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ABSTRACT

Reactor physics parameters were measured in six heavy water
lattices which were miniature versions of lattices investigated exten-
sively in the exponential assembly at M. I. T. The lattices consisted of
0.25-inch-diameter rods in two U2 3 5 concentrations, 1.143% and 1.027%,
and three spacings, 1.25, 1.75 and 2.50 inches. The following quanti-
ties were measured in each lattice: the ratio of epicadmium to subcad-
mium capture rates in U2 3 8 (p28); the ratio of epicadmium to subcad-
mium fission rates in U2 3 5 (625); the ratio of the total capture rate in
U 2 3 8 to the total fission rate in U2 3 5 (C*); the U2 3 8 -to-U'6 3 5 fission
ratio (628); the intracellular distribution of the activity of bare and cad-
mium covered gold foils; and the axial and radial activity distributions
of bare and cadmium covered gold foils. Corrections derived fror
theory had to be applied to account for the presence of source neutrons
and boundary effects. The age-diffusion model developed by Peak was
improved and corrections were obtained to extrapolate the miniature
lattice data to exponential, critical and infinite assemblies. To test the
validity of the extrapolation methods, the results obtained by extrapo-
lating the miniature lattice data to exponential assemblies were compared
with the results of measurements made in the exponential assembly at
M. I. T. The extrapolated and measured results agreed generally within
the experimental error.

It is shown that to extrapolate the values of P28, 625 and
measured in the miniature lattice to larger assemblies, it is only neces-
sary to describe theoretically the measured spatial distribution of the
cadmium ratio of gold.

The experimental determination of the material buckling in mini-
ature lattices was investigated. It is apparent that the inclusion of
transport effects may be necessary, first, to define the material buck-
ling and, second, to obtain its value.

The correction factors for P28, 625 and C * were shown to depend
on k. so that k. cannot be determined directly from measurements in
the miniature lattice. An iterative procedure was developed to deter-
mine k. which converges rapidly and, for the lattices investigated, led
to results that were in agreement with the values of k. obtained from
measurements in the exponential assembly at M. I. T.
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CHAPTER 1

INTRODUCTION

1.1 THE M.I. T. HEAVY WATER LATTICE PROJECT

The Nuclear Engineering Department at M. I. T. is engaged in a

research program, the Heavy Water Lattice Project, under the

sponsorship of the United States Atomic Energy Commission. The

purpose of this project is to carry out experimental and theoretical

studies of the physics of subcritical assemblies of slightly enriched

uranium rods in heavy water. Several reports have been published

(H1, H2, H3, H4, H5), describing results obtained in this project.

One of the most important purposes of the project is the investi-

gation of new techniques for obtaining reactor physics parameters.

The present work is concerned with the feasibility of using

miniature lattices to measure reactor physics parameters.

1.2 PARAMETERS OF INTEREST

Reactor physics is, to a large extent, the study of critical

assemblies because these assemblies have great practical importance.

The most important information is the critical size of an assembly -

that is, the size that an assembly must have in order that the pro-

duction of neutrons be balanced exactly by the losses of neutrons by

absorption and leakage. Criticality is expressed by the fact that the

effective multiplication factor is unity.

In the design of reactors, it is convenient to simplify the problem

by assuming that there is no leakage of neutrons. The multiplication

factor for an infinite medium, k,, is then calculated by the familiar

four-factor formula. The leakage of neutrons is introduced through the
2

material buckling, Bm, which is related to the critical dimensions of

the assembly.

Another parameter of interest is the initial conversion factor, C.

It is an important factor in establishing the fuel cycle cost by-determin-

ing the core life of a reactor. The parameter C is defined as the ratio
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of the number of Pu 2 3 9 atoms created in the assembly to the number of

atoms of U235 consumed.

The Heavy Water Lattice Project has been concerned with the

determination of the parameters which enter into the four-factor
2

formula of k., of C, and of Bm

1.3 POSSIBLE APPROACHES TO EXPERIMENTAL REACTOR PHYSICS

A number of different definitions of k, are in use. In this work,

k, is taken to be equal to the ratio of the total number of neutrons pro-

duced to the total number of neutrons absorbed in an infinite medium.

For a predominantly thermal reactor, k, can be expressed as:

k0 = nepf . (1.1)

In Eq. (1.1), it is important that the four factors be defined consistently,

with each process in the neutron cycle taken into account once and only

once. The following definitions form a consistent set. The factor 77 is

the average number of fast neutrons produced by fission in U235 for

one thermal neutron absorbed in the fuel. The fast fission factor E is

defined as the total number of fast neutrons produced by fissions in

both U235 and U 2 3 8 , due to incident neutrons of all energies for each
235

neutron produced by fission in U2. The factor p is the probability

that a neutron will escape absorption while slowing down to thermal

energies. The thermal utilization, f, is the probability that a neutron,

once thermal, is absorbed in the fuel.

The factors that appear in Eq. (1.1) cannot be measured directly.

Quantities related to them can, however, be determined. The details

are given in Section 3.1. It is important to realize that the factors in

Eq. (1.1) must be determined for an infinite assembly. The parameters

related to them cannot, of course, be measured in an infinite assembly

and corrections for leakage must be applied.

Critical assemblies have the advantages that when lattice

parameters are measured in them, corrections for neutron leakage

are smaller than those needed for subcritical assemblies, and the

energy spectrum resembles closely the spectrum of neutrons in the

operating reactor of interest. The use of critical lattices, however,

has several disadvantages. First, they require elaborate safety
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provisions to prevent the assembly from becoming supercritical.

Second, they require a larger investment in materials than do sub-

critical assemblies. Third, if it is desired to investigate a large

number of different assemblies, their use becomes cumbersome.

When the study of a large area of interest is undertaken, as in

the case of the Heavy Water Lattice Project at M. I. T. which has been

concerned with lattices of metallic uranium rods moderated by heavy

water, it is more convenient to use subcritical assemblies. The

safety provisions required are not as extensive and the amount of

material involved is smaller than in a critical facility. Exponential

experiments have some inherent disadvantages. The higher leakage

rate, as compared with that in a critical assembly, may necessitate

corrections in some of the measurements. Source effects, which are

totally absent in a critical experiment, may be troublesome in an

exponential experiment. Nevertheless, exponential assemblies remain

useful tools for the testing of reactor theory and for reactor design.

When subcritical assemblies are used for the measurement of

lattice parameters, experimenters prefer the use of assemblies

which are not far from critical. Over a large portion of such an

assembly, the neutron spectrum resembles closely that in a critical

lattice. Moreover, the measurements can be made far enough from

the source and boundaries so that corrections for neutron leakage and

source neutrons are not too large. The values of the parameters that

are measured are, therefore, close to their value in a critical assembly.

Exponential assemblies moderated by heavy water involve a

large financial investment because of the cost of the heavy water. To

keep contamination of the D20 at a low level, it is desirable to avoid

frequent experimental changes. Yet, there is need for a more flexible

facility, one which does not involve too much heavy water. The minia-

ture lattice is such a facility. The amount of material is small and

experiments can be made with relative ease in the miniature lattice

facility. Miniature lattices have also an economic advantage over

exponential or critical facilities. But, before miniature lattices can be

used extensively, it is necessary to find out whether meaningful results

can be obtained. Because of the small dimensions of the assembly, the

effect of source and boundaries is not negligible. The interpretation of
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measurements made in these lattices must, therefore, account

properly for these effects.

1.4 PREVIOUS WORK WITH MINIATURE LATTICES

Small subcritical assemblies have been used in the past. Wikdahl

and Akerhielm (W5), in Sweden, used miniature lattices to measure

disadvantage factors in single rods and clusters of UO2 rods in D2 0.

Relatively small assemblies were used by Kouts and coworkers (K2) at

the Brookhaven National Laboratory to measure quantities related to

k, in lattices of slightly enriched U-metal rods in H20. In both cases,

the results were encouraging.

Peak (P2) at M. I. T. made measurements of lattice parameters

in miniature lattices of slightly enriched U-metal rods moderated by

three different mixtures of D 20 and H 20; three moderator-to-fuel

volume ratios were investigated for a total of nine lattices. The

measurements included the average cadmium ratio of U238 in the fuel,

the ratio of the fission rate in U238 to the fission rate in U 235, and the

subcadmium disadvantage factor. A theoretical model based on age-

diffusion theory was developed to extrapolate these results to those

that would be observed in a critical or infinite assembly. The corrections

developed for the average cadmium ratio of U238 in the fuel were applied

to the measurements made in the nine lattices investigated. In six of

these assemblies, measurements were made at two different positions

in the lattice and the application of the corrections led to values that

agreed to within 2%. A similar consistency was observed in the results

obtained for the U 238-to-U235 fission ratio. The consistency observed

was sufficiently encouraging so that further work in miniature lattices

was considered desirable.

1.5 PURPOSE OF THIS WORK

The work of Peak (P2), which was exploratory in nature, was

limited in that similar measurements have not been made in exponen-

tial or critical assemblies of the same composition and arrangement.

Comparison of the results obtained in miniature lattices with the

results of measurements made in such facilities was, therefore, not

possible.
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Since the time of Peak's work, the Heavy Water Lattice Project

at M. I. T. has made measurements of lattice parameters in a consider-

able number of exponential assemblies of metallic uranium rods in

heavy water (H1, H2, H3, H4, H5). Thus, by selecting properly the mini-

ature lattices to be investigated, the validity of measurements made in

them can be tested.

The purpose of this thesis is to study the feasibility of miniature

lattices for the measurement of lattice parameters. In order to study

the validity of these measurements, six lattices which have been

investigated extensively in the exponential facility at the M. I. T. reactor

were chosen. It was then possible to compare measurements made in

miniature lattices with those performed in facilities where they can be

better substantiated.

Measurements -were made of the following quantities which can be

related to one of the four factors in k or to the initial conversion
00

factor. (For reasons which will be discussed in Chapter 5, the material

buckling cannot be determined accurately in the miniature lattice.) The

quantities measured are:

1. The ratio p 2 8 of the epicadmium to subcadmium capture

rates in U 2 3 8 averaged over the fuel,

2. The ratio 625 of epicadmium to subcadmium fission rates
235

in U averaged over the fuel,

2383. The ratio 628 of fissions in U (fast) to the total number

of fissions in U235

4. The ratio C of the total capture rate in U238 to the total

fission rate in U235

5. The intracellular subcadmium and epicadmium activity

distributions of gold,

6. The axial and radial activity distributions of both bare and

cadmium-covered gold foils. This measurement also gave

the spatial distribution of the cadmium ratio of gold.

Because of the small size of the assembly, source and boundary

effects are important. Measurements made in it must, therefore, be
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corrected for these effects. In this report, a method for making these

corrections, based on age-diffusion theory, will be developed. The

method is an extension of that of Peak (P2). Use will also be made of

the work done by Woodruff (W4), in the high energy range, to obtain

the correction factor for 628*
The correction factors obtained allow the extrapolation of the

results obtained in the miniature lattice to those that would be obtained

in an exponential assembly. This procedure will allow a direct com-

parison between the results of this work and those obtained in the expo-

nential facility at M. I. T. Corrections which permit the extrapolation

to critical or infinite assemblies will also be developed.

Because of the importance of the neutron source in the interpre-

tation of the results obtained in the miniature lattice, the properties

of the neutron source were studied. It was found necessary, as a

result of these studies, to modify the azimuthal and radial distribution

of the source neutrons.

1.6 ORGANIZATION OF THIS REPORT

Chapter 2 is a description of the experimental facilities and tech-

niques used in these measurements. The theoretical methods and the

correction factors derived from them are discussed in Chapter 3.

Chapter 4 gives the experimental results as well as a comparison of

the corrected results with those obtained in the exponential facility at

M. I. T. Chapter 5 is a discussion of the results and the quantities

required to obtain the corrections. The conclusions reached and recom-

mendations for future work are given in Chapter 6.

Appendix A gives the computer codes programmed specifically

for this work as well as their FORTRAN II listing. The bibliography is

given in Appendix B. Appendix C is a discussion of the neutron source

and the modifications made on it. It also describes the harmonic analy-

sis made of the radial distribution of the source. Appendix D describes

age measurements made in connection with this work. The procedures

for reducing the data for p 2 8 , 625 and C are given in Appendix E.
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CHAPTER 2

EXPERIMENTAL TECHNIQUES AND FACILITIES USED

2.1 INTRODUCTION

The experimental facilities and the techniques used in the

measurement of lattice parameters in miniature lattices will be

described in this chapter.

2.2 EXPERIMENTAL FACILITIES

2.2.1 Description of the Medical Therapy Facility

The source of neutrons for the irradiations carried out is the

M. I. T. Reactor. The reactor utilizes MTR-type fuel elements highly
235

enriched in U . It is moderated and cooled by heavy water. The

nominal power of the reactor during the course of these experiments

was 5 MW.

The Medical Therapy Facility is a surgical operating room under

the reactor. An intense beam of thermal neutrons with a negligible

amount of fast neutrons and gamma rays (R2) may be admitted to the

facility through a hole in the ceiling of the room. A cut-away view of

the facility and its relative position with respect to the rest of the

M. I. T. Reactor is shown in Fig. 2.1.

A conically-shaped aluminum tank with the narrow end facing

downward is positioned 4 inches below the reactor tank and slightly

off-center from the vertical centerline. The tank is about 38 inches

deep. To shut off the beam, the tank is filled with demineralized water;

in addition, a 1/4-inch-thick boral shutter and a 9-1/8-inch-thick lead

shutter can be made to slide in under the beam port. As an extra

safety provision, an auxiliary masonite slab can be slid under the

beam if necessary. At 5 MW, the flux varies from about 5 X 1010

n/cm 2-sec at the center, to about 109 n/cm 2-sec near the edge of the

beam port.

The water and the lead and boral shutters are operated from the

main control panel, just outside the room. A viewing window filled
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with mineral oil, for the observation of the room from the control area,

is provided. In the course of this work, it was found necessary to add a

2-inch-thick sliding lead slab outside the window to keep the dose, for

irradiations at 5 MW, within the permissible limits. Directly under the

beam hole, space is provided for placing special source collimators.

In this work, it was found necessary to add a collimator to modify the

spatial distribution of the neutrons entering the miniature lattice facility.

The details of this work are given in Appendix C. The facility is also

provided with a hydraulic hoist directly beneath the downward-directed

neutron beam port, which permits the lifting of experimental arrange-

ments to the beam hole for irradiation.

