54 Ef03 1.88 Ef05

71.1 5.91 Ef03 1.73 [*05 2.89 Ef02 ND 9.18 Ef02 ND 1.70 Ff04 1.68 tf03 1.99 Ef05

55.0 3.18 Ef03 1.09 Ef05 3.05 Ef02 ND 5.22 Ef02 ND 1.66 E.04 1.14 Ef03 1.31 Ef05

50.8 1.30 Ef03 4.11 Ef04 5.48 Ef03 ND 2.67 Ef02 NO 1.02 Ef04 4.87 Ef02 5.88 Ef04

43.2 5.60 E*03 2.06 E fOS 1.14 Ef02 ND ND 5.93 [f03 2.23 E f 04 1.64 [f03 2.42 Ef05

5.1 5.81 Ef02 5.66 [»04 2.09 Ef02 NO 1.21 Ef03 ND 8.50 Ef03 2.92 Ef02 6.74 Ef04

-2.5 ND ND 5.10 Ef05 ND ND ND ND ND 5.10 Ef05

a. Distance In centimeters from bottom of fuel stack.

b. ND -not detected.



TABLE C-4. CORE BORE G-12 RADIONUCLIDE ACTIVITIES IN MICROCURIES (DECAY -CORRECTED TO 4/1/86)

Position3 134Cs 137Cs 60Co 110m,
Aq

NDD

125Sb
106.

Ru 144Ce
154.

Eu Total

152.4 2.03 Ef02 1.94 Ef03 2.09 Ef03 ND 2.52 Ef03 1.59 Ef04 9.22 Ef02 2.36 Ef04

147.3 1.09 Ef02 3.91 Ef03 5.80 Ef03 ND 4.95 Ef03 2.40 Ef04 1.46 Ef04 9.36 Ef02 5.43 Ef04

119.4 3.33 EfOl 1.22 Ef03 1.21 Ef03 ND 1.04 Ef02 8.35 Ef02 1.10 Ef04 8.91 Ef02 1.53 Ef04

109.2 3.93 EfOl 1.54 Ef03 1.42 Ef02 ND ND ND 1.10 Ef04 8.44 Ef02 1.36 Ef04

99.1 2.39 Ef03 7.94 Ef04 9.58 EfOl ND 1.81 Ef03 3.32 Ef03 7.25 Ef03 6.82 Ef02 9.49 Ef04

86.4 5.34 Ef03 1.69 Ef05 2.22 Ef02 ND ND 9.62 Ef03 1.76 Ef04 1.21 Ef03 2.03 Ef05

73.7 7.60 Ef03 2.41 Ef05 2.71 Ef02 ND 3.02 Ef03 ND 1.77 Ef04 1.74 Ef03 2.71 Ef05

71.1 6.42 Ef03 2.65 Ef05 4.52 Ef02 ND ND ND ND ND 2.72 Ef05

61.0 5.67 Ef03 1.79 Ef05 2.47 Ef02 ND 1.60 Ef03 8.62 Ef03 1.40 Ef04 1.55 Ef03 2.11 Ef05

50.8 4.23 Ef03 2.14 Ef05 ND ND ND ND ND ND 2.18 Ef05

43.2 6.52 Ef03 2.33 Ef05 ND ND 1.98 Ef03 ND 3.40 Ef04 1.41 Ef03 2.77 Ef05

33.0 5.39 Ef03 2.27 Ef05 ND ND ND ND ND 1.26 Ef03 2.34 Ef05

22.9 4.21 Ff03 1.87 EfOO 1.29 Ef02 ND 2.23 Ef03 8.70 Ef03 1.13 Ef04 1.07 Ef03 2.15 Ef05

10.2 2.36 Ef03 1.53 Ef05 7.68 EfOl ND ND 5.20 Ef02 1.14 Ef04 ND 1.67 Ef05

0.0 8.64 Ef02 1.03 Ef05 4.62 Ef02 ND 7.04 Ef02 ND 1.13 Ef04 3.13 Ef02 1.17 Ef05

-5.1 ND 7.45 Ef03 7.81 Ef04 ND ND ND ND ND 8.56 Ef04

-12.7 ND ND ND ND ND ND ND 9.70 EfOl 9.70 EfOl

a. Distance In centimeters from bottom of fuel stack.

b. ND -not detected.



