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FOREWORD 

The Shippingport Atomic Power Station located in Shippingport, Pennsylvania 

was the first large-scale, central-station nuclear power plant in the United 

States and the first plant of s~ch size in the world operated solely to produce 

electric power. This program was started in 1953 to confirm the practical 

application of nuclear power for large-scale electric power generation. It has 

provided much of the technology being used for design and operation of the com­

mercial, central-station nuclear power plants now in use. 

S~bsequent to development and successful operation of the Pressurized 

Water Reactor in the DOE-owned reactor plant at the Shippingport Atomic Power 

Station, the Atomic Energy Commission in 1965 undertook a research and develop­

ment program to design and build a Light Water Breeder Reactor core for opera­

tion in the Shippingport Station. 

The objective of the Light Water Breeder Reactor (LWBR) program has been 

to develop a technology that would significantly improve the utilization of the 

nation's nuclear fuel resources employing the well-established water reactor 

technology. To achieve this objective, work has been directed toward analysis, 

design, component tests, and fabrication of a water-cooled, thorium oxide fuel 

cycle breeder reactor for installation and operation at the Shippingport Station. 

The LWBR core started operation in the Shippingport Station in the Fall of 1977 

and is expected to be operated for about 3 to 4 years. At the end of this 

period, the core will be removed and the spent fuel shipped to the Naval Reac­

tors Expended Core Facility for a detailed examination to verify core performance 

including an evaluation of breeding charact.eristics. 

In 1976, with fabrication of the Shippingport LWBR core nearinr; completion, 

the Energy Research and Development Administration established the Advanced 

Water Breeder Applications (AWBA) program to develop and disseminate technical 

information which would assist U. S. industry in evaluatinr.: the LWBR concept fot· 

commercial-scale applications~ The program will explore some of the proble.mf~ 

that would be faced by industry in adapting technoloe;y confirmed in the LWBR 

program. Information to be dev.eloped includes concepts for commercial-~;cale 

prebreeder cores which.would produce uranium-233 for lir;ht water breeder cores 

while producing electric power, improvements for breeder cores based on the 

technology developed to fabricate and operate the Shippinp;port LHBR core, and 

other information and technology to aid in evaluatinr; colTIJ1'lercial-r;cale application 

of the LWBR concept. 
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FOREWORD (Cont) 

· All three devt:ilopment proe;rams (Pressurized Water Reactor, Lie;ht Water 

Breeder Reactor, and Advanced Water Breeder Applications) have been administered 

by "the Division of Nav~i Reactors. with the goal of developing practical improve­

ments in' the uti1i.zation of nuclear fuel resources for generation of electrical 
- . . - . . 

energy using water-cooled nuclear reactors. 

Technical information developed under the. Shippingport, LWBR, and AWBA 

programs has been and will continue to be published in technical memoranda, one 

of which is this present re·port . 

. , .. 
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This report describes the use·of a delayedneutron pel­
let assay gage to determine nondestructively the fis~ 
sile content of fuel pellets during the manufacture 
of the Light Water Breeder Reactor (LWBR) core. The 
gage· characteristics are described including the nature 
of the calibration curves and the gage sensitivities 
to pellet parameters .. Statistical methods .are derived 
for.analyzing the data to obtain the mean weight per­
cent of t9tal uranium in each blend of fuel material 
a·s well as the loading precis~on of each fuel rod .. 
The fissile loading of each fuel rod was determined 
to better than 0.25% at the 2cr level, and the fissile 
content of eight fuel compositions in the LWBR core 
was obtained to better than 0.1%. Use of this gage 
and the data analysis methods de,scribed in this report 
reduced the need for destructive .chemical analysis of 
fuel pellets ·by a· factor of two. 

THE NONDESTRUCTIVE ASSAY OF U02-Th02 FUEL PELLETS 
USING THE DELAYED NEUTRON PELLET ASSAY GAGE 

(LWBR Development Program) 

C. J. Emert, S. Milani, and W. J .. Beggs 

I. INTRODUCTION 

_The Light Water Breeder Reactor ( LWBR) has a seed-blanket core configuration 

using 233u as the fissile fuel and thori urn as the fertile fuel. The core con­

sists· of an inner region containing 12 movable seed assemblies, each surrounded 

by a bl'anket assembly, and· an outer region containing 15 reflector modules. Con­

tained in the core are three different diameter 233uo
2

-Tho
2 

binary fuel pellets 

and four different diameter Th0
2 

reflector fuel pellets. The binary pellets were 

manufactured in a total of eight fuel types with six significantly different 

weight percents of total uranium. .Tables lA and lB present the physical attributes 

and isotopic compositions of these pellets. For binary pellet fabrication, a 

specified amount 9f uranium oxide was mixed with thorium oxide powder. The com­

bined mixture was called a blend. There were approximately 900 blends produced 

during bin~ry fuel pellet manufacture. 

To ev~luate the ability of the LWBR core to meet its design objective of 

breeding, it is necessary to determine accurately both the beginning-of-life and 

end-of-life inventory of fis9ile material in the fuel. The delayed neutron peiiet 

assay gage was developed to provide an instrument of high precision which could 
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-TABLE lA. LWBR 2~3uo2-Th02 PELLET PHYSICAL ATTRIBUTES* 

Pellet Description 

Low zone seed 

High zone seed 

Low standard blanket 

Medium standard blanket 

High standard,blanket 

Low power flattening 
hl HnkP.t. 

Medium power flattening 
blanket 

High power flattening 
blanket 

Weight 
(gm) 

3.502 

4. 8"64 

17.161 

28.147 

25.482 

19.191 

Length 
(em) 

1.1285 

l. 5618 

l. 3480 

2.2047 

1.9949 

l. 9959 

1.7810 

Diameter 
(em) 

0.6401 

0.6401 

l. 2967 

l. 2967 

l. 2967 

l,- 19:::>5 

1.1925 

1.19213 

Densit~ 
(gm/cm ) 

9. 804 

9. 795 

9.872 

9.807 

9.827 

9- Bl 7 

9.820 

9.1312 

Nominal 
**w/o Tu 

4. 408 

5.285 

1.234 

1.695 

2.038 

],.6131 

2.044 

2. 791 

*Averages of delayed neutron gage sample pellets from blends used in the LWBR 
core. 

**Percent of pellet weight contributed by Tu (total uranium). 

TABLE lB. NOMINAL ISOTOPIC COMPOSITION* 

Pellet Description ::!55u :254u ::!3)u ::!56u :258u 

Low zone seed 98.299 1.294 0.083 0.019 o. 305_ 

High zone seed 98.367 1.275 o.o6Q 0.014 0,-275 

Low standard blanket 98.303 1.329 0.088 0.024 0.254 

Medium standard blanket 98.319 1. 306 0.081 0.020 0.273 

Hie;h standard blanket 913.254 1.354 0.107 0.031 0.254 

Low power flattening 
bl~;~.nkP.t 98. 310 1.319 0.086 0.022 0.263 

Me di urn power flattening 
blanket 98.210 l. 372 0.119 0.035 o. 265· 

High power flattening 
blanket 98. o4o 1.243 0.097 0.026 0 .. 593 

*Percent of uranium by weight. Data are averages of sample peliets which were 
analyzed by mass· spectroscopy and ;represent blends used in the LWBR core. 
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determine nondestructively the fuel content and macroscopic homogeneity of fuel 

pellets manufactured for·the LWBR core. The use of this gage during manufacturing 

operations resulted in a reduction by a factor of two in the amount of chemical 

assay that was required, and its use improved the precision of the fissile fuel 

analysis. 