2.2.2 Description of the Miniature Lattice Facility

The tank for the miniature lattice was fabricated at M. I. T. by

J. Bratten (B3) and modified by Peak (P2) for miniature lattice experi-

ments. It is a thin-walled aluminum tank in the shape of a right cylin-

der, 21 inches high and 20 inches in diameter, with a removable base

plate of 1/2-inch-thick aluminum. The tank wall and top are made of

1/16-inch-thick aluminum sheet. The tank is equipped with a wheeled

stand, as well as valves and pipes to allow filling or draining from a

3/4-inch-diameter line. Figure 2.2 is a sketch of the assembly.

The grid plate arrangement that holds the lattices consists of

two 3/8-inch-thick aluminum plates kept apart by 5/16-inch-diameter

aluminum rods. The distance between plates is 15.75 inches. The

center of the top plates has a hexagonal hole in the center through

which -an experimental cluster, consisting of at least the centermost

rod and the first ring of rods around it, is inserted in the assembly.

A picture of one of the lattices is shown in Fig. 2.3. During an experi-

ment, the assembly is positioned under the neutron beam port in the

Medical Therapy Facility. Fast and slow neutron shields are placed

around it and the entire assembly, with the shielding, is lifted on the

hoist to a position 16 inches below the beam port. The shielding was

added for two purposes: first, to prevent the irradiation of the room;

and second, to approximate as closely as possible, a bare assembly.

With this latter purpose in mind, the walls of the environment sur-

rounding the lattice tank were lined with cadmium to prevent the
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FIG. 2.3. VIEW OF TYPICAL MINIATURE LATTICE AND
EXPERIMENTAL CLUSTER.



23

reflection of thermal neutrons and force the thermal neutron flux inside

the lattice to vanish at the extrapolated boundary. As cadmium has little

effect on epithermal neutrons, a 1/4-inch layer of borated plastic was

added, followed by 3 inches of paraffin, a layer of cadmium and 3 inches

more of paraffin. The plastic and paraffin layers proved effective in

slowing down the epithermal and fast neutrons leaving the assembly.

The boron contained in the plastic and the outer layer of cadmium were

useful in absorbing the neutrons reaching thermal energies. A diagram

showing the experimental setup during irradiation is shown in Fig. 2.4.

An irradiation time of two hours was found to be convenient. It

gave an adequate activity for the experimental purposes envisioned,

and the dose rate to the experimenter was within tolerable limits

during the time interval when the foils were removed after irradiation.

Typical dose rates at contact with the top of the tank varied from

about 2 r/hr two hours after the irradiation was completed, to about

100 mr/hr after twelve hours.

2.3 EXPERIMENTAL PROGRAM

To investigate the feasibility of miniature lattices for the

measurement of reactor parameters, steady-state measurements

were made in six miniature lattices. These lattices were miniature

versions of six lattices studied extensively in the exponential assembly

at M. I. T. Results obtained in the miniature lattices can then be

directly compared with measurements in lattices where their validity

is better substantiated. The description of these lattices is given in

Table 2.1.

Measurements were made of the axial and radial activity distri-

butions of both bare and cadmium-covered gold foils. These activity

distributions gave the spatial distribution of the cadmium ratio of gold.

Intracellular activity distributions of both bare and cadmium-covered

gold foils were measured as well as the parameters P28, 625, 628
and C

The experimental methods used were, in general, those developed

by workers at the Heavy Water Lattice Project (B2, P1, H6, W3, D1, Si),

with some modifications made to apply them to miniature lattices. A

description of the methods used follows.
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Table 2.1

Lattices Investigated )

U235 Concentration Rod-to-Rod Denomination
of Fuel Distance of

(Percent) (Inches) Lattice

1.143 1.25 ML2

1.143 1.75 ML7

1.143 2.50 ML3

1.027(2) 1.25 ML4

1.027 1.75 ML6

1.027 2.50 ML5

(1)All lattices moderated by 99.75 mole percent D 2 0. Fuel
rods are 0.25 inch in diameter in aluminum tubes of
0.318-inch 0. D.

( 2 )There are indications (H5) that the enrichment of these
fuel rods is actually 1.016%. This small difference has
a negligible effect on the final results of this work.

2.4 AXIAL AND RADIAL GOLD ACTIVITY TRAVERSES

The method used to obtain the axial and radial activity distribu-

tion of gold is that used by Palmedo (P1) and Harrington (H6) except

for minor modifications made necessary by the small size of the

miniature lattice facility.

The gold foils used were 0.005 inch thick and 1/8 inch in diame-

ter. Two axial foil holders made of 3/16-inch-thick, 1/2-inch-wide

aluminum bar were used for the measurement. Bare and cadmium-

covered foils were placed alternately, one inch apart, on recesses

made on the holder. The cadmium-covered foils were placed inside

cadmium pillboxes built according to the design of Simms (S1). A

sketch showing the pillbox is shown in Fig. 2.5. Bare foils and cad-

mium pillboxes were attached to the foil holders with 0.001-inch-thick

Mylar tape. Care was taken to place equal amounts of tape on each

foil and pillbox. For the irradiation, the foil holders were attached

with Mylar tape to two fuel elements symmetric about the centermost

rod in the experimental cluster. A portion of this arrangement is
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shown in Fig. 2.6. Brown (B2) has shown that the separation of one inch

between foils is enough to damp out the effect of the cadmium on the

neighboring bare foil.

The radial foil holders were similar to the axial holders except

that the milled recesses were made on the narrow side of the aluminum

bar. The foil recesses were made so that the alternately placed bare

and cadmium-covered foils were exactly halfway between rods. In other

words, the separation between foils was equal to the lattice spacing.

Two radial foil holders were used for each experiment: one

6.75 inches from the top of the lattice, and the other 9.75 inches, each

placed along a diameter of the lattice. The lattices with the widest

rod-to-rod separation, 2.50 inches, had only four rings of fuel elements

so that the radial activity measurement had only four data points. To

increase the number of radial data points, one foil holder was added at

each height placed along the chord closest to the diameter of the

assembly.

2.5 INTRACELLULAR GOLD ACTIVITY DISTRIBUTION

Intracellular activity distributions of both bare and cadmium-

covered gold foils were made in all the lattices studied. The techniques

used were a modified version of those given in Refs. (B2) and (Si).

The foils used were 1/16 inch in diameter and 0.005 inch thick.

As intracellular measurements are made inside the fuel and in the

moderator, the foil holders used were different in the two cases. The

difference stems from the fact that the foil holders must have nuclear

properties that are as close as possible to those of the surrounding

medium to minimize their effect on the measurement.

2.5.1 Foil Holders

The foils irradiated, bare or cadmium-covered, in the fuel rod

were placed in 0.012-inch holes milled on both sides of a fuel button,

0.060 inch thick and 1/4 inch in diameter, as shown in Fig. 2.7a. The

foils were held in the uranium button with Mylar tape, trimmed to the

1/4-inch diameter of the button. The tape also prevented the contami-

nation by fission products from the uranium rods.

The fuel button with the foils for the measurement of the activity
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distribution of the cadmium-covered foils was placed in a packet as

shown in Fig. 2.7b. The fuel buttons next to the foil holder were neces-

sary to insure that there was no streaming of epithermal neutrons.

A schematic diagram of a foil holder used in the moderator is

shown in Fig. 2.8. The bare foils were placed in 1/16-inch holes

milled in a 0.016-inch-thick aluminum sheet and held in place by Mylar

tape. The foil holder was held fast to the three rods by wrapping the

tabs around the rods, and was kept from sliding by Mylar tape.

Cadmium-covered foils were placed in pillboxes similar to that shown

in Fig. 2.5, but of smaller size. The boxes were embedded in 1/8-inch-

diameter holes milled in a foil holder similar to that shown in Fig. 2.8.

The effect of the Mylar tape on the observed distribution of the

activity of gold has been found to be negligible (B2).

2.5.2 Experimental Arrangement

The foil holders in the fuel were placed within the centermost rod

in the experimental cluster. The separation between the fuel button

with cadmium-covered foils and that with the bare gold foils was 3.5

inches. The foil holders in the moderator were placed symmetrically

about the centermost rod. The foil holder with the cadmium-covered

gold foils was positioned two inches below the fuel button holding the

cadmium-covered gold foils in the fuel. The foil holder with the bare

foils was placed at the same height as the bare foils in the fuel. The

experimental arrangement during irradiation is shown in Fig. 2.9.

The axial activity distributions of bare and cadmium-covered

gold foils were used to correct all measurements for the difference in

axial position of the foil holders in the intracellular measurement, as

discussed in Section 4.2.2.

2.6 COUNTING PROCEDURE FOR GOLD ACTIVITY

Two counting systems were used. One had a 1/2-inch sodium

iodide crystal, the other a 1.75-inch crystal. The electronic equip-

ment was the same in the two systems. For convenience, Nuclear-

Chicago automatic sample changers were used in conjunction with both

systems. A schematic diagram of the counting equipment is shown in

Fig. 2.10.
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The counting technique was the same for both 1/8-inch and 1/16-

inch gold foils. Neutron activation of gold yields Au198 , with a half-life

of 2.7 days. The main gamma radiation is a 411-kev gamma ray. The

foils were integral-counted by setting the baseline at about 320 key, the

lowest point in the gamma spectrum of Au 98, just below the 411-key

photopeak. The window was opened so that all gamma rays above 320

kev were counted. Since the foils in the stack affect the background of

the foil being counted, it was found convenient to count bare and

cadmium-covered foils separately. The counting setup was calibrated

for each run and monitor foils were used to correct for any drift in the

system between runs, if necessary. For each run, at least four passes

through the counter were made. In this manner, it was assured that

any counter drift was spread evenly over all the foils within a run.

Moreover, several passes provide a half-life check on the foils. The

deviations from the half-life of 2.7 days were found to be negligible.

The total number of counts for each foil was always such that the

statistical uncertainty due to counting was kept below 0.5%.

2.7 EXPERIMENTAL DETERMINATION OF p2 8 , 628, 625 AND C

The four parameters p 2 8 , 628, 625 and C* were measured in all

the lattices studied. Their relation to the factors in k, is given in

Section 3.1. In this section, these parameters are defined and the

experimental techniques used in their measurement, which were

developed by D'Ardenne (D1), are discussed.

2.7.1 The Parameter p 2 8

The parameter p 2 8 is related to the cadmium ratio for the average
238

capture rate in U in the fuel:

1
P28 R 28-1

238
average epicadmium U capture rate in the fuel

p 2 8  238
average subcadmium U capture rate in the fuel

(2.1)

The value of R28 was obtained by irradiating two identical uranium

foils, depleted in U 2 3 5 content to 18 ppm. They were placed in equivalent



35

positions (position of equal height and radius) inside fuel rods in the

experimental cluster of the miniature lattice; one foil was surrounded

by cadmium. The Np239 activity of each foil was measured; the cad-

mium ratio R28 was obtained from the ratio:

D39
R = b (2.2)

28 D 39'
c

where D refers to depleted uranium foils, the superscript 39 means

that the measured activity was the activity of Np 239, and the sub-

scripts b and c refer to bare and cadmium-covered detector foils,

respectively.

2.7.2 The Parameter 628

The fast fission ratio 628 is defined by the relation:

238
6 average total U fission rate in the fuel (2.3)

28 ~ average total U 2 3 5 fission rate in the fuel

which may be written as (W3):

6 = P(t) EC . a .y (t) - S (2.4)
28 1 - a -y(t)

where the terms are defined as follows:

P(t) is the ratio of the measured fission product activity per U 2 3 5

fission to the measured fission product activity per U238 fission;

'y(t) is the ratio of the measured fission product activity of a foil

depleted in U235 to the fission product activity of a foil of natural

uranium, with both foils irradiated in the same neutron flux;

a is given by: 28

a = WN ()(2.5)
WD_ ND

where the W's represent foil weights and the N's number of

atoms per cm 3 ; the subscripts D and N denote depleted

uranium foil and natural uranium foil, respectively;
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EC is the ratio N F , an enrichment correction, where
NF NN)

the subscript F refers to the fuel material;

S is the ratio, 25 N 28
(NF) ND)

Equation (2.4) is derived in detail from the definition, Eq. (2.3),

in Refs. (W3) and (B1).

To determine 628, both P(t) and y(t) in Eq. (2.4) must be

measured. Two independent measurements are needed in all the

methods used so far. First, a reference value of the fast fission

factor, 628, is obtained in a particular lattice configuration by using

the La 1 4 0 counting technique discussed in Refs. (D1) and (W3). The

quantity, -y(t), is measured in the same lattice, and P(t) is determined
*

by using Eq. (2.4) with the measured values of y(t) and 6 28 Once P(t)

is determined, it will remain the same for all lattices with the same

fuel rods, provided the counting setup remains unchanged. Hence,

further determinations of 628 require only the measurement of y(t),

which is then used in Eq. (2.4).

Extensive measurements of P(t) in 1/4-inch rods have been made

in the exponential facility at M. I. T. (B1, H5, D1). Since the counting

arrangement in this work was the same as that used during the determi-

nations of 628 in the exponential assemblies, the value of P(t) was

assumed to be the same. The value of P(t) was found to be independent

of time and given by:

P(t) = 1.14 ± 0.02 . (2.6)

The quantity y(t) was measured by irradiating two uranium foils,

one depleted in U235 and the other a natural uranium foil. The foils

were inserted at the same position inside a fuel rod in the center

cluster of the miniature lattice. The gross fission product activity of

each foil was measured, and T(t) was calculated from the relation:

DFP
(t) =FP ' (2.7)

Nb
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where N refers to a natural uranium foil, the superscript FP indicates

that the gross fission product activity was the measured activity, and

the subscript b means that bare foils were irradiated.

2.7.3 The Parameter 625

The parameter 625 is defined by the relation:

253

62 = average epicadmium U fission rate in the fuel

average subcadmium U 2 3 5 fission rate in the fuel

(2.8)

or

A 2 5

6 =EC (2.9)
25 A 2 5

SC

It is shown in Refs. (B1) and (H3) that 625 is obtained from the

measured fission product activities as:

FP '~ N FP

6 = N C ( ED)D , (2.10)
252

FP '-EN FP FP_( -EN FP
Nb (1-EDD b NC ~ 1-EDD U

where EN and ED are the atom fractions of U235 in the natural and

depleted uranium detector foils, respectively. All activities in

Eq. (2.10) are to be determined at the same time after simultaneous

irradiation.