TABLE C-5. CORE BORE N 12 RADIONUCLIDE ACTIVITIES IN MICROCURIES (DECAY -CORRf CUD TO 4/1/86)

Posit Ion
134.

Cs
137.

Cs
60.

Co

ND

110m.
Aq

ND ND

101

ND

b«„
14'
'Ce

IV

1m^ Total

113 7 N0b ND
ND ND ND

93 3 3 47 E f03 1.25 E.05 ND ND ND 7.51 [ .03 ND 8.17 E.02 1.37 E.05

85.7 4.55 [f03 1.63 E.05 ND NO ND ND 2.32 [.04 1.26 Ef03 1.92 Ef05

47.6 3.88 Ef03 1.80 E.05 ND ND ND ND 1.30 1 .04 1.33 Ef03 1.98 Ef05

32.4 4.28 Ef03 1.88 1.05 ND ND ND NO 2.94 E .04 1.10 tf03 2.23 E.05

27.3 3.44 Ef03 1.72 Ef05 ND ND ND NO 2.09 [.04 5.35 [f02 1.97 Ef05

22.2 2.33 Ef03 1.37 E.05 7.95 E.01 ND ND ND 1.91 f .04 6.39 Ef02 1.59 Ef05

14.6 1.34 E f03 1.04 Ef05 ND ND ND ND 1.80 [.04 3.78 Ef02 1.24 Ef05

9.5 8.43 E f 02 8.27 E.04 1.56 [.02 ND ND ND ND 2.66 E.02 8.40 Ef04

4.4 5.14 Ef02 6.01 f.04 1.91 E.02 ND 5.78 Ef02 3.82 ( .03 8.07 [f03 1.58 E.02 7.34 E.04

-0.6 ND 1.11 E.04 3.41 E.04 ND ND ND NO ND 4.52 E.04

-5.7 ND 2.49 E.03 5.08 E.04 ND ND NO ND ND 5.33 E.04

-10.8 3.20 EfOl 1.83 E.03 8.99 Ef02 ND ND ND ND ND 2.76 Ef03

-15.9 ND ND 9.91 EfOO ND NO ND ND ND 9.91 EfOO

-18.4 ND ND 8.96 EfOO ND ND ND ND ND 8.96 EfOO

-21.0 ND ND 1.04 EfOl ND ND ND ND ND 1.04 EfOl

-23.5 ND ND 1.40 E.01 ND ND ND ND ND 1.40 E.01

a. Distance In centimeters from bottom of fuel stack.

b. ND -not detected.



TABLE C-6. CORE BORE 0-9 RADIONUCLIDE ACTIVITIES IN MICROCURIES (DECAY -CORRECTED TO 4/1/86)

Position3 134Cs 137Cs 60Co 110m.„
Aq

ND

125Sb 106Ru 144Ce
154^Eu Total

113.7 NDD 8.47 EfOl ND ND ND ND ND 8.47 EfOl

109.9 ND 5.61 Ef02 1.57 Ef04 ND 3.28 Ef04 1.53 Ef05 ND 4.60 Ef03 2.07 Ef05

108.6 5.50 EfOl 1.30 Ef02 5.92 Ef03 ND 1.11 Ef04 5.27 Ef04 ND 1.72 Ef03 7.28 Ef04

103.5 3.76 Ef02 1.05 Ef04 3.16 EfOl ND 3.28 Ef02 4.30 Ef02 ND 1.06 Ef02 1.18 Ef04

95.9 9.05 Ef02 2.72 Ef04 2.91 EfOl ND 8.08 Ef02 1.59 Ef03 1.80 Ef03 2.83 Ef02 3.26 Ef04

94.6 9.33 Ef02 2.63 Ef04 2.52 EfOl ND 5.50 Ef02 1.72 Ef03 4.04 Ef03 2.77 Ef02 3.38 Ef04