There were two main requirements that the delayed neutron pellet assay gage 

had to satisfy. First, the gage together with the concurrent chemical analysis 

had to provide the fissile loading of each fuel rod with a precision of 0.25% at 

the 2cr level. This fuel rod loading precision was chosen to support the 0.1% 

precision at the 2cr level needed in each of the eight fu~l zones (Tables lA and 

lB) to evaluate the core against its breeding objective. The fuel rod loading 

precision requirement was met by assaying one pellet at a time with a random 

sample of 20 pellets per blend in a prescribed sequence with the delayed neutron 

pell~t assay gage and 5 of these 20 pellets by chemistry. The 20 pellets repre­

sented the 1,000 to 5,000 pellets from each blend which were used in the core. 

The prescribed sequence for gage assay included repetitions of the 20 pellets 

and other pellets used to calibrate and standardize the gage operation. As a 

corollary to the precision requirement, the gage assay yielded an estimate of the 

pellet-to-pellet variability of the uranium content. 

The second main requirement which the gage had to satisfy was to support 

the schedule of pellet manufacturing and core assembly. The assay of a blend by 

the gage and by chemistry ha.d to be complete before fuel rods containing that 

biend could be used to construct a seed or blanket assembly. This requirement 

was met by the gage without compromising the precision requirement by assaying 

ahout 1-l/2 blends per eight ... hour shift. 

In attaining the required precision, it was desired to minimize the amount 

of chemical analysis performed because of the significant cost and time required 

for chemical analysis. The gage with 20 samples per blend had better precision 

than chemistry with 5 samples per blend. Without the gage, the chemistry effort 

would have at least doubled to obtain the same precision as the combination of 

gage and chemi::dny. 

Delayed neutron assay of samples containing fissile material has been suc­

cessfully used in the past for a variety of applicatiOhS (References 1 ~nd 2). 

The basic technique uses a source of neutrons to induce fissions in a sample that 
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contains fissile fuel. Delayed neutrons that result from fission. product decay 

are· subsequently emitted from the sample. The number of delayed neutrons emitted 

depends upon the· number of'- fissions that occurred and hence upon the amount of 

fissile· fuel in the sample. Early e·xperiments (Reference 3) were conducted to 

test the feasibility of constructing a high precision fuel pellet assay device. 

The outcome of these experiments identified possible problem areas. One of the 

problems was the inefficiency of manual gage operation, and this was resolved 

through automation. Another problem, corrosion of the main structural pipe in 

the gage, was solved by use of sufficiently heavy stock. High background counts, 

ca~sed by the neutron sources used as part of the gA.ge, were reduced by distance 

and shield material. The design of the delayed neutron pellet assay gage suc­

cessfully solved these problems, as discussed in subsequent sections. In addition, 

equ?tions for the statistical analysis of the gage error and the combination of 

gage and chemistry results are presented. 

Prior to routine operation of the gage, it was necessary to obtain a calibra­

tion curve of counts per gram of pellet versus the weight percent of uranium in 

the pellet for each of the three diameters of fuel pellets. This was done by 

determining the response of the gage for 30 randomly selected pellets from one 

"calibration blend" for each fuel type and then performing chemical analysis on 

20 of these pellets. The remaining 10 :pellets were called "retainer samples". 

The gage response was sensitive to variations in diam~ter, length, and density of 

the pellets, and corrections were made using measured sensi ti vi ties. The cor­

rected data were least squares fitted to a quadratic function to obtain the 

calibrati9n curve and its associated error. 

For subsequent blends 20 pellets per blend were measured in the gage, 

together with retainer samples from the calibration blend, to obtain a gage value 

of the blend uranium weight percent and the pellet-to-pellet variability in the 

weight .percent. Five of these 20 pellets were subsequently chemically analyzed. 

The gage ~nd chemistry ,re~ul ts were combined to obtain a maximl,lill likelihood esti-· 

mate of the blend mean weight percent of total uranium. This value plus the 
~ • t'. • : . • ~ - • . • • • 

weight of the pellets from that blend which were loaded into a fuel rod were used 

to obtain the contribution of that blend to the fuel rod loading. For each of 

the fuel -rods· contained in the LWBR 'cOre, the rod loading precision was· calculated 

to be 0.25%'or-better at the 95% confidence level. 

4 
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Section II provides a brief description of the gage, and Section III describes 

the operation and data reduction methods. Results of the gage' sensitivity studies 

are presented in Section IV. Section V describes the methods used to obtain the 

calibration curves and a statistical derivation of the calibration error. Sec-

tion VI presents the method used to obtain the gage value of the blend weight 

percent and the statistical methods derived to obtain its error. In Section VII, 

the method used to combine the gage and chemistry values and the derivation of 

the maximum likelihood estimator of the blend mean are presented. Also the method 

of obtaining the error on the mean is derived. Conclusions are presented in 

Section VIII. 

II. DESCRIPTION OF THE GAGE 

The essential features of the delayed neutron pellet assay gage are shown 

in Figure l. They consisted of a 19,000 liter shield tank, two large neutron 

sources and six 3He neutron detectors located in the tank, a glove box for handling 

and encapsulating the fuel pellets, and a means ·Of sample transport. The shield 

tank, which was outdoors and filled with water, was thermally insulated and elec­

trically heated to maintain a controlled, uniform temperature. An aluminum pipe, 

15.2 em in diameter, extended the length of the tank and penetrated the building 

wall. Within this pipe were water extended polyester cylinders into which two 

5 mg 252cf spontaneous fission neutron sources and six ~e detectors were inserted. 

The neutron sources were located near the middle of the tank, and the detectors 

were located near one end of the tank. The 3He detectors were chosen because of 

their high thermal neutron sensitivity. 

The encapsulated sample was transported on an 8.5 meter cog timing belt 

dri van by a stepping motor. 'T'hP sA.mpl P. was trans:ported from a glove box located 

inside of the building to a position near the detectors to obtain a background 

count. At the completion of the background count, the sample was transported 

close to the sources for irradiation and then subsequently back to the count posi­

tion. After the completion of the delayed neutron count, the sample was returned 

to the glove box. The sample was transported at speeds of 60 em per second inside 

a 4.4 em x 10.2 em O.D. rectangular aluminum tube within the 15.2 em diameter 

pipe. The sample remained in the irradiation position and in the count position 

the same length of time. Although the count and irradiation times were initially 

100 seconds, they were reduced later to 50 seconds for most of the fuel pellet 

assays. 

5 
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Figure 1. LWBR Pellet Assay Gage 

Several problems were overcome during the development of the gage. The cen­

tral alwninurn pipe whi.ch extends through the shield tank is an anodized pipe 

about 6 meters long with 0.64 em wall thickness. This relatively heavY stock 

was used to overcome corrosion of the pipe. Similarly, rubber 0-rings were used 

to complete the seal where the central aluminum pipe passes through the iron ends 

oi' the shield tank. 'l'his avoided corrosion due to the diss.imilar metals. 

High detector count rates due to source neutrons diffusing through the shield 

tank water were avoided by keeping the sources and detectors about 2-l/2 meters 

apart. A 76 em long lucite bar was made to follow behind the sample holder and 

was always between the sources and detectors. The bar.scattered source neutrons 

streaming down the open channel within which the sample was transported. 

Reference 3 contains a detailed description of the construction of the gage 

and of the electronics. Two modifications were incorporated into the gage design 

after Reference 3 was published. The first modification was to incorporate an 

automatic sample changer into the gage operation. The sample changer duplicated 

the manner in which a blend of pellets was manually processed through the gage. 