The value of 625 was determined by irradiating two sets of foils

in equivalent positions inside fuel rods in the experimental cluster; one

set of foils was surrounded by cadmium. Each set consisted of a

natural uranium foil and a depleted uranium foil. After the relative

fission product activity of each foil was measured, 625 was calculated

from Eq. (2.10).
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2.7.4 The Parameter CF

The parameter C is defined by the relation:

238
* average total U capture rate in the fuel (2.11)

average total U 2 3 5 fission rate in the fuel

It is shown in Ref. (Dl) that C is given by:

C =C MRN/RF, (2.12)

where A 3 9

R =b (2.13)
N A 39

M

is the ratio of the measured Np239 activity in a bare, depleted uranium

foil irradiated in the lattice to that measured in a depleted foil irradi-

ated in a Maxwellian flux (subscript M); R F is given by:

A 2 5

R = b (2.14)
F A 2 5

M

and represents the ratio of the measured U235 fission product activity

in a bare foil irradiated in the lattice to the similar quantity measured

in a Maxwellian flux; C denotes the value of C calculated for a
M

Maxwellian flux and is given by:

E28

C = a (2.15)
M 25 '

f M

The quantities A 3 9 and A 2 5 were measured by irradiating a
b b

natural uranium foil and a depleted uranium foil back-to-back inside a

fuel rod in the experimental cluster of the miniature lattice; A 3 9 and
25

A 5 were determined by simultaneous irradiation of a natural uranium

foil and a depleted uranium foil placed back-to-back in a small alumi-

num tube positioned on the center of the top of the miniature lattice

tank. This position, which is 5 inches above the lattice, itself, faces

directly the neutron source, the spectrum of which is very nearly

Maxwellian (A2).

The Np239 activity of the depleted uranium foils and the gross
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fission product activity of both natural and depleted uranium foils were

measured. The two ratios,RN and R were then obtained from the

relations:

D39
RN Db (2.16)N D39'

M

and

NFP N FP
Nb ~ 1- ED Db

RF = (2.17)

NFP 1 - N DFPM 1- _D M

The value of C can also be obtained from the measured values

of p 2 8 and 625, by means of the relation (W2):

*1 + P28 'a
C = 1 + 6 Z25 (2.18)

25 (41;

where Z2 25S is the ratio of U238 capture rate in the fuel to the(~2 a , is th rai o 3

fission rate of U235 in the fuel below the cadmium cutoff energy of

about 0.4 ev.

2.7.5 Experimental Arrangement for the Measurement of p 2 8 L625'
628 and C *

The four parameters described in this section were measured by

irradiating simultaneously three sets of uranium detector foils. Each

set consisted of a natural uranium foil and a depleted uranium foil.

Two of the sets were irradiated in the experimental cluster of the

miniature lattice, and the other set was irradiated at the center of the

top of the miniature lattice tank. One of the sets in the experimental

cluster was surrounded by 0.020-inch-thick cadmium.

The foils used were 1/4 inch in diameter and 0.005 inch-thick.

The depleted uranium had a measured atom concentration of eighteen

U235 atoms per million U238 atoms (W2). Both the natural and depleted
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uranium, obtained from the Oak Ridge National Laboratory, were of

high purity and no observable activities due to impurities were produced

during irradiation. The foils used in these experiments were the same

that were employed in the corresponding determinations made in the

exponential facility. The foils were weighed with an accuracy of about

0.027o on a high precision balance.

Fuel slugs of different lengths, varying from 0.020 inch to

10 inches were available. Thus, by appropriate combination of slugs,

detector foils could be located inside an experimental rod at any

desired height.

A foil packet was made up for each set of foils placed in the

lattice. Each detector foil was sandwiched between two uranium

1 1catcher" foils, identical in size and composition to the detector foil.

The catcher foils prevent the contamination of the detector foil by

fission products produced in uranium of a different U235 concentration.

The three depleted uranium foils and the three natural uranium foils

were placed back-to-back between two 0.060-inch-thick fuel buttons.

The foil assemblies were placed between two fuel slugs in a fuel

element. In the case of the cadmium-covered detector foil assembly,

a 0.020-inch-thick cadmium sleeve was positioned outside the 0.028-

inch-thick aluminum cladding of the fuel element. The midpoint of the

cadmium sleeve was positioned so as to coincide with the midpoint of

the foil packet. A schematic diagram of the foil arrangement is shown

in Fig. 2.11.

The bare detector foils and the cadmium-covered foils were

irradiated at heights between 8 and 10 inches from the source end of

the lattice, and in two diametrically opposite fuel rods adjacent to the

central fuel rod in the experimental cluster. Bare gold foils were

placed in each fuel rod about 3-1/2 inches below the foil packets so

that the flux at the uranium detector foil locations could be monitored

and normalized if necessary. The gold monitor foils were 0.250 inch

in diameter and 0.005 inch thick. Figure 2.12 shows the fuel rod

arrangements and detector foil locations.

The set of foils irradiated on top of the miniature lattice tank had

each detector foil sandwiched between two foils identical in size and

composition to the detector foil. The three depleted uranium foils and
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the three natural uranium foils were placed back-to-back inside a

2-inch-long, 1/ 4-inch-diameter aluminum sleeve. Two 1/4-inch-

diameter aluminum rods were inserted from both ends to keep the foil

set tight and centered. The packet was held in place on the tank by

Mylar tape. The foil arrangement is shown in Fig. 2.13.

2.7.6 Counting Techniques for Np239 and Fission Product Activities

The depleted uranium detector foils were counted for gamma
239

activity from both fission products and Np . Natural foils were

gamma-counted for fission product activity only.

The fission product counting equipment consisted of a Baird

Atomic Model 815 BL scintillation detector, a Baird Atomic Model 215

linear amplifier, and a Baird Atomic Model 960 timer. The scintil-

lation detector contained a 1-3/4-inch-thick, 2-inch-diameter NaI(T1)

crystal, an RCA 6342A photomultiplier and a preamplifier. A sche-

matic diagram is shown in Fig. 2.14. The foils were counted for

fission activity by the integral gamma-ray counting technique with a

baseline corresponding to 0.72 Mev. Before being counted, the foils

were allowed to cool for about four hours to let the 23-minute U 2 3 9

activity formed decay almost completely to Np 239. In its decay pro-

cess, U239 emits a 1.2-Mev beta ray. The cooling period prevents

the possible inclusion in the fission product counting of the 1.2-Mev

beta-ray bremsstrahlung radiation. The foils were counted between

about 4 and 10 hours after irradiation. After 10 hours, the activity of

the depleted foils was too low to give statistically meaningful data. The
137 54.

667-key and 840-key photopeaks of Cs and Mn , respectively, were

used to calibrate the setup. The foils were counted for six consecutive

passes.

Counting of the Np239 activity in the depleted uranium foils was

begun between 4 and 18 hours after the counting of the fission product

activity was completed. The counting system consisted of an integral-

counting probe unit containing a 1/2-inch-thick, 1-1/2-inch-diameter

NaI(T1) crystal and an RCA 6342A photomultiplier; a preamplifier built

by Mr. Gwinn, a Sturrup, Inc. Model 4201 high voltage supply and a

Radiation Instrument Development Laboratory (RIDL) single-channel

spectrometer. The spectrometer consisted of a RIDL Model 30-19
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amplifier, a RIDL Model 33-10 single-channel analyzer and a RIDL

Model 49-25 combination scaler-timer, all mounted in a RIDL Model

29-1 chassis. A diagram of the setup is shown in Fig. 2.15. A differ-

ential gamma-ray counting method was utilized. The 103-key peak in

the gamma- and X-ray spectrum of Np239 was straddled with a window

width corresponding to 38 key. The lower limit of the analyzer window

was set at an equivalent energy of 84 kev; the upper limit, at 123 key.

The 84-key gamma ray of Tm170 was used to set the lower limit of the

window, and the 123-key gamma ray of Co 57, to set the upper limit.

The calibration was made every time the system was used. Between

six and nine passes were made with each foil.

The gold monitor foils were counted in the fission product

counting system. The foils were integral-counted with the baseline set

at the minimum before the 411-key photopeak of Au198 (about 320 kev).

2.8 EXPERIMENTAL PROCEDURE

2.8.1 Macroscopic and Microscopic Gold Activity Traverses

The same experimental procedure was followed for the measure-

ment of the axial and radial traverses and the intracellular distribution

of gold.

Before irradiation, all foil holders were cleaned with acetone,

then loaded in the miniature lattice and the lattice tank lid tightly

bolted to the base plate. The assembly was then purged with nitrogen

gas for about 20 minutes, so that an inert atmosphere was present in

the tank during irradiation. The tank was then slowly filled with heavy

water and all the valves tightened. While the experimental setup was

being prepared for irradiation, care was taken to insure that the center-

lines of both lattice and neutron source were as closely aligned as

possible, since this is of particular importance in miniature lattice

experimentation. The alignment obtained was good to within one-eighth

of an inch. The lattice was then irradiated for two hours.

To minimize the dose rate to the experimenter, it was found con-

venient to let the lattice cool until the morning after irradiation. The

assembly was then removed, drained and dismantled; the foils were

removed from the lattice and placed on special aluminum trays for

counting on either of the automatic systems described in Section 2.6.
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2.8.2 Experimental Procedure for the Measurement of P28' 6 28,-625

and C*

The uranium detector foils to be irradiated were chosen so as to

have minimum weight differences among themselves. The foils were

cleaned with acetone and mounted on aluminum planchets. The two

counting systems, the Np239 counting system and the fission product

counting system, were calibrated as described in Section 2.7.6. The

natural uranium foils were background-counted in the fission product

activity counting system; the depleted uranium foils were background-
239

counted in both the fission product activity and the Np counting

systems to determine the natural and residual activities of the foils.

In addition, a natural uranium foil and a depleted uranium foil, both

with irradiation histories similar to those of the detector foils, were

also background-counted. These additional foils were not irradiated

and were counted with the detector foils each time they were counted

after irradiation. This procedure allowed monitoring of the background

of the detector foils from the time their background was counted to the

time they were counted after irradiation.

The foils were loaded in the lattices as described in Section 2.7.5.

The irradiation then proceeded as in the case of the macroscopic and

microscopic gold activity traverses. After a two-hour irradiation, the

lattices were allowed to cool for about two hours. As the dose rate

levels at this time were high, the removing, draining and dismantling

of the assembly had to be done quickly. After the experimental fuel

rods were removed, the detector and monitor foils were unloaded

inside a glove box and cleaned with acetone. Each foil was then

remounted on the aluminum trays used to background-count them

before irradiation.

The fission product counting system was then calibrated and all

the uranium foils were counted for fission product activity from about

four to ten hours after irradiation. The room background and control

foils were counted in each of the six passes made through the counter.

The depleted uranium detector foils were Np 239-counted as

described in Section 2.7.6 once or twice a day for several days after

irradiation. The foils of each experiment were counted at least six

times. The control background foil and room background were counted
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each time the detector foils were counted.

After all the detector foils had been counted, the monitor gold

foils were counted as described in Section 2.7.6.
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CHAPTER 3

THEORETICAL METHODS

3.1 INTRODUCTION

The theoretical methods used in this work are discussed in this

chapter. The four factors in k, will be defined, and the role played

by the measurable parameters defined in Section 2.7 will be pointed

out. The relation between C* and the initial conversion ratio, C, will

also be discussed.

The measurable parameters defined in Section 2.7 are often

measured in an assembly different from that in which their values

are desired. The problem of extrapolating the data from the assembly

in which they are obtained to that in which they are desired will be dis-

cussed as well as the effects that must be considered.

A method, based on age-diffusion theory, will be developed

which allows the extrapolation of the values of the parameters p 2 8 , 625
and C measured in the miniature lattice to those appropriate to an

exponential, a critical and an infinite assembly. A model, based on

the work of Woodruff (W4), is also discussed. This model permits the

extrapolation of the value of 628 measured in the miniature lattice to

that in an exponential assembly and in an infinite lattice. The pro-

cedure which allows the correction of the measured intracellular sub-

cadmium activity distribution of gold to that which would be obtained

in an infinite assembly is also discussed.

The corrections derived in this chapter will be applied to the data

obtained in the miniature lattice and the results compared with analogous

measurements made in the exponential facility at M. I. T. This compari-

son will be made in Chapter 4.

3.1.1 Relation of Measurable Parameters to ko or C

The multiplication factor in an infinitely large assembly, k ,, is

defined as follows:
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k _total number of neutrons produced by fission
o~ total number of neutrons absorbed

The usual procedure is to express k, as:

k = rjEpf , (3.1)

where the four factors must be determined for an infinite assembly. In

defining the four factors in Eq. (3.1), it is important that all processes

occurring in the assembly be aceosiated for. From the point of view of

the experimentalist, it is convenient to separate the processes occur-

ring in subcadmium reactions from those that take place in the epicad-

mium and high energy ranges. Accordingly, we define:

number of neutrons produced by all fissions in U 2 3 5

number of subcadmium neutrons absorbed in the fuel

which may be expressed as:

) = UscC, (3.2)

where

number of neutrons produced by subcadmium fissions in U 2 3 5

SC= number of subcadmium neutrons absorbed in the fuel

and is given by:

E25
SC f8 (3.3)

"SC = v2 5 25 + 28 '(3)

a a SC

The subscript SC indicates that the quantities must be averaged over

the energy spectrum below the cadmium cutoff energy; USC cannot be

measured directly and is, in general, a calculated quantity. The

factor corrects USC for epicadmium fission in U 2 3 5 . It is defined

as:

235
net number of neutrons produced by all fission in U

number of neutrons produced by subcadmium fission in U

and is given by:

EC EC

1 + 6 5 25 25 (3.4)
v25 SC
V 25
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where v is the number of neutrons produced per epicadmium fission

in U2 and

25

aEC c (3.5)
25 25

EC

The subscript oo on the measurable parameter 625, defined in Eq. (2.8),

denotes the value of 625 that would be measured in an infinite assembly.