85.7 5.46 Ff02 1.62 Ef04 2.84 EfOl ND 5.47 Ef02 2.18 Ef03 ND 1.68 Ef02 1.97 Ef04

78.1 1.59 Ef03 4.73 Ef04 7.14 EfOl ND 1.14 Ef03 ND 2.99 Ef03 5.16 Ef02 5.36 Ef04

71.8 3.92 Ef03 1.22 Ef05 2.18 Ef04 ND 2.06 Ef04 1.23 Ef05 ND 2.14 Ef03 2.93 Ef05

64.1 4.64 Ef03 1.38 Ef05 1.03 Ef02 ND ND 9.29 Ef03 5.72 Ef03 1.19 Ef03 1.59 Ef05

54.0 6.17 Ef03 2.10 Ef05 1.84 Ef03 ND ND ND ND 8.90 Ef02 2.19 Ef05

51.4 6.88 Ef03 2.35 Ef05 1.12 Ef04 ND ND ND ND 1.21 Ef03 2.54 Ef05

48.9 7.17 Ef03 2.38 Ef05 ND ND ND ND ND 1.77 Ef03 2.47 Ef05

46.4 7.26 Ef03 2.53 Ef05 ND ND ND ND ND 7.48 Ef02 2.61 Ef05

36.2 4.86 Ef03 1.84 Ef05 ND ND ND ND 3.02 Ef04 1.27 Ef03 2.20 Ef05

a. Distance ln centimeters from bottom of fuel stack.

b. ND—not detected.



1ABII C .7. CORE BORE 0-7 RADIONUCLIDE ACTIVITIES IN MICR0CUR1ES (DECAY-CORRECTED TO 4/1/86)

Position

161.3

132.1

128.3

1?4.5

95.3

72.4

62.2

52.1

47.0

34.3

21.6

14.0

2.5

-3.8

-6.4

-14.0

ND

134
Cs

NDb

ND

ND

1.07

ND

3.19

6.19

5.51

7.30

5.18

3.61

2.07

7.30

ND

ND

ND

E.02

[.02

E.01

E.03

[♦03

[.03

E.03

[.03

[.02

137
Cs

6.55

4.72

1.54

4.27

1.49

1.96

1.98

1.90

2.46

1.95

1.60

1.37

7.32

1.02

5.75

ND

[.00

[.02

[.01

E.03

[♦01

E.04

[♦03

[♦05

E.05

E.05

E.05

[♦05

E.04

[.04

[♦03

60
Co

3.09 [

2.86 [

2.80 I

8.86 [

ND

4.03 E

8.05 [

1.88 E

1.78 [

1.38 I

1.77 E

1.32 [

8.21 [

1.43 E

7.63 E

1.96 E

110m

Ag_

00 ND

04 ND

01 ND

03 1.59 EfOl

ND

04 ND

02 ND

04 ND

02 ND

02 ND

02 ND

02 ND

02 2.27 Ef02

05 ND

04 ND

01 ND

125
Sb

ND

4.00

1.09

1.63

ND

2.71

4.05

ND

1.91

ND

1.46

ND

4.57

ND

ND

ND

[♦04

[♦02

[♦04

[♦04

[♦02

E ♦ 03

I .03

[♦02

106
Ru

ND

2.84

2.39

6.90

ND

1.60

4.47

ND

1.17

8.54

1.31

3.30

2.26

ND

ND

ND

[♦05

[♦02

E»04

[♦05

[.02

[ .04

[ ^03

[♦04

[♦03

[♦03

144
Ce

ND

ND

ND

1.24

ND

1.09

5.64

ND

2.72

ND

2.05

1.74

1.04

ND

4.43

ND

I .03

[ .04

Ef02

E f 04

Ef04

f .04

( .04

Ef03

154

ND

7.50

ND

6.38

ND

8.66

3.69

5.25

1.71

1.39

9.53

6.39

2.28

ND

ND

ND

£♦03

[♦01

Ef02

EfOl

Ef02

[♦03

Ef03

Ef02

Ef02

[♦02

Total

9.65

3.61

3.91

9.99

1.49

59

30

15

98

10

2.01

1.61

8.83

1.53

9.41

1.96

♦ 00

f05

♦02

♦ 04

♦ 01

♦05

♦ 03

♦05

♦05

♦05

f05

f05

♦04

♦ 05

♦04

♦01

a. Distance In centimeters from bottom of fuel stack.

b. ND--not detected.