Each blend contained 20 pellets to be assayed by the gage. The automatic sample 
. . . 

changer could accommodate 20 pellets from each of three blends in a single load-

ing. In addition to the blend samples, the changer could also accommodate three 

retainer samples· from the calibration. ·experiment and a high count rate standard. 
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Retainer samples were used for normalization purposes, while the. high count rate 

standard was used to correct the data for drifts in the electronics. High count 

rates provided good statistical precision in a short time. A regular blanket-
235 235 . . sized uo2-Th02 pellet containing 1.5 grams of U was used as the h~gh count 

rate standard. 

To ensure that the changer had operated properly, several counters were 

used to monitor different aspects of the changer operation. One counter advanced 

each time the changer would step from one pellet position to the next position. 

This counter had a provision to preset the number of steps that would be required 

for the entire assay. When the number of steps advanced reached the preset 

value, the counter would terminate the operation of the gage. A second counter 

was used to indicate the number of blends that were assayed, i.e., one, two, or 

three. This counter was useful in determining the status of the changer operation. 

The second modification was to incorporate a minor change into the output 

data format of a teletype scanner. The function of this unit was to accept the 

delayed neutron count at the end of a preset count time and to transmit this 

information to a teletype terminal where it was printed and also punched onto 

paper tape. To preclude the operator from entering arbitrary count data onto 

the teletype, the output of each line of data from the scanner was concluded with 

a coded character which could not be entered from the teletype keyboard. This 

character was subsequently acknowledged by the analytical code that interpreted 

the count data fro"m the gage. If the coded character was missing, an appropriate 

message was printed to alert the data reduction personnel of a possible error. 

III. GAGE OPERATION 

A. Summary. 

A summary of the typical sequence of events governing the operation of the 

gage is as follows. After the weight, length, and diameter of the pellets from 

the blend to be assayed were determined, they were placed into cylindrical 

Zircaloy capsules and then loaded into the automatic sample changer. The sample 

holder attached to the timing belt was checked to make sure that the starting 

position was correct, the counting channels. were checked for proper operation, 

the sample changer was s~t for the correct number of operations to be performed 

based upon the number of samples to be assayed, and all counters and stepping 

relays were reset to their initial conditions. Depressing the "start" switch 
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loaded the first sample into the sample holder attached to the timing belt and 

started the automatic sequencing of the gage. For each sample, a background and 

delayed neutron count were obtained. All of the counts were accumulated for the 

same period of time, i.e., 50 seconds. After the completion of the delayed 

neutron count, the sample was returned to the glove box and the counting cycle 

was repeated for the next sample. At the completion of the selected number of 

pellet operations, the changer automatically stopped the assay. The samples 

were then removed from the automatic changer and returned to their containers. 

This summarizes a typical operating sequence for the gage. Each of the steps 

outlined above will now be considered in greater detail. 

B. Initial Data 

Each pellet was inspected for proper identification symbols pressed into 

the top and bottom of the pellet during manufacture, the pellet length and diam­

eter were measured, and it was weighed. The dimensions were recorded to the 

nearest 0.00025 em, and the weights were recorded to the nearest 0.1 milligram. 

The identification of the pellets to be assayed, the capsules into which 

these pellets were loaded, and the position of these capsules in the automatic 

sample changer were recorded. The identities of special retainer samples that 

were used to normalize the data to the calibration experi~~nt were also rec9rded 

along with the identity of a high count rate standard. The proper position of 

the sample holder attached to the timing belt was determined by the use of a gage 

block. 

C. Operational Checks 

A daily statistical check was performed for each of two counting channels. 

Each channel totaled the counts from three of the ~e detectors. The check con­

sisted of counting the background 10 times on each channel with a pellet of the 

type to be assayed located in the background· count position. The average back­

ground count and its standard deviation were calculated for each channel. The 

observed standard deviation was required to be within the range 0.302 a~ s 

~ 1.644 a, where a was taken to be the square root of the average background count. 

These unbiased s-chart control limits were obtained from Reference 4. If this 

check was unsatisfactory, which might for e~ample indicate excessive noise or 

the missing of counts, then it was repeated two additional times. If the latter 

two checks were satisfactory, indicating that the previous result was a chance 
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fluctuation, then operations could proceed .. If either one of the latter two 

checks was not satisfactory, then operations ~ere suspended pending resolution 

of the problem . 

Checks were also made on the background counts obtained during the assay of 

each blend. Limits were established which required that the background count be 

within ±4.433 cr. The factor 4.433 is the 95%/99% tolerance value. The 20 pellets 

from the blend were reassayed if more than two background counts exceeded these 

limits. 

The 20 pe~lets per blend that were assayed by the gage were counted three 

times each. Three counts were the minimum number of counts which could be used 

to determine statistically if an outlier existed in any of the pellet count data. 

The method used to detect and replace outliers in the data is outlined in the 

Appendix. (An outlier is defined as an observation far removed from the main 

body of the data. ) 

D. - Counting Method 

The assay gage samples were counted in the following.manner. The first sam­

ple changer position contained a high count rate standard. The assay of this 

pellet, designated STDA, produced a large delayed neutron count, i.e. , 

500,000 counts or more. STDA was counted before and after each block of 10 pel­

lets from the blend being assayed. The purpose of counting this pellet was to 

provide ·a way to correct the count data for any possible drift that might occur 

during the counting of a single blend as a result of room temperature changes, 

changes in the electric line voltage, etc. The next three sample changer loca­

tions were used fpr retainer pellets. The retainer samples were fuel pellets 

from the· calibration blend. 

The retainer pellets were recounted after each block of 10 pellets from the 

blend being assayed. The retainer pellets provided the means by which the data 

from the blend being assayed could be normalized to the calibration experiment. 

The next 20 locations were reserved for pellets from the first blend to be 

assayed. The changer could accommodate 20 pellets from each of three blends. 

Depressing the start switch initiated the sample analysis by loading STDA 

into ttH:! SaiHJ,Jl~ l1ulJ~r attllehcd to the timinc; beJ t.. 'T'hP. pP.lJ.et was then trans­

ported to the background count position. At the completion of the background 
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cormting interval (50 seconds), STDA was then moved to the irradiate position 
252 . . . f . near the Cf sources. At the completlon o the 50 second irradiatlon time, a 

cormt was printed for each channel. This irradiate cormt was not used directly 

in the.analysis of the data; however, it was of interest because it did not vary 

greatly from pellet to pellet, and it was useful in diagnosing problems in the 

gage data. At the completion of the irradiation time, STDA was returned to the 

counting position and the induced delayed neutron count was obtained. It required 

four seconds to travel from the irradiate position to the cormting position.. At 

the completion of the delayed neutron count, STDA was returned to the glove box 

position where it was ejected from the sample holder and loaded back into the 

automat~ c sample changer. The sample chan~er then a.(lvanced to the fir~t :re1;1;!,iner 

pellet and the same assay sequence was repeated. The next two retai.ner samples 

and the first 10 pellets of the blend were th~n assayed. After the tenth blend 

pellet, STDA and the three retainer pellets were cormted again. Following the 

counting of the retainer pellets, samples 11 through 20 of the bl.en'd were a~;>sayed. 

At the completion of pellet 20, STDA and the three retainer pe:).lets were cormted 

f"or the third time. The entire assay sequence, STDA, Rl, R2, R3, Pellets 1 

through 10, STDA, Rl, R2, R3, Pellets 11 through 20, STDA, Rl, R2, R3, was 

repeated three times for each blend of pellets to be assayed. At the completion 

of the first blend of 20 pellets, a,nd if the assay were to continue, the sample 

changer advanced to the second blend of 20 samples and proceeded with the same 

order of pellet counting as for the first blend of samples. At the completion 

of the desired number of assays, the changer automatically stopped the gage 

operation. 