The fast fission factor, e, is defined as the ratio:

net number of neutrons produced by all fissions

number of neutrons produced by fissions in U 2 3 5

and is given by:

Ev 1 + 6  (3.6)
28 v 25

where v28 is the number of neutrons produced by fission in U 2 3 8 and

28
a~c

a28 28
Crf

Again, 608 denotes the value of the measurable parameter 628, definedC 28 28
in Eq. (2.3), that would be measured in an infinite assembly. The value

of V in Eq. (3.6) must be properly averaged over the subcadmium and
25. EC. SC

epicadmium energy ranges. Since v is very nearly equal to v25, we
V2 5  vey25'

may set:

SC
v 25 ~ v25'

The thermal utilization factor, f, is defined by the relation:

number of subcadmium neutrons absorbed in the fuel
total number of subcadmium neutrons absorbed in the assembly

and is given by:

FV 0

f = a F F M. (3.7)
FF oo 0 C V OOO M oo
ZaVF F + aV C +a VM 0M
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In Eq. (3.7), the subscripts F, C and M stand for fuel, cladding and

moderator, respectively; Z a is the absorption cross section averaged

over the subcadmium energy range, V is the volume, and #0 is the

average subcadmium flux in the region designated by the subscript that

would exist in an infinite assembly.

To close the neutron cycle, p, the resonance escape probability

or, more accurately, the epicadmium absorption escape probability,

must be defined as follows:

_ number of subcadmium neutrons absorbed in the assembly
total number of neutrons absorbed in the assembly'

or

= 1number of epicadmium neutrons absorbed
= 1 -total number of neutrons absorbed

which can be expressed as (P3):

C

p 1 2 8  (3.8)
nEZ r

where

228
G= a

28 25
a +Ea SC

and L is the nonleakage probability for neutrons slowing down from
r 238

fission energies to the effective resonance energy of U (e. g., £r2
-B r 2 8  C

e ). In Eq. (3.8), p2 8 represents the value of the parameter p2 8 '

defined in Eq. (2.1), that would be measured in a critical assembly;

ri is given by Eq. (3.2) and E by Eq. (3.6).

The formula for p, Eq. (3.8), differs from that derived by Kouts

and Sher (K2) in that it includes 1/v epicadmium absorptions in U

Furthermore, Eq. (3.8) is obtained by starting the neutron cycle with

one subcadmium neutron absorbed in the fuel, rather than one neutron
235

born from fission in U2. The value of p given by Eq. (3.8) is,

consequently, slightly smaller than that obtained from the formula of

Kouts and Sher. Their formulation, however, gives a smaller value of

f, since the total absorptions in the cell must include 1/v epicadmium
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absorptions in U 2 3 8 . The product, pf, however, is the same in the two

formulations.

The formulation given here seems to be more convenient from the

point of view of the experimentalist for two reasons. First, it does not

require that the gold cadmium ratio in the fuel be measured to permit

the subtraction of the 1/v captures from p 2 8 , which is at best an

inaccurate procedure. Second, Eq. (3.8) requires the knowledge of
C

fewer quantities to obtain p from p 2 8 than the formulation of Kouts and

Sher, thus reducing the possibility of errors.

The definitions given in this section form a consistent and pre-

cise set. The only assumption that has been made is the hypothesis

that epicadmium absorption is negligible in the moderator and cladding.

In the lattices under consideration here, this assumption is valid.

The initial conversion factor, C, cannot be measured directly.

It can be obtained, however, from the experimentally measurable

quantity, C*, defined in Eq. (2.11). They are related by the formula:

C C , (3.9)
(1+ a 2 5 )

where

=(z25
(1+a 2 5 ) a . (3.10)

25

The average of the ratio in Eq. (3.10) must be made over the whole

energy range. The lattices under study in this work were all well

thermalized so that the ratio in Eq. (3.10) is very nearly the average

over the subcadmium energy range.

The value of C of interest is that in the assembly to be built,

namely, the value in a critical lattice.

3.1.2 Need For Correction Factors

From the previous discussion, it is evident that one is especially

interested in the values of p 2 8 and C* that would be measured in a

critical assembly. The values of 625, 628 and the intracellular sub-

cadmium activity distribution which are of interest are those that would
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be measured in an infinite assembly. An infinite lattice can, of course,

not be built and it is not always desirable or possible to perform

measurements in a critical facility. Experimentation is then carried

out in subcritical assemblies. Results obtained from subcritical

lattices must, however, be corrected for source and boundary effects

to obtain the desired parameters.

When the lattice parameters are determined in a large exponen-

tial facility, the values of interest are those obtained in the equilibrium

region. This region is located far from source and boundaries so that

their effect is greatly reduced. As a consequence, the neutron spectrum

is nearly independent of position and resembles closely that in a critical

assembly.

A miniature lattice differs from an exponential assembly of simi-

lar composition, in that its dimensions are such that boundary and

source effects become important. Because of its small size, an equi-

librium region is, in general, not achieved. Parameters obtained in a

miniature lattice must, therefore, be properly corrected for these effects.

In conclusion, a feasibility study of miniature lattices must include,

besides experimental determinations of the parameters of interest, a

method which permits the extrapolation of the values obtained to values

that would be appropriate to an exponential, a critical or an infinite

assembly.

3.2 SUBCRITICAL ASSEMBLIES

The problem of subcritical assemblies is discussed in this

section. The theoretical model that will be developed is applicable to

both exponential and miniature lattices.

3.2.1 Discussion of Problem

To determine the thermal neutron flux and slowing-down density

in the miniature lattice, source and boundary effects must be taken into

account.

Source effects are generally of three kinds. First, the neutrons

coming from the source (often a well-thermalized source) have a

spectrum which is different from the spectrum of those neutrons that

are born in the lattice. After a few collisions in the lattice, the
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spectrum of the source neutrons will approach the spectrum of the

neutrons born in the assembly. Hence, a complex transition of the

neutron spectrum occurs near the source. Second, the anisotropy of

the source results in the presence of harmonics. Third, the source

may be axially asymmetric; i. e., it may have an azimuthal dependence.

Boundaries contribute several difficulties to the problem: first,

they introduce spatial harmonics; second, because of the small size of

the assembly, the leakage of neutrons during the slowing-down process

is greater than the leakage from the similar exponential lattice, result-

ing in a harder spectrum; third, the extrapolated dimensions of the

assembly are particularly important, so that the boundaries of the

neutron distribution must be defined with precision. Considerable

improvement in defining the boundaries was obtained by designing the

shielding that surrounds the assembly as described in Section 2.2. The

first layer of cadmium is effective in defining the boundary for thermal

neutrons; the subsequent layers helped considerably in defining the

boundary for epithermal neutrons, although to a lesser extent.

The theory given in this section is aimed at taking into account

the effects discussed above.

3.2.2 Assumptions

In the present development, the validity of age-diffusion theory

is assumed. The hypotheses involved will be examined in some detail.

The lattices of interest in this investigation are widely spaced

(in the tightest lattice, VM/VF ~ 25), so that most of the volume is

occupied by moderator. Consequently, Za /T " 1 and diffusion theory

is applicable. Near the source, transport effects are important. In

this work, however, the theory will be used largely to describe the

spatial distribution of cadmium ratios; the experimental results that

will be reported in Chapter 4 indicate that for this purpose transport

effects may be neglected. It will appear, however, from the discussion

in Section 5.4, that transport effects are important to predict separately

the axial distribution of the activity of bare and cadmium-covered gold

foils.

The use of age theory to treat the slowing-down process in D 20-

moderated assemblies has been investigated in Ref. (Li). The
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expression for the fast nonleakage probability derived from age theory,

e-B2 , is compared with a more precise expression calculated with the

Greuling-Goertzel approximation, which does not involve the assumption

of continuous slowing down basic to age theory. The comparison was

made for assemblies moderated by deuterium. Although no single value

of r was found to give agreement between the age theory expression and
2

those of the Greuling-Goertzel treatment for all values of Bm' for
2 -2

practical reactors (B < 0.01 cm ), the range of values was found to
m2

be small (101.6 cm2 to 107.2 cm2 for the age from 2 Mev to the In reso-

nance at 1.4 ev).

An experimental justification for the use of age theory to describe

the slowing-down process in heavy water comes from the numerous age

determinations that have been made in pure moderator (e. g., Ref. (W6)).

Age measurements, like those described in Appendix D for the age of

fission neutrons to the resonance of gold at 4.906 ev, indicate that the

slowing-down kernel obtained from age theory describes the slowing-

down density in pure moderator reasonably well.

On the basis of these arguments, it seemed justifiable to assume

that age-diffusion theory should give an adequate representation of the

flux and the slowing-down density in the assemblies of interest in this

work. The ultimate test must, of course, be the ability of age-diffusion

theory to do so, as shown by the experimental results.

To account for the difference in spectrum between source neutrons

and lattice-born neutrons, it will be assumed that the thermal flux has

two components. The flux of thermal neutrons provided by the source

is denoted by 40s ; represents the flux of thermal neutrons born in the

lattice; Z s, Ds and L are, respectively, the thermal absorption cross
a s

section, the diffusion coefficient and the thermal diffusion length aver-

aged over the energy spectrum of the source neutrons; Za, DY and La
denote the corresponding nuclear constants for the spectrum character-

istic of the lattice.

In a cylinder, 4s satisfies the equation:

Ds 2 s rz) - 7,s (r, z) = 0, (3.11)

since source neutrons can only escape from the assembly or be absorbed

in it. The boundary conditions are:



58

~ (rH)= (R~)=~ - 4 (rz
s(r,H) s(R,z) = 0 Ds z = S(r), (3.12)

S - s - zaz_=

where R and H are the extrapolated radius and height of the lattice,

respectively, and S(r) represents the neutron source as a function of

radius.

The thermal flux due to neutrons born in the lattice, 4, satisfies

the equation:

D V 2 (r,z) - Z 1 (r,z) + pq(r,z,Tt) = 0, (3.13)

where q(r, z, t ) is the slowing-down density at Tt, the age to thermal

energies (-5 kT) and p is the resonance escape probability. The

slowing-down density, q(r, z, r), is assumed to satisfy the age equation:

V 2q(r, z,) = - q(r, z, r), (3.14)aTr

without absorption; the effect of absorption is included in p.

The only boundary conditions that can be specified for q and

are:

q(r, H, r) = q(R, z, 'r) = 0,(r, H) = 42 (R, z) = 0. (3.15)

An initial condition can also be specified for q(r, z, r):

q(r, z, 7=0) = 4s(r, z)+E 4 (r, z) . (3.16)

In other words, the neutrons that begin the slowing-down process come

from fissions induced by source neutrons and by lattice-born neutrons.

The determination of the boundary condition for 4 and q at the

source end presents a more complex problem. Because of neutron

leakage due to the proximity of the source boundary during slowing down,

q(r, z,'r) as a function of z and T behaves as indicated in Fig. 3.1; that is,

q goes to zero at different values of the extrapolation distance, depending

on the value of r. In other words, the neutrons that begin the slowing-

down process will follow closely the thermal flux distribution, as

implied by the initial condition, Eq. (3.16). As they proceed to slow

down, the neutrons near the source end will escape more readily from

the assembly than those neutrons that are further inside the assembly;
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the depletion of neutrons near the source end will continue to increase

with increasing values of 'r. Hence, near the source end, one is faced

with a problem in which the energy and space dependence are not

separable. The attempt to use a variable extrapolation length would

lead to a complicated mathematical problem.

It is known, however, that if the assembly were bare and critical,

the thermal flux and the slowing-down density would have the same

spatial dependence, vanishing at approximately the same extrapolation

distance. In a cylindrical assembly, this spatial variation is given by:

J (ar) sin (7rz/H), (3.17)

where a = 2.405/R. It seems reasonable, therefore, to approximate

the solution of the nonseparable problem in subcritical assemblies by

expansion of 4 and q in the characteristic functions of a bare, and

critical, cylindrical assembly. Since the characteristic function in the

z-direction is a sine, the distributions must be antisymmetric about

the origin. In view of the behavior of q near zero, and the antisymmetry

of the characteristic functions, it seems reasonable to assume that 4
and q go through zero at the source end in a discontinuous manner, as

shown in Fig. 3.2, and that they are both cyclic with period 2H. Under

this assumption, 4 and q satisfy Dirichlet's conditions (S3) and may,

therefore, be expanded in cylindrical harmonics. The formalism in the

next section then suggests itself for the solution of this problem.

3.2.3 Derivation of Theoretical Model

To expand the thermal flux and the slowing-down density in cylin-

drical harmonics, the following theorems (S3) will be used.

1. If f(r) satisfies Dirichlet's conditions in the interval (0,R)

and if its finite Hankel transform in that range is defined

to be: R
T. = J rf(r) J (air) dr, (3.18)

where a is a root of the trancendental equation, J (a R) = 0,

then at any point of (0, R) at which the function f(r) is

continuous:
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J (a.r)
f(r) = i

R 2i=1
(3.19)

i 2
[J 1 (a.R)]

2. If f(z) satisfies Dirichlet's conditions in the interval (0, H)

and if in that range its finite sine transform is defined to be:

H
f(n) = f 0 f(z) sin nirz dz,H

(3.20)

then, at each point of (0, H) at which f(z) is continuous:

(3.21)
oo

f(z) = - f(n) sin .
i=1

If the first theorem is applied to the Laplacian operator in circu-

lar cylindrical coordinates, with no azimuthal dependence,

V2f a
v r ar

R 2
R r[V f}I

r +
2'

(a r) dr = -a f(a.,z) + 8z ,01 1 a

where the assumption has been made that f(R, z) = 0.

If the second theorem is applied to the second derivative, with

f(0) = f(H) = 0, then:

H 2 f() sin dz =

'0 3z 2 H

(n) 2 -

H f(n).

Proceeding with the solution to the problem of subcritical assem-

blies, the assumption is made that the neutron source consists only of

thermal neutrons. It is given by:

S(r) = Sf(r),

and according to the discussion in Appendix C, it will be assumed that

the first theorem above may be applied to it. Thus, f(r) may be

expressed as:

we have:

82f(a z)
(3.22)

(3.23)

r



f(r) =f2
R i=1 ( [Ji (aR)

where

R

f = f rf(r) J (a r) dr,
0 0

and R is the extrapolated radius of the assembly.

Taking the Hankel transform of Eq. (3.11), we get:

2 

z

Ds -a + s (ai ,z) - s(ai ,z) = 0,

where Os (a., z) is the Hankel transform of s(r, z), or

2 2-

s (a,z) - O s(ai, z) = 0,
Si15

where

2 a 2 1 2

SDs i L2
s

Equation (3.28) can be solved with the transformed boundary conditions:

Os (a, H) = 0 ;
s8#i s (ai z)

Sf = -Ds s z - =

The solution is:

f.
Os(a., z) = S D s51 D5 i3

sinh /i3(H-z)

cosh PiH

Inversion of Eq. (3.30) yields the result:

4(r,z) = 2S s
R D i=1

sinh P (H-z)

cosh H

To solve Eqs. (3.13) and (3.14) in accordance with the discussion

in the previous section, Eqs. (3.22) and (3.23) will be applied to them.