TABLE C-8. CORE BORE N-5 RADIONUCLIDE ACTIVITIES IN M1CROCURIES (DECAY -CORRECTED TO 4/1/86)

Position3 134Cs 137Cs 60Co Aq

ND

12!
'Sb

lOf
'Ru

144
Ce 154Eu Total

139.1 NDD ND 2.36 Ef03 1.65 Ef03 1.02 Ef04 ND 8.88 Ef03 2.31 Ef04

134.0 ND 7.68 EfOl 6.41 Ef03 ND 5.10 Ef03 2.98 Ef04 ND ND 4.14 Ef04

126.4 8.39 EfOl 2.74 E.03 7.46 Ef02 ND 6.02 Ef03 3.76 Ef03 1.30 Ef03 6.06 EfOl 1.47 Ef04

123.8 4.01 EfOl 1.51 Ef03 9.63 Ef02 ND 8.59 Ef03 7.44 Ef03 ND 8.99 Ef03 2.75 Ef04

121.3 7.41 EfOl 2.45 Ef03 2.76 Ef03 ND 1.89 Ef03 1.80 Ef04 ND 1.34 Ef04 3.86 Ef04

118.7 7.49 Ef02 3.25 E.04 1.04 Ef04 ND 1.00 Ef04 6.50 Ef04 ND 1.22 Ef03 1.19 Ef05

113.7 7.77 EfOl 3.49 Ef03 2.81 Ef03 ND 3.10 Ef03 1.74 Ef04 ND 3.35 Ef02 2.72 Ef04

111.1 3.51 Ef02 6.13 Ef03 4.05 EfOl ND 4.66 E.03 ND ND 1.44 Ef02 1.13 Ef04

106.0 3.34 Ef03 1.29 Ef05 5.29 Ef03 ND ND ND ND 1.08 Ef03 1.39 Ef05

95.9 7.49 Ef03 2.67 Ef05 ND ND 1.31 Ef03 ND ND 1.83 Ef03 2.78 Ef05

88.3 4.86 Ef03 2.32 Ef05 ND ND ND ND ND ND 2.37 Ef05

78.1 5.30 Ef03 1.81 Ef05 3.89 EfOl ND 1.42 Ef03 1.29 Ef04 2.59 Ef04 1.65 Ef03 2.28 Ef05

70.5 5.54 Ef03 2.25 Ef05 1.60 Ef04 ND 2.34 Ef03 ND 2.50 Ef04 1.06 Ef03 2.75 Ef07

62.9 6.16 Ef03 2.19 Ef05 ND ND ND ND ND 1.64 Ef03 2.27 E*05

52.7 5.54 Ef03 2.25 Ef05 1.60 Ef04 ND 8.25 Ef04 1.56 Ef04 ND 1.06 Ef03 3.46 Ef05

45.1 5.08 Ef03 2.15 Ef05 ND ND 1.49 Ef03 ND 1.01 Ef04 1.23 E*03 2.33 Ef05

37.5 4.38 Ef03 2.04 Ef05 ND ND ND ND ND ND 2.08 Ef05

23.5 3.62 Ef03 1.85 Ef05 2.17 Ef02 ND ND ND 1.20 Ef04 9.40 Ef03 2.02 Ef05

17.1 2.41 Ef03 1.57 Ef05 2.64 Ef02 ND ND ND ND ND 1.60 Ef05

9.5 1.34 E.03 1.14 Ef05 2.13 Ef02 ND ND ND 1.57 Ef04 4.69 Ef02 1.32 Ef05

-0.6 ND 2.49 Ef04 1.41 Ef04 ND 1.12 Ef03 ND ND ND 4.01 Ef04

-4.4 ND 4.75 Ef03 7.55 Ef04 ND ND ND ND ND 8.03 Ef04

-8.3 ND 3.23 Ef03 5.29 Ef04 ND ND ND ND ND 5.61 Ef04

-15.9 ND ND ND ND ND ND ND ND ND

a. Distance ln centimeters from bottom of fuel stack.

b. ND—not detected.



TABLE C-9. CORE BORE D 4 RADIONUCLIDE ACT IV] T If S IN MICROCURIES (DECAY -CORRECT* D TO 4/1/86)

a 134,. 137r 60. llOnr

Position Cs Cs Co

ND

M.