The as~ay gage operator, prior to unloading the samples from the sample 

changer, would check to see that the gage had operated properly. Items checked 

included seeing that the changer had ind,exed th,e correct number of steps, t.ba.t. 

the changer had stopped at the correct position, and that the counter indicated 

the correct number of unknown blends of pellets that were to be assayed. The 

teletype output was checked for abnormal data and the position of the sample 

holder was again checked with the gage block to see tha.t it. had not .changed. If 

the above i terns were satisfactory, then the samples that were assayed we:r.e unloaded 

from the s·a.mple changer, removed from their capsules and placed back into their 
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storage container. The identity of each pellet was retained throughout the han­

dling operations. Successful completion of the above checks was indicated on the 

sample changer lua.ding form. 

E. Performance Checks 

Three checks were used to assure that the gage was performing properly. The 

first check required that the average relative bias between the gage and the 

destructive chemical analysis for 25 pellets be less than 0.15%. The 25 pellets 

were the first five pellets of each blend for the first five blends following the 

calibration blend. The second check required that the difference between the 

gage and chemistry estimates of the weight percent of total uranium for a given 

blend be no greater than a specified limit. This· limit was somewhat different 

for each blend that was analyzed because it took into account the experimental 

uncertainty in both the chemistry data and in the assay gage data. The third 

check required that if the sign of the difference between the gage and chemistry 

results were the same for nine blends in a row, then an average bias correction 

would be applied to the gage data based upon the average bias of these nine blends. 

The basis for these checks is developed in Section VII. 

F. Operating History 

Over 19,000 pellets were processed through the gage during the period of 

2.7 years that the gage was used for production pellet assay. Prior to the start 

of production assay, preliminary measurements were conducted for a period of 

approximately one year. The normalization of the count.rate data using the 

retainer samples takes into account the effect of decay of the 252cf source 

strength. The neutron sources were replaced midway through the period of usage. 

Throughout the entire period of use, the electronics performed well. The 

sample transport mechanism, consisting of the stepping motor, indexer, and cog 

timing belt, performed flawlessly throughout the entire assay period. There was 

a minimal amount of system downtime, the longest period being a week required 

for the installation of the automatic sample changer. 

IV. GAGE SENSITIVITIES TO PHYSICAL PARAMETERS 

The s ensi ti vi ties of the gage response, in terms of counts per gram of pellet, 

to variations in gage parameters and pellet attributes we:re measured..· The use uf 

retainer pellets to normalize the results to the calibration blend eliminated any 

ll 



bias .. due t<? gage_.par_ameter variations, so that the gage parameter sensitivities 

were not directly ·used in the calculations. The gage parameter sensi ti vi ties 

were used to judge their own importance and thereby influenced the design of the 

gage. The pellet attribute sensitivities, on the other hand, were used directly 

in adjustments of the data. The results of the sensi ti vi ty studies are given in 

the'."following ··se'ctions. 

A. Effect of Variations in Pellet Positionin~ 

. 'I'he effects of variations in pellet positioning at the detector and ·source 

irradiation lGcations were measured. Figures 2 and 3 show the change in response 

when the pell.et locatic~ms were varied by 5 or 10 steps at a time in the vicinity 

of the- source- and dE;:tector lo~at.ions, respectively. The arrows in Figures 2 and 

3 show th~. positions where the pellet was placed for irradiation and for count­

ing. Each step represents a 0.0805 em displacement of the pellet. The sensitivity 

to positioning at .the source location was 0.011% change in sample counts per step 

or 0.138% change in Saffi9le countR pP.r rm nisplRcement of the pellet. At the 

~etector location, the sensitivity was 0.095% per step or 1.181% per em of 

displacement. 

B. Temperature Effects 

The change in response of the gage with room temperature was measured as the 

room temperature increased from ?l. 7°C to 26." l °C. A proportional temperature 

controller was used to maintain a stable discriminator and preamplifier ambient 

temperature dUring these tests. A linear least squares fit to these points gives 

a sensitivity of"+O.l03% ·change in response per degree Celsius. A second set of 

data was obtained on a ~ifferent day covering the interval 23. 9°r. t.o ?7. 5°C. The 

sensitivity determined from thes!= data was +0.095% r.hane;e in response per degree 

Celsius. 

2. Instrument Temperature SP.nsitivity 

a. The preamplifier temperature sensitivity was observed to be +0.047% 

per degree Celsius in the range of 21.2°C to 25.0°C. This effect was measured 

by. heating the- preamp -electrically wit[! the preamp temper_ature controller dis­

abled, V[hile maintaining th_~ remainder of the system. at constant temperature. 
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b. The discriminator temperature sensitivity was determined to be 0.155% 

per degree Celsius in the range of 20 ... 6°C to 25.4°C. This sensitivity was measured 

with the proportional temperature·· controller on the discriminator disabled. 

_3. Tank Temperature Effects 

The temperature of the water in the shield tank was observed to affect the 

res.ults. This sens·~~ivi ty was measured by repeat measurements of retainer pellets 

over a 5. 6°C range of water temperatures. The results yielded a sensitivity of 
~' 

0.14% per degree Celsius. To minimize this effect, heating elements and provi-

si~n for water circulation were added to the tank so that temperature fluctuations 

could b~,"'-controlled to within a few degrees. 

C. Effect of Variability in Pellet Dimensions and Density 

.. : The sensitivities to pellet length, diameter, and density were measured. 

Sensiti.v.ities me.a.swed using .235u pellets were compared in a. few cases with those 

usin·g: 233u pellets·: ···'These measurements confirmed the theory that if adjustments 

were made .fo. take itrtd account th'e relative neutron absorption in the pellets' 
235 233 . the sensitivity measur.ed using U data could be used for U pelle-cs. The 

following types of fuel pellet materials were used to evaluate the effects of 

pellet dimensions, density, and isotope on the gage resporise. 

Composition 

'1' 1.99 w/o U* in UO')-ThO') 
(Uranium enriched to 93~14% 
235u) 

1. 99 w/o Tu in U02-Th02 · 
(Uranium enrichPd to 93.14% 
235u) 

4. 39 w/o Tp in U02-Th02: 
(Uranium enriched to 97.96% 
233u, 0.216% 235u) 

5.52 w/o Tu in uu2-ThU. 
(Uranium enriched to 9~.-51% 
233u, o.629% 235u) 

Diametel" 
Range (em) 

o. 640-l. 339 

0. 640-l. 339 

u. 6:3'( 

Length 
Range (em) 

1.118-2. 540 

1.118-2. 540 

1.130 

0.889-l.Cl54 

*Throughout this report, Tu is the symbol used for total uranium. 

14 

'l'heoretical 
Density (%) 

94.00 

97.80 

97.01 

95.63 



1. Diameter Sensitivity 

Figure 4 summarizes the sensitivity of the gage to pellet diameter as a 

function of pellet length for diameter sizes covering the diameter range from 

seed to standard blanket· size pellets. These curves were obtained using the 
T . 