The resulting relations are:
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(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

J (a.r)

[J (a R)]2
(3.31)
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+ (nr + $,(a,, n) + - qP- =(ai, n, 't) = 0
D D '

(3.32)

and

a + )(a , n, T) =T q(a , n, T) (3.33)

The solution to Eq. (3.33) can be written immediately with the aid

of the initial condition, Eq. (3.16); thus,

(3.34)1(a n, T)

where

B2 = a + 2
ith i, nthf

is the geometric buckling for the i, nth mode.

Eq. (3.34) in Eq. (3.32), we get:

= in s a.,n)
z a 0(ai n) =1 k. a 5 1 a.,n

in

(3.35)

Substituting from

(3.36)

where

-B. 2r
k e it

k. = "
in 1+ L 2B

LAin

is the effective multiplication factor for the i, nth mode and

L = .D

a

To calculate 4 (a., n), the following result is needed:

H f3.(H-z)r
f sinh (H-z) sin dz = 2n7rH 2 sinh 0 /H,

0 Hi(nr) + (a i H)

which, when applied to Eq. (3.30), yields:

fi

Ds .
O 1 (a, n) = S

n7rH 2 tanh . .
(n7r) + (P H)

(3.37)

(3.38)

(3.39)

= is (a ., n) + F, P (a. n) exp(-B 2 ),
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Substitution of Eq. (3.39) into Eq. (3.36) yields the result:

s f.
S a 1

i n)S D s3

k.
in

1 - in

nrH tanh f.H,
(n7r)2+ H(PH)2

which, when inverted twice according to the two theorems stated above,

gives the flux of thermal neutrons born in the assembly. The resulting

expression is:

4S a
2 s -

R D a F a
0 n=1

X tanh .H sin n7rz
i H

i k.
1 in n~r

. 1- k. 2 2
1 kin (n7r) + H)

J ( a.r)

[ oi .1 2
(3.41)

Similarly, Eqs. (3.34) and (3.36) yield:

ko s 1 (a-
q(a., n., T) = Fa 1 -kin s a , n) exp (-B T) (3.42)

Substituting from Eq. (3.39) into Eq. (3.42) and inverting twice, the

following expression for the slowing-down density is obtained:

q(r, z, T) = 4S s
R 2D s

k Zs0
oo a

i=1

n7r tanh flH
X n 2(f3 smn

(n7r)2( H)2

n=1 i

1
1 - kiin

exp -B 2r X

J (air)nrz (ai r)

H[1 (a .R) 1

The total flux is, by definition, given by:

4t(r, z) = 4s(r, z) + 0,(r, z).

A considerable simplification is obtained if

S(r) = S J (a r),

f(r) = J (a r);

in this case:

(3.40)

0(r, z) -

(3.43)

(3.44)

or

(3.45)

(3.46)
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R2

= r J9(a r) J (a r) dr = - [J (a R)] 2 6 , (3.47)

where al = 2.405/R and 6 i is the Kronecker delta function. Thus, all

summations over i reduce to the first term only.

In the course of this research, work was done to improve the

radial and azimuthal dependence of the source neutrons. As a result of

this work, the source neutrons have a nearly J (a Ir) dependence although

there are significant contributions from the higher order terms. The

coefficients, F., were determined experimentally, and the expressions

derived for the thermal flux and slowing-down density were used in

their general form. The details of the procedure used to determine the

values of the fi are given in Appendix C.

The numerical calculations were made with the assistance of the

MINIFLUX computer program. This program is described and the

listing in FORTRAN II language given in Appendix A.

3.3 CRITICAL AND INFINITE ASSEMBLIES

The case of critical and infinite assemblies is considerably

simpler than that of subcritical assemblies. Since there are no

external sources, all neutrons are born and slow down within the

assembly; thus, the superscripts "s" and "P" used to denote properties

of source- and lattice-born neutrons, respectively, may be dropped.

The subscripts "c" and "oo" will be used to represent quantities that

correspond to critical and infinite assemblies, respectively.

Consider critical lattices first. The thermal flux c and the

slowing-down density qc satisfy Eqs. (3.13) and (3.14), respectively.

The boundary conditions are:

qc(r, 0, T) = q c(r, H, T) = q c(R, z, T) = 0,

(3.48)

0c(r, 0) = 4c(r, H) = 4c(R, z) = 0

The initial condition, Eq. (3.16), becomes:

k

qc (r, Z, T=0) = Z a c(r, z). (3.49)

Furthermore, only the fundamental mode is present (W1) so that the
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2 2
geometric buckling, B , equals the material buckling, B . The

gm
resulting relations for 4c and qc are, therefore:

c(r, z) = 49J (ar) sin , (3.50)

and

2
k Z -B r

qc(r, Z, T) = 4 a J (ar) sin Tze m (3.51)c rzw)q 0  p

where 40 is a constant of integration which represents the thermal flux

at the center of the assembly.

The expressions for the thermal flux and slowing-down density

in an infinite assembly can be derived directly from Eqs. (3.50) and

(3.51). There is neither leakage nor spatial variation in either 4 or

q,; the effect of energy dependence is included in the resonance escape

probability. The solutions are:

4 =0 , (3.52)

and

k Z
oo a

q = p 4a (3.53)

3.4 TEST OF THEORY

It is next necessary to determine whether or not the model just

developed leads to correct results in the lattices under investigation.

As will be discussed in Section 3.5, the model will be used to correct
*

the values of the parameters P28' 625 and C , all of which are related

to cadmium ratios. The extrapolations to infinite assemblies of 628 and

of the intracellular distribution of the subcadmium activation of gold

measured in the miniature lattice were found to require different treat-

ment which is described in Sections 3.5.4 and 3.5.5. It is, therefore,

necessary that the model just derived be able to predict the values of

cadmium ratios.
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3.4.1 Cadmium Ratio of Gold

Gold has several characteristics which make it a suitable detector

for flux monitoring. In the thermal energy region, its neutron absorp-

tion cross section varies as 1/v. In the epithermal energy range, there

is a prominent resonance at 4.906 ev. Gold is, therefore, convenient

for the measurement of the slowing-down density. It is also easily

handled, and its half-life of 2.7 days is a convenient one.

The axial and radial distributions of the activity of bare and

cadmium-covered gold foils were measured with two purposes in mind.

First, the distributions made it possible to relate measurements made

at different positions within an assembly; second, they provided a

means of testing the model derived in Section 3.2, through the spatial

distribution of the cadmium ratio of gold.

The thermal flux is assumed to have a Maxwellian energy distri-

bution M(E) which is assumed to join with the epithermal 1/E flux at

0.12 ev (-5 kT). A cadmium cutoff energy of 0.4 ev was assumed,

which corresponds to a cadmium thickness of about 0.020 inches.

Let Ab and A be the saturated activity per unit nuclide of the

bare and cadmium-covered gold foils, respectively. The subcadmium

saturated activity, Ab-A c, will have two contributions: between zero

and 5 kT, the 1/v contribution averaged over the Maxwellian spectrum;

and between 5 kT and 0.4 ev, the 1/v contribution averaged over the

1/E flux. The epicadmium saturated activity, Ac, will have a contri-

bution due to resonance absorption and one due to absorption corres-

ponding to the 1/v portion of the cross section. We may, therefore,

write:

5 kT 0.4 ev
Ab(r,z) - Ac(r,z)= f -1 / M(E) dE 4t(rz)+X(rz) f o-1v dE (3.54)

c0 1 v 5kT 1

where o-1/v represents the 1/v cross section of gold and x(r, z) denotes

the magnitude of the 1/E portion of the energy spectrum. The function

x(r, z) may be derived from the fact that the epithermal flux must join

the thermal flux at about 5 kT. In the lattices investigated, the epi-

thermal flux may be closely approximated by the expression:

0(r, z, E) = g(r, z, ) (3.55)
S
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thus,

x(r, z) = ,(r, Z, T) (3.56)
S

where (Es is the slowing-down power of the assembly and the slowing-

down density includes the effect of absorption during the slowing-down

process. As mentioned above, there is the requirement that the epi-

thermal flux join the thermal flux at about 5 kT; thus, the value of T to

be used in Eqs. (3.55) and (3.56) is that corresponding to 5 kT; i. e., Tt'

Equation (3.56) should, therefore, read:

q(r, z, Tt
x(r, z) .

In Section 3.2.3, q(r, z, 7) was obtained as the solution of the age equation

without absorption; p must be determined separately to account for epi-

cadmium absorption. It will be shown in Section 5.2.8 that epicadmium

absorption in U238 may be assumed to occur at an effective age, T 28'
Moreover, it will be shown in Section 5.2.5 that the definition of p,

Eq. (3.8), includes the leakage of neutrons while slowing down from T28

to T through the parameter p2 8 . The total leakage during the slowing-

down process is, therefore, included in X(r, z) if the latter is defined as:

pq(r, z, T28(
X(r, z) = - ,z. (3.57)

where the slowing-down density is calculated by means of Eq. (3.43).

Hence., AAb c may be written as:

5 kT pq(r,z,T 2 8 ) 0.4 ev dEAbr~) cr~) t~, )f u 1 /vM(E)dE± t -1vf
br A ) tr f z0 s 5kT 1/vE

(3.58)

Taking 5 kT ~ 0.12 ev and carrying out the integration, we get:

pq(r, z, T28)
Ab(r,z) -A c(r,z) = 0.886 oot(r,z)+ 0.414 0 p z -T2 8 ) (3.59)

0S

where 0 is the 2200 m/sec absorption cross section of gold. Similarly,

A (r, z) is given by:



A (r,z) = r, 2
Cs

00 s(E) + O --

.4 0es E O4

where ores is the resonance cross section of gold. The integration

gives:

00 dE
oe (E) +f.4

0.4

Acr z) ERIAu
Acr z) =

00

f.4 / =dE + 0.5 09,~1 /V f =ERI Au .0

+ 0.5 o
pq(r, Z, T28)

zs

pq(r, z, 7 2 8 )
Ac(r, z) = SAu0o 00

s

S ERI Au + 0.5.
Au 0a

(3.63)

(3.64)

The ratio of subcadmium to epicadmium activity of gold,

RAu(r, z) - 1, where RAu is the cadmium ratio of gold, is given by:

RAu(r, z) - 1
Ab(r, z) - Ac (r, z)

A (r, z)
c

0.886 + 0.414 L(r, z)
SAu 4 (r, z)

pq(r,z,T 2 8 )
$'(r, z) = (E <(r, z)

(3.65)

(3.66)

Equation (3.65) was used to test the theory in all the lattices

investigated. The determination of the value of SAu to be used in

Eq. (3.65) will be discussed in Section 5.2.
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(3.60)

so that

(3.61)

or

where

(3.62)

where
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3.5 CORRECTION PROCEDURE FOR LATTICE PARAMETERS

The correction factors which will permit the extrapolation of the

parameters measured in the miniature lattice, will now be obtained.

The indices ML, EX, C and oo will denote the value of a quantity in a

miniature, an exponential, a bare critical and an infinite assembly,

respectively.

The corrections for those parameters that require the use of the

model derived above, will be derived first. The corrections for 6 28 and

the intracellular subcadmium activity distribution of gold will follow.

3.5.1 The Value of p 2 8 or R 2 8 1

This parameter was defined in Section 2.7.1 as the ratio of the
238

average epicadmium to subcadmium capture rates in U2. Since the

measurement is made inside the fuel, a Maxwellian energy distribution
28

cannot be assumed. Instead, aa is defined as the average thermal

absorption cross section of U2 3 8 as obtained with the THERMOS (H10)

code, which takes into account the hardening of the neutron energy

spectrum.

By an analysis similar to that used in Section 3.4 for the activity

of gold, the saturated Np239 activity per U238 nucleus of the bare

depleted uranium foil is given by:

A 28(r,z) = a 2 8 (r,z) + ERI +0.5 a 2 8  28. (3.67)
5

Similarly, the saturated Np239 activity per U238 nucleus of the cadmium-

covered uranium foil is given by:

A 2 8 (r, z) = (ERI 2 8 0.5 28) pq(r, , 2 8 ) (3.68)
c 2+ a ,

s

Thus, the saturated Np239 activity per U238 nucleus due to the capture of

subcadmium neutrons is:

A 28(r, z) - A 28(r, z) =u k28t(r, z) . (3.69)
b c a t

From Eqs. +3.68) and (3.69), the ratio of epicadmium to subcadmium
239 . . 238 .

Np activity of U is given by:
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(r, z) = R2(r, z) - = S 2 8 (r, z), (3.70)
28 R ~28(rz)-1 2

where R 2 8 (r, z) is the average cadmium ratio of U238

= ERI2 8 ±0.5
28 28

a

and the function 4$(r, z) is defined by Eq. (3.66).

To relate the value of p 2 8 measured in the miniature lattice to

that measured in the equilibrium region of an exponential assembly,

Eq. (3.70) is written for both assemblies and the ratio is taken; the

resulting relation is:

EX P E E

EX L28 EX ML(r z )  (3.71)
28 -ML ML(r, z) r28 ')

28

where (rE, zE) denotes a position in the equilibrium region of the expo-

nential assembly. The value of (r E z E) is, evidently, immaterial since

the equilibrium region is defined to be that in which LP is, to a first

approximation, constant.

To obtain the extrapolation factors to critical and infinite assem-

blies, it is sufficent to change the index EX in Eq. (3.71) to C and oo,

respectively.

The value of the quantity S28 will depend on the dimensions of the

assembly considered. A discussion of this important quantity is given

in Section 5.2.

3.5.2 Value of 625

The quantity 625 was defined in Section 2.7.3 in a similar fashion

as P28 but for fissions in U .235 As in the case of p2 8 , 625 is measured

inside the fuel and oa2 5 must be obtained with the THERMOS code (H10).
f

Because of the similarity in the definitions of p 2 8 and 6 the extrapo-

lation factor can be written immediately as:

EX E E
6EX S25 EX(rz) ML
25 M 6 (r, z), (3.72)
25 -ML *ML(r, z) 25

25
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where

ERI2 5
S25 25+ 0.5, (3.73)

of

253in which ERI 25 is the effective resonance integral for fissions in U23

The values of S25 will be discussed in Section 5.2.