148.0 NDb 7.69 E»01 ND

142.9 ND 1.69 E f 0? 1.35 U04 ND

140.3 ND 5.67 t ^02 1.34 U04 2.16 (^04

137.8 ND 5.61 [^02 1.31 E ♦ 04 NO

135.3 ND 3.34 E.01 1.14 1 .04 NO

132.7 ND 1.04 E.02 3.13 [^03 ND

117.5 NO 8.80 [♦Ol 9.58 E f00 ND

114.9 3.67 E.01 1.09 E f03 1.27 EfOl ND

112.4 1.79 Ef02 6.18 E f03 ?.04 E f02 ND

109.9 2.99 [^03 1.19 E»05 1.08 [^03 NO

102.2 6.40 Ef03 2.11 [^05 2.26 E fO? ND

99.7 6.09 E f03 2.16 E *05 ND ND

97.2 3.84 E f03 1.37 E f05 ND ND

90.8 5.64 Ef03 1.80 E.05 1.10 E f02 ND

81.9 7.37 Ef03 2.59 E f 05 3.50 E f02 ND

78.9 7.17 E ♦ 03 2.46 E f05 ND ND

71.8 8.41 E *03 3.09 Ef05 ND ND

57.8 3.76 Ef03 1.35 [^05 3.88 E .0? ND

38.7 4.80 Ef03 2.10 [f05 ND ND

-4.4 ND 1.34 E f04 7.66 E f04 ND

-34.9 8.05 Ef02 2.48 E f04 4.68 U02 ND

a. Distance In centimeters from bottom of fuel stack

b. ND--not detected.

.__Ce

NO ND ND ND 7.69 EfOl

2 60 1 .04 1.32 [f05 NO 3.63 [♦03 1.75 Ef05

2.54 [♦04 9.49 [♦04 ND 1.92 [♦03 1.58 ff05

2.50 [♦04 8.93 [♦04 NO 1.92 [♦03 1.30 [.05

1.87 [♦04 5.24 [.04 NO 6.23 [♦02 8.32 Ef04

8 17 [♦03 9.92 [♦03 NO ND 2.13 U04

ND ND ND ND 9.76 [♦Ol

ND ND ND ND 1.14 E f03

2.76 [♦02 ND NO ND 6.84 E.03

8.25 [♦02 1.08 [♦04 6.86 [♦03 9.95 [ .02 1.43 ff05

9.27 [♦02 1.18 [♦04 ?.56 E f04 1.72 [♦03 2.58 E fOS

6.39 [♦02 ND 2.79 Ef04 1.09 [♦03 2.52 E.05

ND ND 1.97 E f04 7.08 [f02 1.61 Ef05

6.08 [f02 7.29 [♦03 2.56 E.04 1.48 [f03 2.21 E f05

1.50 Ef03 ND 3.19 f .04 2.05 Ef03 3.02 €f05

1.86 [f03 1.36 1 .04 5.29 Ef03 1.84 E *03 2.76 E f05

ND ND 2.13 E .04 2.48 E f03 3.41 Ef05

8.92 Ef02 6.53 Ef03 1.89 E.04 1.02 E.03 1.66 Ef05

1.86 Ef03 ND 2.46 Ef04 1.19 E.03 2.42 Ef05

ND ND NO ND 9.00 E f04

ND 6.94 [♦03 2.44 [f04 1.89 Ef03 5.93 E.04



 



APPENDIX D

NORMALIZED RADIONUCLIDE ACTIVITY PROFILES
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APPENDIX 0

NORMALIZED RADIONUCLIDE ACTIVITY PROFILES

Normalized radionuclide activity profiles for the nine THI-2 core bore

samples are presented In Tables D-l through D-9.
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CORE BORE K-9 NORMALIZED ACTIVITIES