1.99 w/o U, low density pellets (94 percent of theoretical density) which were 

precision ground to specified lengths and diameters. Prior to precision grind­

ing, these pellets were selected from a group of 50 blanket pellets which had 
. . 

been previously examined with the pellet assay gage. The gage measurements showed 

that this group of pellets was very homogeneous, having a standard deviation of 

approximately 0.08% in counts per gram after taking into account length, diameter, 

and density effects but including the gage error. Using an estimate of the gage 

error of 0.05% based on other data ~mplies a pellet-to-pellet variability of 

approximately 0.06%. Since the variations observed in the diameter sensitivity 

measurements were large compared with the pellet-to-pellet variability, the 

results accurately reflect the effect~ of changes in the diameter. The diameter 

sensitivity.was negative, i.e., the larger the diameter the smaller the counts 

per gram of pellet. 
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2. Length Sensitivity 

Figure 5 .ggo'!s the pellet length sensitivity of the gage as a function of 

pellet length. Results showing the effect of diameter on length sens iti vi ty are 

also included. These measurements were obtained from precision ground pellets 

taken from the same group of 50 L 99 w /o TU pellets described in the previous 

section. The sign of these sensitivities is also negative. 

3. Density Sensitivity 

Figures 6 and 7 show the effect of length and diameter on the density sensi­

tivity which is defined as the percent change in counts/gram of pellet per per­

cent change in pellet density. The sign of the density sensitivity is also 
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negative. These data were obtained using preclSJ.-On ground pellets from the same 

group of 50 low density pellets plus additional 1.99 w/o TU precision ground pel­

lets made from the same powder lot as the low density pellets but which were 

sintered to 97.8% instead of 94% of theoretical density. The theoretical density 

for these pellets is 10.023 grams per cubic centimeter. Pellet gage measurements 

of other high density pellets from the same lot used to make the high density 

precision ground pellets gave a standard deviation of approximately 0.04%; indi­

cating good homogeneity of pellets from this lot. 

The data show greater scatter than was observed in previous sensitivity mea­

surements. This may be due to the. higher error associated wi tl). the smaller dif­

ferences in response observed between pairs of·samples. The res1,1lts indicate 

that the density sensitivity increased with the increasing peliet diameter and 

pellet length although the scatter in the data obscures some of the effects. 

4. Chip Sensitivity 

Chip sensitivity measurements were performed using the low density standard 
. , T 

blanket size pellets of 1.99 w/o U. For a chip representing a 1.12% change in 

the pellet volume, the change in the counts per gram of pellet increased by 0.21%. 

Similarly, a chip corresponding to 5.2% of the pellet volvme increased the counts 

per gram of pellet by 1.52%. The average effect is (0.24% 6y/y/% 6v/v) where y 

is the counts per gram and v is the pellet volume. These data were not used 

directly in calculations; they were only for information. To use these results 

with other pellet types, the data must be corrected for relative weight percent, 

absorption cross secti<;:m, and for the slope of the calibration curve. 

5. Relative 233u and 235u Sensitivity Response 

Most of the sensitivities were measured with 235u pellets, since 233u pellets 

were not availab;Le. When 233u seed pellets became available, the diamet·.er and 

length sensitivities were measured and compared with the values obtained from 
T 233 the 1.99· w/o: U pe-llets. The data showed that the sensitivities for tpe U 

-~·~~-

pellets differed from the JJU data. The difference for the same diameter pel-

let is believed to be due primarily to the difference in the macroscopic absorp­

tion cross sections of the two types of pellets. 

The diameter sensitivity of seed size binary preproduction 233u pellets of 

4.39 w/o TU was obtained by using normal diameter pellets and 10 similar pellets 



which were· ground undersize. This resulted in a diameter sensitivity of -(3.2 

± 0.6)%/rnm at an average diameter of 0.6 em. For the low density 235u pellets 

having 1.99 w/o TU, a comparable sensitivity is -(1.7 ± 0.3)%/mm. Here the ratio 

of the sensitivities (1.9 ± 0.5) is approximately equal to the ratio of the macro­

scopic absorption cross sections of the fissile materials (2.0). 

The counts per gram as a function of length for 233u pellets having 5.52 w/o 

TU and a 0.637 em diameter were measured. The length sensitivity for 1.27 em 

long pellets was observed to be -(0.39 ± 0.08)%/mm. This is to be compared to 

-(0.25 ± 0.04)%/mm for the 235u pellets. The ratio of sensitivities (1.6 ± 0.4) 

is within two standard deviations of the ratio of the macroscopic absorption 

cross sections (2.4). 

For pellets of a given diameter, sensitivities measured with 235u pellets 

were applied to the 233u pel~ets by first correcting for the difference in the 

macroscopic cross sections. 

6. Chamfer Sensitivity 

The sensitivity of the seed pellet response to a change in 45-degree pellet 

chamfer was measured to be 1.1% and 0.6% change in the counts per gram of pellet 

per mm change in pellet chamfer for the low zone and the high zone seed pellets, 

respectively. These sensitivities were determined from measurements of the 

counts per gram of pellet both before and after chamfers were applied to the same 

set of pellets. 

_v. CALIBRATION ·cURVE 

A. Determination of the Calibration Curves 

A separate calibration curve was calculated for each of the eight types of 

pellet, or pellet compositions, given in Tables lA and lB. Each calibration 

curve consisted of a weighted least-squares quadratic fit of the counts per gram 

of pellet to the pellet weight percent of total uranium. To construct a typical 

t:>R!:ihr-Ht.inn r11rvA for any one composition~ de:tt;~. for calibration blends from three 

compositions were included in order to cover a range of weight percent of.total 

uranium. The two compositions in the calibration curve, other than the one for 

which the curve was being generated, served to determine the slope of the fitted 

curve near the composition of interest (calibrating composition). Twenty pellets 

per composition for each of the three compositions were used and each pellet was 

counted five times. 
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The data. for the two compositions in the calibration curve other than the 

calibrating composition were adjusted for any differences in length, diameter, 

and density to those of the calibrating composition. The length adjustment 

was made, for example, because the pellets of different compositions had differ­

ent pellet lengths and.the gage was sensitive to changes in the pellet length. 

The diruneter adjustment was small because only pellet types with the same nominal 

diameter were used in a given calibration curve. 

Typical calibration curves for the seed and standard blanket pellets are 

shown in Figures 8 and 9. For the calibration curves of the low zone compositions 

for each nominal diameter of pellet, thoria pellets were assayed to provide the 

third composition? i.e. ? zero weight percent o:t' tota.l uranl urn. t:ach point on the 

figures represents a cluster of' ~0 pellets for non-zero w/o 'l'U or a cl11ster o:f 

10 or fewer pellets of thoria. During the initial manufacturing operations, pel­

lets of all compositions were not available. Therefore, pellets produced during 

preproduction manufacturing operations were used in the calibration curves. 

A typical gage calibration experiment consisted of assaying each of 30 pel­

lets from a single blend five times. Twenty of the 30 pellets assayed by the 

gage were also analyzed by chemistry. Of the 10 remaining pellets, typically 

three were selected to be used as retainer samples. These retainer samples were 

counted every.time a blend of pellets of unknown weight percent uranium, but whose 

composition was nominally the same as the pellets of the calibrating composition, 

was assayed by the gage. The ratio of the counts produced by the retainer sam­

p.les at the time a blend of' pellets was assayed to the counts produced during 

the calibration experiment was the factor used to normalize the blend data to the 

calibration experiment. 

'l'able ~ summarizes the calibration curve data for each composition of fuel 

pellet. Also given are typical values of the percentage standard deviation in 

the w/o of TU from the calibration curve. The method used to obtain the calibra­

tion curve error is derived in the following section. 