Again, if the indices C or oo are written in Eq. (3.72) instead of

EX, the correction factors to a bare critical and an infinite assembly

are obtained, respectively.

3.5.3 The Ratio C

It was shown in Section 2.7.4 that the parameter C * can be obtained

in two independent ways. The definition,

28
1 +P 2 8 (a

C =1 + 625 2Z25

SC

can be corrected immediately with the aid of Eqs. (3.71) and (3.72).

Thus,

EX ML
+ p 2 8  1 + 625 (r, z)

CEX M EX CML(r, z). (3.74)
1 + p 2 8 L (r, z) 1 + 625

To correct the parameter C * defined by means of:

C =CM RN/RF

the expression is rewritten as:

A 2 8 A 2 5

C C b M (3.75)M A 2 8 A 2 5

M b

where Eqs. (2.13) and (2.14) have been substituted for RN and RF
respectively. The values of the quantities A2 8 and A2 5 , defined in

M M
Section 2.7.4, are the same independent of the type of assembly being

used for the measurement. The same may be said of CM; only Ab
25 CMf ony2

and A need to be corrected. The following expressions for A 2 8 and
b b

A 2 5 hold:b
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28 28 28 28 F + pq(r,z,T 2 8)1
Ab(r,z) = c N a 4t(r,z) 28 ( j

E 225 a 25 pq(r,z,Tr2 8)]
Ab(r,z)=e N Ua t(rz)+S25 ,i

(3.76)

(3.77)

where E 28 is efficiency of the counting apparatus for Np239 activity and

E25 is the efficiency of the counting system for fission product activity;

N 2 8 denotes the number of atoms of U2 3 8 per cm 3 and N 2 5 is the analo-

gous quantity for U 2 3 5 Thus,

28 N 28 4t(r, z)
a

pq(r, Z, T28)

+s 2 8 (Z
s

(3.78)
25 pq(r, z., 2 8)
f t (r, z) + S 25 ( Z

On using Eq. (3.66) and writing Eq. (3.78) for both miniature and

exponential lattices and taking the ratio, we obtain the relation:

EX E E1 + S2 8 NEX~r ,z )

1 M+28 ML(r, z)

+5 ML -KFT (r, z)

1 EX( E zE CML (r, z),
1+2(5 3EX9(r ,z

(3.79)

since the factor in front of Eq. (3.78) cancels when the ratio is taken.

3.5.4 The Fast Fission Ratio, 628

The parameter 628 was defined as:

628 
=

628

fission rate in U 2 3 8

total fission rate in U 2 3 5

28
f a f2(E) 4(E) dE
Ef

0 -25(E) (E) dE
0o

threshold energy for the U 2 3 8 fission cross section

and

A28 z)
Ab

A25 ZA2(r,z)b

C *CEX

or

e25 N25a

,

where E fis the
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(-1 Mev). In U 235, most of the fissions occur for neutrons in the thermal

energy range. In fact, for all the lattices investigated, more than 90o of

the fissions in U235 are caused by thermal neutrons; thus,

-28

6 ~f F (3.80)
28 -25

af t

where f28 is the average fission cross section of U 2 3 8 and a25 is the
c~f is235

average fission cross section of U ; OF is the average fast flux in

the fuel and 4t is the average thermal flux in the fuel. If the measure-

ments are normalized to the same thermal flux, the required extrapo-

lation correction is:

EX

6EX _F 6ML (3.81)
28 ML 28

F

To understand the application of Eq. (3.81), the following con-

siderations are necessary. The contributions to the fast flux inside a

fuel element come from two sources: first, the neutrons born from

fission in the same fuel element; second, the neutrons born in the sur-

rounding rings of rods. The latter neutrons escape from their res-

pective fuel rods and reach the fuel element under consideration with-
4EX adMLout undergoing any collisions. The difference between 4F and 4F

comes from the interaction effect. That is, the single rod portion of

the total fast flux is the same independently of the type of assembly

used. The interaction effect depends: first, on the number of rings

of fuel rods contributing to the fast flux in the fuel rod under consider-

ation; and second, on the number of fission neutrons produced in these

fuel rods; i. e., the fission rate in U235 in the surrounding rods which

is approximately proportional to the thermal flux. In the miniature

lattice, the number of contributing rings of rods is smaller than in the

other types of assemblies; moreover, the thermal neutron flux goes to

zero more rapidly than in the larger assemblies since the boundaries

are closer to the centermost rod. Thus, the correction factor in

Eq. (3.81) is always greater than unity.
EX ML

To calculate the ratio, 4F F , the theory developed by

Woodruff (W4) was used. The fast flux distribution in a cell was
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calculated by means of the computer program UNCOL. In Woodruff's

work, the following assumptions are made:

1. Fast neutrons suffering one collision are slowed down below

the U238 fission threshold energy.

2. The single collision kernel for cylinders of infinite length

may be used for cylinders of finite length.

3. The homogeneous kernel may be used for heterogeneous

configurations by making suitable adjustments in the cross

sections.

4. The spatial distribution of the fission rate within a fuel rod

may be expressed by the relation:

S(r') = C 0 + C 1 r',

where C0 = 1; C 1 is an arbitrary constant and r' is the

distance of a point in the rod from the center of the rod.

The computation consists in integrating the single collision trans-

port kernel for cylindrical shell sources. The integration is over the

volume of each fuel rod in the assembly. The results are multiplied by

the appropriate weighting factors (usually a J function) and then added

to give the relative fast flux at points of interest.

In the case of the miniature lattice, Assumption 2 requires

further discussion. It would seem, at first, that it is not valid in the

miniature lattice. To show that this assumption is valid, even in mini-

ature lattices, consider the single collision transport kernel for a point

source. It is given by the expression:

K(r, r') = -I- ~ (3.82)
- - 7r ,r - 2

where Z is the removal cross section for neutrons with energy greater

than Ef; K(r, r') represents the uncollided flux at r due to a point source

at r'. In a cylindrical assembly, the configuration is that shown in

Fig. 3.3. From the figure, we can see that:

R2 _ , 2 2 + (-Z')2
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FIG. 3.3 COORDINATES OF INTEREST IN THE
CALCULATION OF THE FAST FLUX
DISTRIBUTION
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where

2 = r2 + r2 - 2rr cosy.
0 o

The infinite length collision kernel is obtained by integrating Eq. (3.82)

over 7 and z'; thus,

2 7r 0o -zR
4(r, r )= f dy f dz' eR 2

0 7r270f -oo R2

Without loss of generality, z may be set equal to zero and 4(r, r0) may

be written as:

2 2 1/2
27r oo -E(2 +z')

4(r, r ) = v dT fdz' e 2 2 (3.83)
4= 0 0 2 + z'

The question is, whether in the miniature lattice the same limits

of integration can be used for z'. Consider the worst possible case,

I = 0. If 1 # 0, the point kernel is smaller in magnitude. Figure 3.4

shows a plot of K(z =0, z') as a function of z'. We see from the figure

that the fast flux decreases very rapidly with increasing values of z'

and, indeed, at z' = 1 cm, the contribution to the fast flux at z = 0 is

already less than 1% of that at z' = 0.1 cm. It is, therefore, apparent

that very little is added to the fast flux at z = 0, by extending the inte-

gration to-Atfinity.

In the discussion of the second assumption, another question arises.

In assuming an infinite length, it is, in effect, being assumed that the

axial flux distribution is constant; yet we know that this is not the case

in a finite lattice. Indeed, in subcritical assemblies, the thermal flux

distribution is nearly an exponential function. From the previous argu-

ment, however, the contribution to the fast flux at z = 0 comes mainly

from a region about one inch long about z = 0. In this small region, the

flux may be expanded in a Taylor series about z = 0, and only the first

two terms kept. It will be given by an expression of the form:

4(z') = a + bz'.

Hence, when 4(z') is multiplied by the point kernel K(z=0, z') and inte-

grated over the region of interest, the deviation from a constant will

cancel since the point kernel is an even function of z'.
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These results and discussion show that the assumptions made in

Ref. (W4) to develop the UNCOL program may be applied to the mini-

ature lattice.

The procedure to correct the values of 628 measured in the mini-

ature lattice was the following: the UNCOL program was used to calcu-

late the average fast flux in the miniature lattice, the exponential assembly

at M. I. T. and an infinite assembly, respectively, and the necessary ratios

substituted in Eq. (3.81).

3.5.5 Intracellular Subcadmium Activity Distribution of Gold

In the discussion of the thermal utilization in Section 3.1.1, it was

noted that the values of the average fluxes in the different regions,

which appear in Eq. (3.7), are those corresponding to an infinite assem-

bly. This was implied in Eq. (3.7) by the superscript oo on the average

fluxes.

To obtain extrapolation corrections for the intracellular distribu-

tions of the gold activity measured in the miniature lattice, consider an

infinite array of fuel rods placed periodically in an assembly. The

thermal neutron flux distribution in the assembly may be written as:

0(r) = 4M~f(r) , (3.84)

where OM denotes the macroscopic flux distribution, in this case, a

constant; 4f(r), the intracellular flux distribution, represents the per-

turbation produced by the rods. In determining f, the thermal utiliza-

tion, the distribution of interest is 4f(r).

When the measurement is made in a finite assembly, OM is no

longer a constant. For a cylindrical lattice, it is given by:

4M(r, z) = A'J 0 (ar) f(z) , (3.85)

where A' is a constant; f(z) gives the axial variation of the flux

(sin (7rz/H) and sinh 7(H-z) in critical and subcritical assemblies,

respectively). The subcadmium intracellular activity distribution of

gold observed at a given height, z = z , is given by:

A(r) = CJ0(ar) 4f(r) , (3.86)

where
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C = EA'f(z ) oAu;

e is a factor incorporating the counter efficiency, corrections for

activity decay and the number of atoms per cm 3 of the gold foil; T-Au

is the subcadmium activation cross section of gold. Since C is the

same for all the foils in a microscopic traverse, it can be set equal to

unity.

To obtain 4f(r), the fine structure, the measured intracellular

subcadmium activities must be corrected for the macroscopic flux

distribution; thus,

4 (r) = A(r) (3.87)
J0(ar)

where a = 2.405/R. It will be shown in Section 4.3.1 that the macro-

scopic subcadmium flux distributions - at least, within the cell in

which the measurements were made - has, indeed, a J -functional

dependence.

For completeness, another effect must also be investigated,

which arises from the fact that an appreciable portion of the measured

activities comes from source neutrons. Since the source neutrons may

have a different thermal energy spectrum than the neutrons born in the

lattice, a possible perturbation on the intracellular distribution can be

expected. The activation per unit atom that is measured, A(r), may

be expressed as a combination of activities produced by source and

lattice-born neutrons. At a given height, z = z 0 , we have:

A(r) = SO s(r,z ) + aj4 (r,z 0 ) , (3.88)

where - and a are the thermal activation cross sections of gold for

source and lattice-born neutrons, respectively; 4s and k4 represent

the corresponding thermal fluxes. The quantity of interest is:

A (r) = a 1 (r, z0 ) , (3.89)

which can be factored out of Eq. (3.88); thus,

A (r) A(r) (3.90)

ss +1 a SOS (r, z 0 )
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Within a cell, at a given value of z0 , k0s / is a constant. Hence,

only if the ratio as Ia, is considerably different across the cell, will

this correction be significant.

In Section 4.3.2, it will be shown that the experimental evidence

indicates that even in miniature lattices, the variation in the ratio o /a
is much smaller than the experimental uncertainties involved in the

measurements. Hence, the factor in front of A(r) in Eq. (3.90) is

constant across the cell and the correction need not be applied.

3.6 SUMMARY

The results obtained in this chapter are summarized in this

section. In Table 3.1, the expressions for the thermal flux and slowing-

down density in subcritical lattices are listed. The extrapolation cor-

rections for p2 8 , 625, 628 and C derived in Section 3.5 are summarized

in Table 3.2.
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Table 3.2

Summary of Correction Factors for p2 8 , 625, 628 and C

Measured Correction Factor to Extrapolate Value of Parameter Measured in Miniature Lattice to Assembly Below
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CHAPTER 4

DATA ANALYSIS AND RESULTS

4.1 INTRODUCTION

The techniques used to analyze the raw data will be described in

this chapter. This discussion will be followed by a presentation of the

experimental results obtained in the miniature lattice. The correction

procedures described in Section 3.5 will also be applied to the experi-

mental data, and the final results will be compared with the correspond-

ing measurements in the exponential facility at M. I. T.

The results obtained and the parameters that enter in the theory

and extrapolation corrections derived in Chapter 3 will be given in

Chapter 5.

4.2 DATA ANALYSIS

The methods used have been developed by various workers on the

Heavy Water Lattice Project (S1, D1).

4.2.1 Macroscopic Gold Traverses

To reduce the gold foil counting data, the ACT-5 computer pro-

gram written by Simms (S1) and modified by Clikeman (C2) was used.

The ACT-5 program was designed to process the raw data from either

of the automatic counters described in Section 2.6 for activity decaying

with a single half-life.

The program corrects for the following:

1. Decay of activity from the time the irradiation is ended

to the time at which the counting of the foils begins.

2. Decay of activity during the time interval in which the

foils are being counted.

3. Background.

4. Counter dead time.

5. Foil weight.
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Corrections 2, 3 and 4 are applied to each counting pass; corrections

1 and 5 are applied to the average count rate over all the passes. The

average is calculated by weighting the individual results with the

number of preset counts for the pass. The ACT-5 program was used

for the raw data from both bare and cadmium-covered foils. The cad-

mium ratio was then obtained from the activities of a bare foil and a

cadmium-covered foil irradiated in equivalent positions inside the

miniature lattice.

4.2.2 Intracellular Gold Traverses

The ACT-5 code was also used to reduce the raw data for the

intracellular gold activity traverses.

The following procedure was used to obtain the subcadmium

activity distribution within a cell.

1. To obtain the average activity at a position in the cell, the

arithmetic mean was taken of the corrected activities of two foils,

irradiated in equivalent positions along the rod-to-rod directions shown

in Fig. 2.8. Similarly, within the fuel, the average was assumed to be

the arithmetic mean of the corrected activity of the two foils in each

position, one on each side of the fuel button foil holder.