Normalized Activity

Position" "'Cs "wRu Cs

124.5 NAC NA NA

121.9 NA NA NA

119.4 NA NA NA

116.8 NA NA NA

114.3 NA NA NA

111.8 NA NA NA

109.2 NA NA NA

106.7 1.26 EfOO 2.92 EfOl NA

104.1 NA NA NA

101.6 5.64 E-01 3.04 EfOO 1.10 EfOl

99.1 9.01 E-01 1.48 EfOl 1.60 EfOl

96.5 1.60 EfOO 1.68 EfOl 9.19 EfOO

94.0 4.11 EfOO 7.27 EfOl ERR

91.4 2.60 EfOO 9.23 EfOl 1.18 EfOl

88.9 2.32 EfOO 4.91 EfOl 1.26 EfOl

86.4 1.53 EfOO 3.87 EfOO 6.91 EfOO

83.8 9.70 E-01 NA 9.00 EfOO

81.3 1.10 EfOO NA 1.29 EfOl

78.7 8.72 E-01 5.87 E-01 1.24 EfOl

76.2 7.86 E-01 NA 9.83 EfOO

73.7 1.07 EfOO 1.65 EfOO 1.17 EfOl

71.1 1.28 EfOO 1.70 EfOO 1.14 EfOl

68.6 9.01 E-01 8.43 E-01 1.05 EfOl

66.0 9.92 E-01 3.26 EfOO 1.49 EfOl

63.5 1.43 EfOO 2.04 EfOO 9.33 EfOO

61.0 2.45 EfOO 3.42 EfOO 9.85 EfOO

58.4 5.08 EfOO 1.47 EfOl 1.01 EfOl

55.9 4.49 EfOO 2.29 EfOl 1.07 EfOl

50.8 7.93 EfOO 1.87 EfOl 6.58 EfOO

48.3 7.22 EfOO 1.02 EfOl 1.06 EfOl
45.7 4.86 EfOl 3.55 EfOl NA

40.6 9.60 EfOl NA 9.30 EfOO
38.1 6.28 EfOl 1.79 EfOl NA

35.6 1.18 Ef02 9.01 EfOO 1.61 EfOl

33.0 9.77 EfOl 8.28 EfOO 2.84 EfOl

30.5 1.39 Ef02 NA NA

27.9 1.49 Ef02 9.99 EfOO NA

25.4 1.77 Ef02 2.37 EfOO 1.02 EfOl

22.9 1.58 Ef02 4.67 EfOO 2.04 EfOl
20.3 1.61 Ef02 6.70 EfOO NA

17.8 1.62 Ef02 4.97 EfOO 5.85 EfOO
15.2 1.49 Ef02 3.15 EfOO NA
12.7 2.20 Ef02 4.77 EfOO NA

10.2 2.24 Ef02 3.13 EfOO 1.64 EfOl
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TABLE D-l. (CONT1NUE0)

Normalized Activity3

Position5 137c s 106DRu

1.65 EfOl

144.
Cs

7.6 4.58 E ♦02 5.80 EfOl

5.1 2.33 E ♦02 1.02 EfOl 2.97 EfOl

2.5 3.09 E ♦02 1.03 EfOO 4.15 EfOl

0.0 9.15 E ♦02 1.84 EfOl NA

-2.5 NA NA NA

-5.1 NA NA NA

-7.6 NA NA NA

-10.2 NA NA NA

-12.7 NA NA NA

-15.2 NA NA NA

-17.8 NA NA NA

a. Ratio of activity of radionuclide to activity of 154Eu.

b. Distance In centimeters from bottom of fuel stack.

c. NA--act1v1ty ratio not determined.
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TABLE D-2. CORE BORE G-8 NORMALIZED ACTIVITIES

a

Normalized Activity

. ... b 137- 106. 144„
Position Cs Ku Cs

79.4 1.25 EfOO NAC 1.09 EfOl

69.2 4.67 EfOO 3.66 E-01 1.04 EfOl

59.1 5.73 E-01 NA 1.32 EfOl

54.0 3.27 EfOl 1.03 EfOO 9.96 EfOO

51.4 8.38 EfOl NA 1.82 EfOl

48.9 1.27 Ef02 NA NA

46.4 1.21 Ef02 NA NA

43.8 9.78 EfOl NA 1.05 EfOl

41.3 1.21 Ef02 NA NA

38.7 1.77 Ef02 4.16 EfOO NA

26.0 1.62 Ef02 NA 1.23 EfOl

23.5 1.66 Ef02 5.58 E-02 1.59 EfOl

15.9 2.37 Ef02 NA 3.35 EfOl

8.3 2.34 Ef02 NA NA

0.6 NA NA NA

-7.0 NA NA NA

-12.1 NA NA NA

a. Ratio of activity of radionuclide to activity of 154Eu.

b. Distance In centimeters from bottom of fuel stack.

c. NA-actlvlty ratio not determined.
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TABLE D-3. CORE BORE 0 8 NORMALI/fD ACIIVIIIES