B .. Calibration Curve Error Analysis 

The model chosen to calibrate· the counts/ gram of pellet, as determined by 

the de'layed neutron pellet assay gage, to the w/o total uranium, as determined 

by chemistry, is 
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TABLE 2 .. SUMMARY OF CALIBRATION CURVE DATA 

Fitted Quadratic Coefficients* Typical 

Composition al a2 a3 ·a 
cal (%) 

Low zone seed 242.646 4361.77 -135.256 0.0390 

High zone seed 274.471 4843.55 -156.651 0.0468 

Low standard blanket 382.072 608].63 -294.987 0.0364 

Medium standard blanket 622.189 11147:30 -828.603 0.0288 

High stannH:rd blanket 857.995 3219.26 '-74.038 0.0]47 

Low power flattening 
blo.nket 249.YY::> 3551.70 -184~860 0.0312 

Medium power flattening 
blanket 1023.640 2802.78 -8.140 0.0329 

High power flattening 
blanket -210.262 4047.40 -316.451 0.0312 

*y = a1 + a2x + a3x2 where x is the w/o of Tu in the pellet and y is the counts 
per gram of pellet in the prescribed counting period. 

where 

E 

yij =the jth counts/gram reading fnr. the ith pellet, 

xi = is the w/o of TU in the ith Tuo2-Th02 pellet, obtained from 

chemistry,· 

y ij 
€ x. 

l 

=constants to be determined.· 

=the error involved in the nhsP:rvation of yij~ o.nd 

= the error in the w/o value obtCL.i.ned by chemistry. 

The counts per gram were corrected for har:-ke;round counts. 1\lco out,l :i.c:r::J w~J-1:'­

replnced by a bounda:r·y value using the method discussed in the Appendix. 

The equation may be rewr:itten as 
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where the total error contribution is 

e: 
0 .. 
lJ 

e: 
X. 

l 

2 assuming e: is sufficiently small that it may be ignored, i.e., 
Xi 

and x. is' now the fixed observed value. 
l 

A weighted least squares analysis using a modified version of Reference 5 

was made to establish the calibration curve. The squares of the differences 

yij - a
1

- a 2xi - a3x~ are weighted by the inverse of the variance of e:
0

_. From 

above, 

where 

and 

2 
0 

c. 
l 

lJ 

The counts/gram value y .. is the ratio of the total counts TC .. for the jth 
lJ lJ 

reading of the ith pellet, divided by the weight G. of the ith pellet in grams. 
l 

Since counts have a Poisson distribution, the variance of the distribution of TC .. 
lJ 

is the mean of the distribution and is estimated by TC .. itself. Assuming that 
lJ 

the fractional error in pellet weight G. is negligible compared to the fractional 
. l 

error in TC .. , the estimated variance of y .. is 
lJ lJ 

TC .. 
= .........1..J..-

G~ -
l 

y ij 
G. 

l 

Hence, the estimate of the error variance 

x. is 

Var(::
0
ij) for the observations yij and 

l 

2 where o 
c. 

~2 
0 

u .. 
lJ 

2 
0 

l!. 
l 

= (0.0025)
2 x~ and 0.0025 is a conservative estimate of the fractional 

l 

error fr6m chemistry. 
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The weighted least squares procedure is to minimize 

S(y) = L 
i 

l: 
j 

This gives th~ fitted equation 

2 
yij - a, - a2xi - a3xi 

(J 

o .. 
lJ 

2 

where a1 , a 2 , and a
3 

are functions of all the xi and yij from the calibration 

blend. The a's are random variables, since they will vary from one application 

o±' the calibration experiment to another. 'l'he least squares analysis yields an 

estimated residual variance &2 and a covariance matrix B =· {b
9
k} ±'or the fitted 

0 .• 
A A 

parameters a
1

, a 2 , and a
3

. The variance of fitted value yi at any arbitrary 

fixed point x. (not necessarily one of the values from the calibration blends) 
l 

is given by 

The arbitrary point x. will be used below to represent any one of 
l 

values of the pellets to be assayed from a production blend. The 

the 20 w/o 
o A2 

varlance crA 
y. 

is the variance due to the uncertainty in the calibration curve itself. To 
2 

obtain the uncertainty of the calibration curve for x. give some y value, the 
l -

eq11ation 

was solved for lower and upper bounds on x. :xn < x. < x The standard 
l "- l u 

deviation of x. due to the uncertainty in the calibration curve was taken to be 
l 
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The relative standard deviation is then 

100 A . (a%) 1 = a 
x. cal x. ca x. 

)_ J. l 

Thus, for any blend, the counts per gram would be measured for each of the 

20 pellets being assayed. The calibration curve would then give the estimate of 
T w/o of U, xi' and the uncertainty in the curve would cause an uncertainty 

(~%) 
cal x. 

in x .. In practice the 20 values of (a%) 1 for a given blend were 
l ca X. 

almost th~ The maximum of the 20 values was used 
l 

the blend calibration same. as 

error. This calibration curve error is used in Section VI.B, where the error on 

the gage estimate of the blend weight percent is derived. 

VI. GAGE ESTIMATE OF BLEND WEIGHT PERCENT AND ERROR 

A. Gage Estimate of Blend Weight Percent 

For each composition, a separate calibration curve was established, as 

discussed in Section V. Twenty randomly selected pellets from each blend were 

assayed with the gage along with the calibration retainer samples and a high 

count rate standard. Each pellet was assayed three times and a test was applied 

to determine if an outlier existed in the data. The count data were background 

corrected, adjusted for counting rate losses, drift corrected using the high 

count rate standard data, normalized to the calibration blend using the retainer 

pellet data, and then scanned for outliers. The counts per gram of pellet were 

adjusted for individual pellet differences in length, diameter, density, and 

isotopic content between the unknown and calibration blends. 

In Sections VI and VII upper case letters will be used for the observed 

values for production blends determined with the gage. Thus, let Y. = counts 
l 

per gram of pellet measured with the gage for the ith pellet of a production (as 

opposed to calibration) blend which was assayed. The bar indicates an average 

of three measurements for the ith pellet. Let X. 
l 

T. 
= w/o of U for the ith pellet 

of a production blend determined from Y. and the appropriate calibration curve. 
l 

T To obtain the weight percent of U for each pellet, values of the fitted 

calibration curve coeffi8j ents we.re nsed A.s follows; 

X. = 
l 
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B. Gage Assay Error 

.T 
The gage error in the weight percent of U for a blend consists of the 

calibration error and the error due to the gage and pellet variables. Thts was 

de~ived as follows: 

Let 

where 

Y. = AC. 
1. 1. 

C. = counts per gram for pellet i before adjustments and A is an adjustment 
1. 

for isotopic and normalization correction. 

The other corrections listed in Section VI.A. are inco;rporat~d directlY into the 

count data. 

For k assays of pellet i, the variance in the average counts per gram of each 

pellet is 

2 
2 (cr%)o 

(cr%)- = + y. k 
1. 

where (cr%) represents the within-pellet standard deviation·resulting from 
0 

repeated counting of each pellet within a blend and (cr%) represents the pellet-. p 

to-pellet standard deviation, both relative to C.. Both (cr%) 2 and (cr%) 2 are. 
1. 0 . p 

estimated from the counts per gram data using standard analysis of variance 

techniques. Also, 

where 

2 
(cr%)A 

cr
1 

= standard deviation of the isotopic correction 

aN = standard deviation of the normalization correction. 

For n pellets per blend assayed by the gage, the variance in the blend 
g 

average cuunb; ver gram ls 
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where 

(a%)~ = 
c 

(a%)2 
-k---"-o + (a%)~. 