2. The corrected activities of the cadmium-covered foils both

in the fuel and the moderator were corrected to the height at which the

bare foils were irradiated. This was accomplished with the aid of the

axial gold activity distributions obtained with bare and cadmium-

covered foils. The activity of each cadmium-covered foil was multi-

plied by the ratio of the measured epicadmium activity of gold at the

height of the bare foils to the measured epicadmium activity at the

height at which the foil holder with the cadmium-covered foils was

located.

3. The average activity of the cadmium-covered foils in the

moderator was subtracted from the activity of each bare foil in the

moderator. In the fuel, the subtraction was done foil by foil, since

bare and cadmium-covered foils were irradiated at equivalent positions.

4. The subcadmium and epicadmium activity distributions of gold

were then corrected to those that would be observed in an infinite

assembly. The method described in Section 3.5.5 was used.
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In following the procedure described above, the question arises

as to whether it is valid to apply steps 2 and 3 above before correcting

the activities to an infinite assembly. The justification for the order

followed in the procedure above comes from the experimental data. It

will be shown in Section 4.3.2 that the activities measured inside the

fuel are not significantly affected by their extrapolation to an infinite

assembly. Furthermore, it will be shown in Section 4.3.1 that the

macroscopic radial distribution of the cadmium ratio of gold measured

in the moderator is constant over a region of the assembly which

includes the cell in which the intracellular measurements were made.

The order followed in the procedure described above is, therefore,

immaterial.

4.2.3 -28 25'-28 and C*

The total number of counts in each counting pass of each of the

detector foils in the packets described in Section 2.7.5 was corrected

for each of the following items:

1. Room background.

2. Natural and residual activity.

3. Difference in times at which the activities of foils to be used

to calculate a ratio are measured.

4. Decay of activity during counting.

5. Counter dead time and pulse pile-up.

6. Foil weight.

7. Axial and radial position in the miniature lattice tank.

These corrections were applied to the measured fission product

activity of the uranium detector foils and to the Np 2 3 9 activity of the

depleted uranium detector foils.

The decay of the fission product activity of the uranium detector

foils is given by a sum of exponentials. A special technique was

developed to correct for the decay of the activity between counting passes.

A polynomial was fitted by the method of least squares to the corrected

foil activities as a function of the time at which the activities were

determined. The computer program LSQ-4D, listed in Ref. (Dl), was

used to make the least square fitting. The input to the program consisted
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of the raw data and adequate information to correct the measured total

number of counts. The output consisted of the polynomial coefficients,

the corrected data, and values of the activity at times of interest,

namely, common times for all the uranium foils within the packets.

The LSQ-4D program was also used to process the Np239 raw counting

data.

The polynomial coefficients obtained from LSQ-4D to describe

the fission product activities and the Np239 corrected activities were

then used to calculate p 2 8 , 625 and C This was accomplished with

the aid of the computer program EPIFAST, described in Appendix E.

The EPIFAST program has provisions to correct the results for differ-

ences in axial and/or radial position of the foil packets involved in the

calculation. Corrections may also be included for the reduction in

activities of the detector foils within a packet because of the presence

of cadmium and/or uranium of a U235 concentration different from that

of the fuel in the lattice. A discussion of the perturbations produced in

the measurements by these foreign materials is given in Ref. (Dl).

The procedure followed in the EPIFAST program was to use the

polynomial coefficients and their uncertainties, to calculate 625 and

R F at common times in each counting pass as well as their standard

deviation. The corrected Np 2 3 9 activities of the depleted uranium foils

and their standard deviation were used to determine p 2 8 and RN at

common times in each pass. The average value for each quantity was

then determined by weighting each result with its uncertainty; Eqs. (2.12)

and (2.17) were then used to obtain weighted values of C It was found

that the final results and uncertainties were independent of how the

weighting was done, since the uncertainty due to counting statistics was

approximately the same for all detectors. Hence, the final value was

taken as an unweighted average.

The data used to obtain 628 were processed with the assistance

of the computer program PEG, described in Ref. (W3).

The extrapolation methods derived in Sections 3.5.1 through 3.5.4

were then applied to the values of the parameters obtained in the mini-

ature lattice to get the values of the parameters in exponential, critical

and infinite assemblies.
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4.3 RESULTS AND COMPARISON WITH DATA FROM EXPONENTIAL
ASSEMBLIES

4.3.1 Axial and Radial Gold Activity Traverses

Axial and radial activity traverses of gold were made in all the

lattices investigated. As discussed in Section 3.4, their purpose was

twofold. The distribution of the cadmium ratio of gold permits the

testing of the model derived in Section 3.2. The activity distributions

obtained with bare and cadmium-covered foils assisted in the correla-

tion of measurements in various positions within the miniature lattice.

The axial distribution of the cadmium ratio of gold in the six

lattices investigated is shown in Figs. 4.1 through 4.6. The solid

curves represent the values predicted by Eq. (3.65). The theoretical

computations were made with the aid of the computer program

MINIFLUX, described in Appendix A. The parameters required for the

use of MINIFLUX are listed in Table 4.1. The analytical methods used

to obtain these quantities are discussed in Chapter 5.

It is evident from Figs. 4.1 through 4.6 that in all the lattices

the computed value of the cadmium ratio of gold agrees well with the

measured value over the bottom half of the assembly. In the lattices

with rod spacing of 1.25 inches, the agreement is good except near the

source; the discrepancy between calculated and measured values

increases with increasing lattice spacing.

There are two reasons for the discrepancy between calculated

and measured values of the cadmium ratio near the source end. First,

the diffusion approximation breaks down near the source. Second, the

expansion in Fourier harmonics fails near the discontinuity at z = 0.

This is the result of fitting a discontinuous function with a finite number

of continuous functions. These effects will be discussed in more detail

in Section 5.4. Since the effect of the source extends further into the

lattice with increasing rod-to-rod separation (as implied by the increase

in the value of L ), the predicted value of the cadmium ratio of gold
s

should agree better with the measured results as the lattice spacing

decreases.

For the purpose of this work, the important point of these results

is that the theory predicts the cadmium ratio of gold accurately in the

region where p 2 8 , 625, 628 and C* were measured. Hence, the theory
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Parameters

Table 4.1

Used in MINIFLUX Calculations

Lattice(1 ) Spacing Enrichment VM/V Radius Height 1a( 4 ) L (4)
M F a

(inches) 7 (cm) (cm) (cm~ ) (cm)

ML2 1.25 1.143 25.833 27.641 49.421 0.01191 8.493

ML7 1.75 1.143 52.164 27.576 47.366 0.00640 11.382

ML3 2.50 1.143 108.304 27.522 48.476 0.00326 15.705

ML4 1.25 1.027 25.833 27.617 49.421 0.01131 8.661

ML6 1.75 1.027 52.164 27.573 47.366 0.00608 11.668

ML5 2.50 1.027 108.304 27.528 48.476 0.00308 16.186

Lat(4)Es (4) k T(5) T(4) S(5)
Lattice aLs k 128 't sSua s 28ts Au

1 2 2 -1
(cm-) (cm) (cm2) (cm2) (cm-)

ML2 0.01072 8.952 1.328(2) 82.30 128.55 0.17455 2.851

ML7 0.00576 11.950 1.416(2) 81.34 124.90 0.17700 2.807

ML3 0.00326 15.705 1.419(2) 79.20 123.69 0.18206 2.787

ML4 0.00961 9.396 1.304(3) 82.30 128.55 0.17455 2.848

ML6 0.00547 12.310 1.375(3) 81.34 124.90 0.17700 2.806

ML5 0.00293 16.595 1.395(3) 79.20 123.69 0.18206 2.788

(1) All lattices have 0.25-inch-diameter rods clad in 0.318-inch-O.D.
(2) Ref. (H7). 235
(3) Ref. (D1); values corrected for epicadmium fission in U
(4) Definitions in Section 3.2.2.
(5) Definitions in Section 3.4.1.

aluminum tubes in 99.75% D 20.

CO
U1,

Parameters
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can be used to extrapolate the values of these parameters obtained in

the miniature lattice to those that would be obtained in an exponential,

a critical or an infinite assembly.

A typical example of the results obtained for the radial distribu-

tion of the cadmium ratio of gold is shown in Fig. 4.7. Since each data

point in Fig. 4.7 corresponds to a position halfway between adjacent

rings of rods, it follows that RAu - 1 is constant over a portion of the

lattice that includes at least half the total number of rings present.

The drop in the value of RAu - 1 near the boundary is a consequence of

the cadmium layer surrounding the assembly. The density of neutrons

with energies below the cadmium cutoff vanishes at the extrapolated

radius, whereas the epicadmium neutrons are practically unaffected.

The effect of the cadmium layer is best illustrated in Fig. 4.8,

where the subcadmium and epicadmium activities of gold are shown

for the lattice ML7.

The results shown in Figs. 4.7 and 4.8, which.are typical of the

radial distributions observed in all the lattices studied, serve several

purposes. First, they indicate that the area corresponding to about half

the number of rings in each lattice can be used to measure p 2 8 , 625
and C . Second, they justify the procedure described in Section 4.2.2

to analyze the intracellular subcadmium activity distribution of gold.

Third, since the radial distribution of the subcadmium activity of gold

follows very closely a J -function, as indicated in Fig. 4.8, then to

correct 628 as described in Section 3.5.4, the interaction effect can be

obtained by weighting the contribution of the surrounding rods with a

J -function.
0

4.3.2 Intracellular Activity Distribution of Gold

Intracellular activity distributions of bare and cadmium-covered

gold foils were measured in all the lattices investigated. The data

were analyzed in accordance with the procedure described in Section 4.2.2.

The magnitude of the correction required to extrapolate the

measured distribution of the subcadmium activity of gold to an infinite

assembly is illustrated in Fig. 4.9 for the case of ML7. Since J (ar)

decreases with increasing r, the correction is larger the farther the

position of the foil is from the center of the rod. In the lattices with the
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greatest rod separation, those with 2.50-inch spacing, the correction

is close to 7% for the foil position farthest away from the center of the

rod. If one considers only the foils placed between the center of the

rod and the cell boundary, then the correction is at most 2.5% to 3%.

The intracellular epicadmium and subcadmium activity distribu-

tions of gold foils observed in ML2 are shown in Fig. 4.10. Two inde-

pendent measurements were made; the results are shown in Fig. 4.10

and indicate the spread observed in the data. A detailed discussion of

the uncertainties in intracellular measurements is given in Refs. (Si)

and (B2). In Fig. 4.10, the results obtained in similar measurements

in the exponential facility at M. I. T. are also shown. The results in

the miniature lattice compare favorably with those made in the expo-

nential assembly. The activation distribution of gold predicted by

THERMOS is also shown. The distributions obtained in both the mini-

ature and exponential lattices agree with those predicted by THERMOS.

Figures 4.11 and 4.12 show the intracellular gold activity distri-

butions measured in ML4. The measurements were made at two differ-

ent heights, 9 and 13 inches from the source end. In both cases, the

agreement between the results in the miniature and exponential lattices

is good, and both agree with the predictions of THERMOS. Calculations

made with the MINIFLUX program indicate that for:

z = 9 inches, #/ 5 1/ ;

z = 13 inches, 4 /s 4

yet there is no essential difference in the intracellular distributions

observed.

Physically, this effect can be explained as follows. The neutrons

coming from the source which impinge on the fuel rods disappear very

rapidly, since the thermal mean free path in the fuel is small. Thus,

after a few centimeters, the only source neutrons that are in the lattice

are those diffusing through the moderator. After a few mean free paths

of the assembly, the spectrum of these neutrons approaches the energy

distribution of the neutrons born in the lattice.

The results just discussed substantiate the statement made in

Section 3.5.5, regarding Eq. (3.90). If the ratio (a /o )Au varied

strongly across the cell, the effect of the difference between the spectra
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of source and lattice-born neutrons would have been observed in the

intracellular measurements made at two heights in ML4; the difference

in the ratio 4 /4s at the two heights is large enough so that some per-

turbation in the intracellular distribution should become apparent.

Since no significant difference was observed in the results obtained at

the two heights, the ratio (os /a2Au must be constant across the cell,

and no correction needs to be applied for the fact that an appreciable

portion of the activity of the gold foils in an intracellular measurement

comes from source neutrons.

Figures 4.13 through 4.16 show the subcadmium and epicadmium

activity distributions observed in the rest of the lattices investigated.

The results obtained in the miniature lattice agree well with those in

exponential lattices for all the assemblies studied. The activity dis-

tributions predicted by THERMOS agree well with the distributions

measured in both the miniature lattice and in the exponential facility

at M.I. T.

To compare the intracellular measurements in miniature lattices

and exponential assemblies, the activity distributions were normalized

so that the mean value of the two data points nearest to the cell boundary

in the subcadmium activity distribution agreed in the two assemblies.

As a result of this normalization, the magnitude of the epicadmium

activity is not necessarily the same in the miniature and exponential

lattices, although the shape of the radial dependence is nearly the same.

But, when the epicadmium gold activity is subtracted from the activities

measured in the bare foils, the resulting distributions in the miniature

and exponential lattices coincide. This result was expected because the

measurements in the exponential facility at M. I. T. were made in the

equilibrium region of the assembly (as indicated by the constant value

of the cadmium ratio), while those in the miniature lattice were made

in a region which was far from equilibrium.

As a result of the agreement between the measured subcadmium

activity distributions of gold and those predicted by THERMOS, the

values of the thermal energy region parameters and of the thermal

utilization f computed by THERMOS will be assumed to be valid for the

lattices under study. The use of THERMOS is discussed in Section 5.2.2.
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4.3.3 -228' 2 5'2 8 and C

The parameters P28, 625 628 and C defined in Section 2.7,

were measured in all the lattices investigated. The extrapolation tech-

niques, developed in Sections 3.5.1 through 3.5.4, were applied to the

results obtained for these parameters in miniature lattices. Extrapo-

lations were made to exponential (EX), critical (C) and infinite (oo)

assemblies, of similar composition and geometric configuration. The

required extrapolation corrections were summarized in Table 3.2.

Except for the extrapolation factor for 6 28, all corrections

involve the functions $(r, z). This function, which was defined in

Eq. (3.66), is a measure of the ratio of the epithermal flux to the

thermal flux in a given assembly. This ratio will vary with the size of

the assembly. The variation of $(r, z) with z/H is illustrated in Figs.