Normal 1 zed Ac t 1 vlty

Position5 137.
Cs

106.
Ru

144r
Cs

165.1 NA( NA NA

162.6 NA NA NA

154.9 NA NA NA

144.8 NA NA NA

138.4 1.80 [♦00 5.57 E *01 1.09 EfOl

134.9 2.12 EfOO 1.15 £♦01 1.54 EfOl
113.0 ?.65 £♦00 5.42 E ♦ 00 NA

101.6 1.29 [♦02 5.82 EfOO 6.26 EfOO

96.5 2.35 [♦02 2.65 EfOO 2.20 E f 01
86.4 1.00 [♦00 5.27 E ♦ 00 1.34 £ fOl

71.1 1.03 [♦02 NA 1.02 £^01

55.9 9.55 [♦01 NA 1.45 E *01

50.8 8.44 [♦01 NA 2.09 E fOl

43.2 1.26 [♦02 3.62 EfOO 1.36 E *01

5.1 1.94 [♦02 NA 2.91 EfOl

-2.5 NA NA NA

a. Ratio of activity of radionuclide to activity of 154Eu.

b. Distance In centimeters from bottom of fuel stack.

c. NA -activity ratio not determined.



TABLE D-4. CORE BORE G-12 NORMALIZED ACTIVITIES

a

Normalized Activity

Position5 137Cs 106Ru U4Cs

152.4 2.10 EfOO 2.74 EfOO 1.72 EfOl

147.3 4.18 EfOO 2.56 EfOl 1.56 EfOl

119.4 1.37 EfOO 9.37 E-01 1.24 EfOl

109.2 1.82 EfOO NAC 1.30 EfOl

99.1 1.16 Ef02 4.86 EfOO 1.06 EfOl

86.4 1.40 Ef02 7.96 EfOO 1.46 EfOl

73.7 1.39 Ef02 NA 1.02 EfOl

71.1 NA NA NA

61.0 1.16 Ef02 5.56 EfOO 9.06 EfOO

50.8 NA NA NA

43.2 1.66 Ef02 NA 2.42 EfOl

33.0 1.80 Ef02 NA NA

22.9 1.75 Ef02 8.13 EfOO 1.06 EfOl

10.2 NA NA NA

0.0 3.28 Ef02 NA 3.61 EfOl

-5.1 NA NA NA

-12.7 NA NA NA

a. Ratio of activity of radionuclide to activity of 154Eu.

b. Distance In centimeters from bottom of fuel stack.

c. NA -activity ratio not determined.
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TABLE D-5. CORE BORE N-K1 NORMALIZED AC 1 1 V 1 1 IE S

Normalized Activity3

b 13iL 106- 144„
Position Cs Ku Cs

113.7 NAC NA NA

93.3 1.53 Ef02 9.20 EfOO NA

85.7 1.29 Ef02 NA 1.84 EfOl

47.6 1.35 Ef02 NA 9.78 EfOO

32.4 1.71 [♦02 NA 2.68 EfOl

27.3 3.21 £♦02 NA 3.90 E fOl

22.2 2.15 [♦02 NA 3.00 EfOl

14.6 2.74 [♦02 NA 4.75 EfOl

9.5 3.11 E f02 NA NA

4.4 3.80 £♦02 2.42 EfOl 5.10 EfOl

-0.6 NA NA NA

-5.7 NA NA NA

-10.8 NA NA NA

-15.9 NA NA NA

-18.4 NA NA NA

-21.0 NA NA NA

-23.5 NA NA NA

a. Ratio of activity of radionuclide to activity of 154Eu.

b. Distance In centimeters from bottom of fuel stack.

c. NA -activity ratio not determined.
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TABLE D-6. CORE BORE 0-9 NORMALIZED ACTIVITIES

Normalized Actl'

106_

vltY3

b 137- 144

Position Cs KU

113.7 NAC NA NA

109.9 1.22 E-01 3.32 EfOl NA

108.6 7.60 E-01 3.07 EfOl NA

103.5 9.92 EfOl 4.06 EfOO NA

95.9 9.60 EfOl 5.61 EfOO 6.35 EfOO

94.6 9.49 EfOl 6.20 EfOO 1.46 EfOl

85.7 9.62 EfOl 1.30 EfOl NA

78.1 9.16 EfOl NA 5.78 EfOO

71.8 5.69 EfOl 5.75 EfOl NA

64.1 1.16 Ef02 7.82 EfOO 4.82 EfOO

54.0 2.35 Ef02 NA NA

51.4 1.94 Ef02 NA NA

48.9 1.35 Ef02 NA NA

46.4 3.39 Ef02 NA NA

36.2 1.45 Ef02 NA 2.39 EfOl

a. Ratio of activity of radionuclide to activity of 154Eu.