The error in the standard deviation of the blend average weight percent X, 

assuming a perfect calibration curve, is obtained by dividing a= by the slope of 
y 

the calibration curve at the weight percent of interest; i.e., 

and 

b = ~ 
. dx 

X = X 

[ 
. ~2 [ ]~ [ ( %) J2 (a%)~= 100 "ij = 

1~0 a~ = ~ a~ Y 

Finally, the total relative variance of the gage value of the blend weight 

percent is 

A 2 
= (a%) 1 ca + (a%)~ 

X 

VII. DETERMINATION OF BLEND WEIGHT PERCENT AND UNCERTAINTY 

A. Summary of Methods Used 

From each production blend, 20 pellets were assayed by the gage, and from 

these 20 pellets, 5 were analyzed by chemistry. The blend mean weight percent 

was based upon a maximum likelihood estimate of the combined gage and chemistry 

results. The expression for the mean value is given in Equation (1) and its 

variance in ·Equation ( 2). Th~ d~r:i V8.t.ion of these expressions and definition of 

terms is given in Section VII.B. 

where 

VX ;;; Var(X) 

v- = var(c) 
c 

- cov(x,C:") 

Cov(X,~) 

A 

l.l = 
xv_ + ev-

e X (1) 
vx. + vc 

Var. X = the var;i,!;l,n,<;:~ Qf the average of n pellets assayed by the gage per 
g 

blend 
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Var c = the variance of the average of n pellets analyzed by chemistry 
c 

per blend 

Cov(X,~) = the covariance between X and c as defined in Section VII.B 

X = average weight percent for samples analyzed by the gage 

c · .= av.~rage, weight p~rcent for samples analyzed by chemistry. 

V~V(X) + 

Var(0) = c 

2 - . --
V_ Var(c) + 2VX_ V~ Cov(X,c) 

X . 

2 
(V- + V-) 

X c . 

The five pellets that were analyzed by chemistry and assayed by the gage were 

used as a control to ensure that the two methods continued to produce consistent 

results. Two tests were ·:performed on the pellets assayed by both methods. 'l'he 

first test required that the average dir"ference between chemistry results and the 

gage results be less ·than 3 od, where d and the standard deviation ad are given 

by 

u - X - c 

o-=~ d y ·c · ·x 

lvhere V~ and VX are defined as above, and for this case nc = ng = 5. 

Assuming normality, this test could be expected to fail about three times out of 

a thousand due solely to chance. If the test were not passed, then chemistry and 

gage ~ata were scrutinized to see if any outlying data could be present. The 

procedure used to detect th~ presence of an outlier is described in the Appendix. 

Briefly, i_f an o~tlier was. found in either set of data, it was replaced by the 

value .calc~lated per the procedure and the test performed again, If the test was 

not passed, then chemistry would perform analysis on two additional pellets f~om 

the blend which were also processed through the gage. A new average difference 

was determined including the additional data and the test performed again. If 

the test was still not passed, then the gage calibration was checked using all 

the retainer samples left for use as standards for each composition. If the 

calibration curve was correct, then the failure to meet this -test requirement 

could indicate a defective pellet blend. The blend could have excessive inhomo­

gE;nei ty_, contamination, or an improper isotopic composition ascribed to it. '!'here 

were, however, no defective pellet blends found as a result of the assay of pellets 

by the gage and by chemistry. 
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The second test was designed to detect a bias which may have developed 

between the gage and chemistry. This test was conducted by observing the sign 

of the average difference between the gage and chemistry. Keeping approximately 

the same failure probability of the test (3 out of 1,000) .implied that the test 

would fail if nine successive blends had the same algebraic sign of the average 

difference between the gage and chemistry. If this test was failed, then a bias 

was applied to the gage results for the preceding nirie blends. This bias continued 

to be applied until the test was failed again or until completion of the assay of 

all blends from a given composition. This bias was defined as th~ average of the 

differences between gage and chemistry for the nine blends. The gage results 

required bias correction six times throughout the entire pellet production program 

which covered over 887 blends. 

B. The Chemistry Average Variance and Gage-Chemistry Covariance 

To establish a combined maximum likelihood estimate for the mean blend w/o 

TU from data from both the gage and chemistry, the variance for the average 

chemistry w/o value and the covariance between the gage and chemistry values are 

required. 

where 

Then 

where 

Let 

c. = ~ + e: ). c. 
). 

T c. = the chemistry value in w/o U for the ith pellet from the blend, 
). 

i = l,2, ... ,n c 
~ = the true mean pellet w/o U for the blend 

= the error i'rom the c!H=ud.L:al analysis e: c. 
). 

e: p. 
). 

=the error due to pellet-to-pellet variation (in w/o). 

( cr% )·2 = 
c 

(cr%)2 = 
p 

Var( c.)% 
). . ? ') 

= (cr%)~ + (cr%)"' 
c p 

the chemistry val' lance relative to c., and 
). 

T 
the pellet-to-pellet variance relative to the pellet w/o U but as 

estimated from the replicated gage data. 
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Since .each .Pellet is chemically analyzed only once, the relative variance 

for the ·chemistry -~verage is approximately 

= V~r[nl Ec .] = ·((a%)~ + (a'%Y!)f~ 
. c l % '· 

S-ince. n.c :Bel~ets are. an!'l:lyzed by both gage and chemistry, the only common 

sour:c;e .. of .~rror in X. and, c. is the pellet error. Thus, the relative covariance 
1: l 

is 

Averaging over ng pellets. ·for the gage and n,.. pellets for chemistry, which 

were also analyzed by the gage, the relative covariance of the averages can be 

derived as follows: 

n n g c 

Cov(x;:;-)% Cov 
1 I v 1 I "'"i' c. n n l g 

i=l c 
i=l % 

n 
c 

1 I Cov(X. ,c.)% = 
n n l l 3 

g c i=l 

Two estimates of the mean blend w/o TU in Tuo
2

-Tho
2 

are available: 

X = the average of the n calibrated readings from the pellet assay gage, and 
g 

c = the average of the chemical analysis of n pellets from the same blend. . . . c 

Assuming X and c are normally distributed, both with mean ~ and covariance and 

variances given above, a maxim1lJ!l likelihood estimate for ~ can be obtainec'l by 

minimizing the sum of squares functions: 

2" 
= [Var(c)](x- ~) - 2[Cov(X,c)](x- JJ)(c- ~) + 

[Var(X) J [Var(c)] - [Cov(X~c) ]2 
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where 

lVar(X) 
E = Lcov(x,;) 

Differentiating with respect to ~. setting the resulting equation equal to zero, 

and solving for ~ gives: 

where 

= [Var(~) - Cov(X,~) ]X + [Var(X) - Cov(X,~) ]~ 
~ 

[Var(~)- Cov(X,~)] + [Var(X) - Cov(X,~)] 

x v- + c v-
c X = v- + v-x c 

v- = Var(X) - Cov(X,~) 
X 

v- - Var(~) - Cov(X,~). 
c 

It can be easily shown that ~ is an unbiased estimator for ~, since E(X) = E( c.) 

= ~. and that 

V~ Var(X) 
2 -

+ V_ Var(c) + 2V_ V 

Var(~) = c X X c 

C. Results 

For each blend of each composition the gage, chemistry, and combined results 

w~re stored in a computer file. These data plus the weight of the fuel pellets 

in each fuel rod produced from that blend were used to obtain the rod uranium 

loading and its error. For each· rod, it was required that the gage and chemistry 

nata. comhj.nen with the weighing uncertainty and the pellet-to-pellet variability 

be such that the fuel rod loading could be determined with at least 0.25% precision 

at the 95% confidence level: All of the LWBR fuel rods met this requirement. 