b. Distance In centimeters from bottom of fuel stack.

c. NA--act1v1ty ratio not determined.
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TABLE 0-7. CORE BORE 0-7 NORMALIZED ACTIVITIES

a

Normalized Activity

b 13; f 106. 144,.
Position Cs Ru Cs

161.3 NAC NA NA

132.1 6.32 E-02 3.78 EfOl NA

128.3 NA NA NA

124.5 6.69 E fOl 1.08 E f03 1.95 EfOl

95.3 NA NA NA

72.4 2.26 £♦01 1.84 Ef02 1.26 EfOl

62.2 5.37 EfOl 1.21 EfOl 1.53 EfOl

52.1 3.63 E.02 NA NA

47.0 1.44 E f02 6.85 EfOO 1.59 EfOl

34.3 1.40 £♦02 6.13 EfOO NA

21.6 1.67 Ef02 1.37 EfOl 2.15 EfOl

14.0 2.14 Ef02 5.16 EfOO 2.71 EfOl

2.5 3.21 Ef02 9.89 EfOO 4.56 EfOl

-3.8 NA NA NA

-6.4 NA NA NA

-14.0 NA NA NA

a. Ratio of activity of radionuclide to activity of 154[u.

b. Distance In centimeters from bottom of fuel stack.

c. NA-actlvlty ratio not determined.
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TABLE D-8. CORE BORE N-5 NORMALIZED ACTIVITIES

Normalized Activity

Position5 137CS 106RU 144Cs

139.1 NAC 1.15 EfOO NA

134.0 NA NA NA

126.4 4.52 EfOl 6.20 EfOl 2.15 EfOl

123.8 1.68 E-01 8.27 E-01 NA

121.3 1.83 E-01 1.35 EfOO NA

118.7 2.67 EfOl 5.34 EfOl NA
113.7 1.04 EfOl 5.18 EfOl NA

111.1 4.25 EfOl NA NA

106.0 1.19 Ef02 NA NA

95.9 1.46 Ef02 NA NA

88.3 NA NA NA

78.1 1.10 Ef02 7.85 EfOO 1.57 EfOl
70.5 2.13 Ef02 NA 2.36 EfOl
62.9 1.33 Ef02 NA NA
52.7 2.13 Ef02 1.47 EfOl NA
45.1 1.75 Ef02 NA 8.24 EfOO
37.5 NA NA NA
23.5 1.96 Ef02 NA 1.28 EfOl
17.1 NA NA NA
9.5 2.43 Ef02 NA 3.35 EfOl
-0.6 NA NA NA
-4.4 NA NA NA
-8.3 NA NA NA
-15.9 NA NA NA

a. Ratio of activity of radionuclide to activity of 15*Eu.

b. Distance ln centimeters from bottom of fuel stack.

c. NA-actlvlty ratio not determined.
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TABLE 0-9. CORE BORE 0 4 NORMALIZED ACTIVIUES

Normalized Activity3

. ... b 13 L 106 144,
Position Cs Ru Cs

148.0 NAf NA NA

142.9 4.66 E-02 3.64 EfOl NA

140.3 2.95 E-01 4.94 EfOl NA

137.8 2.92 E-01 4.65 EfOl NA

135.3 5.37 E-02 8.41 EfOl NA

132.7 NA NA NA

117.5 NA NA NA

114.9 NA NA NA

112.4 NA NA NA

109.9 1.20 Ef02 1.09 EfOl 6.90 EfOO

102.2 1.22 £♦02 6.84 EfOO 1.48 EfOl

99.7 1.98 £♦02 NA 2.55 EfOl

97.2 1.93 £♦02 NA 2.78 EfOl

90.8 1.22 £♦02 4.93 EfOO 1.73 EfOl

81.9 1.26 Ef02 NA 1.55 EfOl

78.9 1.34 £♦02 7.40 EfOO 2.88 EfOO

71.8 1.25 £♦02 NA 8.58 EfOO

57.8 1.33 Ef02 6.41 EfOO 1.86 EfOl

38.7 1.77 Ef02 NA 2.07 EfOl

4.4 NA NA NA

-34.9 1.31 EfOl 3.68 EfOO 1.29 EfOl

a. Ratio of activity of radionuclide to activity of 154Eu.

b. Distance In centimeters from bottom of fuel stack.

c. NA-actlvlty ratio not determined.
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