Tables 3 and 4 present a summary of the data for each composition. These 

tables present only the average parameters obtained from the blends of each 
.. 

composition since the individual blend data are too extensive to be reported here. 

In Table 3 the number of blends per composition, the arithmetic averages of the 

gage and chemistry w/o's, the combined uranium weight percent (C) and its standard 

deviatiol'l, and the pellet -·to pellet vario.bili ty are gi v'iiln. 
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TABLE 3. 3'J!V]}.1A~Y OF BLEND ASSAY DA'IA * [\) 

T Chemistry Avera,?;e w/.:· TU a(~) Gage Average w/o U Op jJ 

Composition No. Bler.ds (20 pellets /blend) (5 pellets (Jlend) ( %) w/o Tu _ill 

Low seed 148 4.4Ci32 4.4081 0.098 4.4081 0.092 

High seed '203 5.2E64 5.2'878 0.100 5.2871 0.087 

Low standard blanket 39 1.2338 1.2339 0.107 1.233"8 0.087 

Medium standa.rd blanket 191 1.6959 1.6948 0.084 . 1.6955 0.077 

High standard bla::1ket 7~ 2.0386 2.:)37B 0.072 2.0382 0.078 

Low power flattening 
blanket 20 1.6804 l. 5312 0.086 . l. 6807 0.077 

Me:lium power flat~ening 
blanket 20 2.0433 2.)~53 0.115 2.0442 0.083 

High power f::..attening 
blanket .ll4 2 .. 7909 2. '7907 0.100 2.7908 0.087 

*Data represent blends used i::1 the LWBR core. 
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TABLE 4. COMPARISON OF THE GAGE AND CHEMISTRY RESULTS* 

Gage Average w/o TU Chemistry Average w/o 
Com;Eosition No. Ble:1ds (5 Eellets/blend) (5 Eellets/blend) 

low seed 148 4.4087 ± 0.0010 4.4081 ± 0.0009 

High se_ed. 203 5.2869 ± 0.0008 5.2878 ± 0.0008 

Low standc.rd blanket 
·. ~-. 

39 1.2335 ± 0.0005 1.2339 ± 0.0005 

Medium .stsndard blanket 191 1.6959 ± 0.0003 1.6948 ± 0:0003 

High stanC.ard blanket 73 2.0387 ± 0.0005 2.0378 ± 0.0006 

low pmver flattening 
blanket 20 1.6807 ± 0.0008 1.6812 ± 0.0009 

Medium po~o·er flattening 
blanket 20 2.0436 ± 0.0010 2.0453 ± 0.0011 

High pm.rer fl~ttening 
blanket 114 2.7904 ± 0.0005 2. 7907 ± 0.0007 

*Data r·epresent blends used in the LWBR core. 

I . -~ 

Tu Percent Difference 
( GaeW-Chen:.istr;y:) 

0.014 

-0.017. 

-0.032 

0.065 

0.044 

-0.030 

-0.083 

-0.011 



Table 4 summarizes the composition averaged values of the weight percent of 

total uranium predicted by the assay gage for the same five pellets per blend that 

were also analyzed destructively by chemistry. This table lists the average gage 

and chemistry values, their percent difference, and their uncertainties. 

Figure 10 presents a typical distribution of the blend pellet-to-pellet 

variability. This figure shows the results obtained for the medium standard 

blanket pellets. 

The uncertainty in the blend estimate of the weight percent of total uranium 

when combined with the uncertainties in the blend isotopic composition, pellet 

stack weighing, and pellet-to-pellet variability produce a rod loading uncertainty 

of better than 0. 25% precis'ion at the 9)% confidence level. The use of the· blend 
' .. ~ . 

'1' 
estimate of the w/o U to obtain the fuel rod loading uncertainty and the fuel 

composition loading uncertainty is presented in Reference 6. 

0 
0 

34 

0.04 0.08 0.12 0.16 0.20 0.24 
PELLET- TO-PELLET VARIABILITY (PERCENT) 

Figure 10. Medium Standard Blanket Distribution of the 
Pellet-to-Pellet Variability 

0.28 
l. 



VIII. CONCLUSION 

The delayed neutron pellet assay gage, when calibrated against chemistry, 

can be used to measure with high precision the weight percent and macroscopic 

homogeneity of total uranium for fuel pellets of similar composition and physical 

properties. For each blend of fuel pellets used in the manufacture of the LWBR 

core, a maximum likelihood estimate of the blend mean weight percent of total 

uranium was determined. This estimate was based upon the chemical assay of five 

pellets per blend and by the delayed neutron assay of 20 pellets per blend. Use 

of the delayed neutron pellet assay gage reduced the amount of chemistry that 

would have been required to achieve the same fuel rod loading precision by a 

factor of two. 
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APPENDIX 

TREATMENT OF OUTLIERS 

A variation of the semiwinsorization treatment of outliers, Reference 7, was 

used in conjunction with the analysis of the delayed neutron pellet assay gage 

data. In this scheme, the detected outlier was replaced by a boundary value. 

Outliers were detected at the 1% level and were adjusted to the 5% level. The 

data were first scanned for those values for the counts per gram of pellet such 

that 

where 

X. - X. 
T. = le l > T ( . ) 

l crw( 20) K,20 K-1 ,0.05 

X. = the average counts/gm for each pellet for all passes 
l 

(1) 

X. = the extreme individual value of counts/gm contained in X. le l 
crw( 20) = the pooled estimate of the standard deviation for within-

pellet variation for 20 pellets 

T = a critical value for detecting one outlier from K observa-K,20(K-1),0.05 
tions per pellet at the 5% level. 

Having flagged these values at the 5% level, the above test is again applied 

to the largest such value using a 1% level and cr from the remaining 19 pellets. w 
If no values were flagged at the 5% level, then the processing of the data may 

continue with no changes. If one or more values were flagged at the 5% level, 

the largest such value is tested as being an outlier at the 1% level. If this 

value turns 'out not to be an outlier, then no action is taken and the data are 

processed normally. If the observation is an outlier, then the outlier is replaced 

by a boundary value as calculated below. The test and replacement of an outlier 

are shown below: 

T. = 
l 

X. le 
- X 

i 

if T1 S.TK,v,O.Ol' then the data contain no outliers; 
I 

if T. > T , then X. is replaced by the boundary value X. given by l K,v,O.Ol le le 
I 

Xi 1 e = Xi 1 (K-l) ± TK,v,0.05 crw(l9) (2) 
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where 

Xi'(K-l) =average counts per gram for the pellet in which the outlier was 

detected with the outlier deleted from the average 

T = critical value for K observations per each pellet, for v degrees · K,v,0.05 
of freedom, at the 0.05 level of significance 

v = 19(K~l) if there were twenty pellets originally and one pellet 

contained an outlier 

aw(l
9

) = the pooled estimate of the within-pellet variation for the 

remaining 19 pellets; i.e., the pellet in which the outlier was 

detected i~ excluded. 

After the outlier has been replaced by the boundary value, the average counts 

per gram of pellet are recomputed for the pellet in which the·putlier occurred, 

and for all the pellets a new value.6f ow( 20) is computed. Using these new values, 

the data are again screened for outliers just as before. This screening and 

testing procedure is performed only twice, since rep·eated application of the 

procedure could lead to an artificially low value of a . If a true outlier does 
w 

not exist in the data, the probability of detecting more than one false outlier 

from 20 pellets is less than 0.02. 
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