4.17 and 4.18; the function is plotted for a miniature lattice and for an

exponential assembly. Figure 4.17 shows $(r, z) for ML2, the tightest

lattice studied, and Fig. 4.18 shows $(r, z) for ML5. The axial position

in which the miniature lattice measurements were made is indicated in

both cases. In the exponential assembly, the determinations were all

made in the equilibrium region, i. e., the region in which 4$(r, z) is

constant. It is evident from Figs. 4.17 and 4.18 that in none of the

miniature lattices studied is an equilibrium region obtained.

It may be inferred from these results that before measurements

are made in an exponential assembly, it is necessary to determine

where the equilibrium region is. According to Eq. (3.65), the cadmium

ratio of gold measured in the moderator depends on $j(r, z), so that the

cadmium ratio can be used to determine where the equilibrium region

begins. This procedure is usually followed in reactor physics studies

in exponential assemblies.

The values of p 2 8 , 625, 628 and C measured in the miniature

lattices are shown in Tables 4.2 and 4.3. Table 4.2 shows the results

in the lattices with 1.143% enriched fuel and Table 4.3, the data for the

assemblies with 1.027% enriched fuel. The two tables also show the

values of these parameters extrapolated to exponential, critical and

infinite assemblies. The values to be compared are those measured in

the exponential assembly (third row) and those extrapolated from

measurements in miniature lattices (second row). The miniature
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Table 4.2

Experimental. Data and Extrapolated Results for Lattices with

1.143% Enri ched Fuel. Similar Data in Exponential Assemblies (EX).

Assembly

ML2

ML2
to EX

EX
(meas.

ML2
to C

ML2
to oo

ML7

ML7
to EX

EX
(meas.

ML7
to C

ML7
to 00

ML3

ML3
to EX

EX
(meas.

ML3
to C

ML3
to 00

628

0.0252
±.0010

0.0268
±.0011

0.0264 (4
±.0040)

0.0278
±.0011

0.0195
±.0007

0.0204
±.0007

0.0204 (4
) ±.0030

0.0209
±.0007

0.0169
±.0040

0.0174
±.0041

0.0164 (4
).0010

0.0176
±.0042

R
(1) C* C* N

MAX- MRF

1+ P228
(2) C 1= 2 8

SC 1 + 62 Z2 5)25 f SC

±.004 ±.0011

P28

0.916
±.017

0.861
±.016

0.813(5)
±.067

0.927
±.017

1.111
±.021

0.395
±.007

0.476
±.009

0.471(5)
±.017

0.514
±.010

0.624
±.012

0.198
±.002

0.251
±.003

0.222(5)
±.026

0.272
±.003

0.306

625

0.0863
±.0033

0.0609
±.0023

0.0584
±.0044

0.0624
±.0024

0.0716
±.0027

0.0398
t.0010

0.0364
t.0009

0.0385(
±.0099

0.0374
t.0009

0.0434
±.0011

0.0159
t.0010

0.0153
t.0010

0.0160(
t.0056

0.0156
±.0010

0.0170

(5) Data from Ref. (R3) reana-
lyzed by present author.

c A (1) c * (2)MX SC

0.740 0.739 0
±.009 ±.007

0.732 0.734 0
±.009 ±.007

(5) 0.799(5) 0.717(5) 0
±.084 ±.026

0.748 0.759 0
±.009 ±.007

0.802 0.824 0
i.010 ±.008

0.571 0.556 0
±.025 ±.003

0.597 0.591 0
±.026 ±.003

5) 0.630 (5) 0.589 (5) 0
±.051 ±.010

0.606 0.605 0
±.026 ±.003

0.639 0.644 0.
±.028 ±.004

0.487 0.488 0.
±.017 ±.001

0.504 0.509 0.
±.018 ±.001

5) 0.492(5) 0.498(5) 0.
±.050 ±.011

0.511 0.520 0.
±.018 ±.001

0.521 0.531 0.
±.018 ±.001

pq(r, z., r 2 8)
(3) (r, z) = Zst(r, z) '

(4) Ref. (H5).

(3)

.1280

.0805

.0805

.0809

.0908

.05625

.04562

.04562

.04580

05230

02780

02380

02380

02360

02540



113

Table 4.3

Experimental Data and Extrapolated Results for Lattices with

1.02776 Enriched Fuel. Similar Data in Exponential Assemblies (EX).

Assembly 628 2 8  625 CA c (2) (3)

ML4 0.0259 0.876 0.0826 0.829 0.804 0.1160
±.0012 ±.024 ±.0021 ±.060 ±.010

ML4 0.0274 0.856 0.0609 0.831 0.809 0.0758
to EX ±.0013 ±.023 ±.0015 ±.060 ±.010

EX 0.0274 (4 0.845(5) 0.0525 (4 0.814(5) 0.792(5) 0.0758
(meas.) ±.0012 ±.007 ±.0100 ±.007 ±.002

ML4 0.937 0.0631 0.856 0.842 0.0766
to C ±.026 ±.0016 ±.062 ±.010

ML4 0.0285 1.087 0.0705 0.900 0.901 0.0844
to oo ±.0013 ±.030 ±.0018 ±.065 ±.011

ML6 0.0200 0.345 0.0336 0.631 0.601 0.0515
±.0008 ±.005 ±.0007 ±.035 ±.002

ML6 0.0209 0.425 0.0318 0.655 0.637 0.0427
to EX ±.0008 ±.006 ±.0007 ±.036 ±.003

EX 0.0217 (4 0.437(5) 0.0310 (4 0.625(5) 0.644(5) 0.0427
(meas.) ±.0007 ±.003 ±.0013 ±.016 ±.003

MT,6 0.462 0.0328 0.669 0.652 0.0429
to C ±.007 ±.0007 ±.037 ±.003

ML6 0.0215 0.534 0.0367 0.692 0.680 0.0473
to 0o ±.0009 ±.008 ±.0008 ±.038 ±.004

ML5 0.0159 0.156 0.0148 0.552 0.525 0.0214
±.0015 ±.002 ±.0005 ±.017 ±.011

ML5 0.0163 0.242 0.0174 0.574 0.563 0.0224
to EX ±.0015 ±.003 ±.0006 ±.018 ±.012

EX 0.0183 (4 0. 2 2 7 (5) 0.0188 (4 0.551(5) 0.547(5) 0.0224
(meas.) ±.0007 ±.0014 ±.0023 ±.002 ±.003

ML5 0.260 0.0175 0.580 0.570 0.0219
to C ±.003 ±.0006 ±.018 ±.012

ML5 0.0165 0.290 0.0193 0.588 0.583 0.0236
to 0o ±.0015 i.004 ±.0007 ±.018 i.012

"C

(1) CMAX= * RN
CM RF.

* 1 + p 2 8  8

(2) Cc- 1 + 6 25 '25 f S

pq(r, z, r 2 8 )

(4) $rst(r, z)

(4) Ref. (B1).

(5) Ref. (D1).
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lattice data are the result of a single measurement and the quoted errors,

in each case, represent only the uncertainty of that determination due to

counting statistics. The data for the exponential assemblies are usually

the result of six independent measurements; the errors quoted, there-

fore, represent more closely the actual experimental accuracy of a

measurement.

It is evident from the results shown in Tables 4.2 and 4.3 that the

values of the parameters extrapolated from miniature lattices compare

favorably with the results of similar measurements in exponential assem-

blies. The extrapolated values generally lie within the range given by the

experimental uncertainties of the value of the parameter obtained in the

exponential lattices.

The comparison between the values of the parameters obtained by

extrapolating the miniature lattice results and the measurements made

in corresponding exponential assemblies is more readily made in Figs.

4.19 through 4.22. The error flags shown to the right of the points

represent the statistical accuracy for the single measurement in a

miniature lattice. The error flag to the left represents the quoted

error for the results obtained in the exponential assembly. As men-

tioned above, the two results agree, in general, within the experi-

mental errors.

In Tables 4.2 and 4.3, the values of 5 are also quoted for each

condition. In all cases, the value of LP in the equilibrium region of the

exponential assembly is different from that in the corresponding critical

assembly. This difference, which is about 1% for the case of ML5,

indicates that the spectrum of neutrons in the equilibrium region of an

exponential assembly is not quite that which would be observed in a

critical assembly. If only the value of the function 4+ entered into the

extrapolation of the parameters p 2 8 , 625 and C , the difference between

PEX and $C would have no significant effect on the extrapolation. This

conclusion follows from the fact that the errors quoted for the measured

values of these parameters in the exponential facility are, in most cases,

larger than the differences between $EX and *C. The quantity S, which

will be discussed in Section 5.2.5, does, however, affect the extrapola-

tion factors significantly, and the results listed in Tables 4.2 and 4.3

indicate that there should be an appreciable difference between the values
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of the parameters obtained by extrapolating the data from the miniature

lattice to the equilibrium region of an exponential assembly and to a

critical lattice.

At the present time, this conclusion cannot be substantiated by

experimental evidence. A large number of D 20-moderated, exponential

and critical assemblies with natural uranium fuel have been investigated

at the Savannah River Laboratory (W7). This investigation concentrated,

however, on the determination of the material buckling in these assem-

blies. Although systematic differences were encountered between the

values of the material buckling obtained in the exponential and critical

assemblies, there is still some question as to whether the differences

are real or represent experimental uncertainties (H8). Measurements

made in exponential and critical assemblies have been reviewed in

Ref. (K1). It is unfortunate, however, that systematic studies like those

made at Savannah River Laboratory for material bucklings do not seem
*

to have been made for p 2 8 , 625 and C . Hence, for the present, the

possible systematic difference between the values of these parameters

in exponential and critical assemblies obtained from the extrapolation of

miniature lattice results must wait for experimental tests, before any

definite conclusion may be reached.

The results of Tables 4.2 and 4.3 show that the corrections are

largest for p2 8 and 6 25. This result comes about from the fact that these

parameters involve the ratio of a reaction rate in the epithermal energy

region to the corresponding reaction rate in the subcadmium energy

range. Since the greatest difference between assemblies of different

sizes comes from the different leakage rates of neutrons during the

slowing-down process, the relatively large corrections in p2 8 and 625 are

not surprising. This correction may be as large as 50% in some cases.

The values of 628 and C* are not affected nearly as much as those

of p2 8 and 625, by the difference in leakage properties between assem-

blies. This result can be explained by the fact that 628 and C represent

ratios of quantities which vary nearly in the same manner, as is evident

from their definitions in Section 2.7 and the discussion in Section 3.5.

To summarize, the extrapolation methods developed in Chapter 3

seem to be satisfactory for extrapolating data from miniature lattices

to exponential assemblies.
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CHAPTER 5

DISCUSSION OF THE ANALYTICAL TECHNIQUES

AND THE EXPERIMENTAL RESULTS

5.1 INTRODUCTION

The nuclear and physical parameters required for the use of the

theoretical model developed in Sections 3.2 and 3.3 will be discussed in

this chapter together with the quantities needed to apply the correction

factors derived in Section 3.5 and to test the theory as described in

Section 3.4. The experiments made and the theoretical methods used,

as well as the limitations inherent in the latter, will also be discussed.

5.2 NUCLEAR CONSTANTS WHICH APPEAR IN THE THEORY AND
EXTRAPOLATION CORRECTIONS

5.2.1 Thermal Energy Parameters for the Lattice-Born Neutrons

The results shown in Section 4.3.2 indicate that the intracellular

subcadmium gold activity distributions observed in the lattices studied

were accurately predicted by the modified one-dimensional THERMOS

program (S1). It was therefore assumed that the nuclear constants

computed by THERMOS could be used in the analysis of the lattices

investigated.

The details of the numerical procedures involved in THERMOS

are described in Refs. (H9,H10). The application of THERMOS to the

study of D 2 0-moderated lattices has been studied in Ref. (S1); it is

described briefly here.

The THERMOS program makes use of integral transport theory

to solve for the intracellular neutron density distribution in both space

and energy. The calculation is made for a cell in an infinite medium,

with the assumption of a reflecting boundary condition at the edge of the

cell. The cell is divided into concentric regions with a maximum of

twenty regions because of computer requirements. Thirty thermal

energy groups are considered. The source of thermal neutrons is

usually assumed to be a spatially constant, 1/E distribution above 0.78 ev.
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Scattering is assumed to be isotropic but the scattering kernel is arbi-

trary. It has been shown (Si) that the best results are obtained with

the extension of the Nelkin kernel to D 20 made by Honeck (H11). This

kernel was used throughout the present work. The solution of the inte-

gral transport equation involves an iterative procedure until the scalar

flux converges.

The resulting flux 4(E, r) is then used to calculate energy averaged

cross sections as functions of position, which are in turn employed to

obtain reaction rates. The reaction rates are averaged over the differ-

ent regions of the cell. Thus, one of the important results of the

THERMOS calculation is the thermal utilization f, defined in Section

3.1.1.

The resulting average values of the quantities of interest were

used to obtain Z1 and L , the diffusion length of thermal lattice neutrons.a 2
The latter was defined as:

1
L =(5.1)

a tr

where

-F - -C -- 2
e VFOF +Z VCC + a VM M

Z = ; (5.2)
a VF + VCC+ VMOM

here, the indices F, C and M stand for fuel, cladding and moderator,

respectively. The macroscopic absorption cross section for the .th

region, Z , is obtained from THERMOS as:

*

V. dr f vN(r, v) Z (v) dv, (5.3)
a i 1 0 a

- -th
where V.i and . are the volume and the average flux in the i region,

respectively; the average flux is given by:

*
v

V.i. = f drf vN(r, v) dv. (5.4)
1 0

In Eqs. (5.3) and (5.4), N(r, v) denotes the neutron density as a

function of position and velocity and v* represents the upper limit of
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the velocity range under consideration. The integration is then carried

out over the ith volume.

The average transport cross section, Etr, is similarly defined by

the relation:

-F - -C - -M -

P_ trVF F + + CC + Ztr M M (5.5)
tr--

VF OF + V COC + VMOM

The transport cross section for the moderator is given directly

by THERMOS. For the aluminum cladding, Ztr was assumed to be

given by:

tC C C (5.6)
tr T S

where ZT and ZS are the average total and scattering cross sections,

respectively; p = 2/3A is the average cosine of the scattering angle in

the center of mass coordinate system, and A is the atomic mass of

the aluminum. Although Eq. (5.6) is only approximate for uranium,

this equation was also used for the uranium fuel. Since the volume

fraction of the fuel in the lattices studied is small, the error intro-

duced by this approximation is small.

The values of Z and L used in the MINIFLUX calculations are
a 2

listed in Table 4.1.

5.2.2 Nuclear Parameters for Source Neutrons

The parameters of interest for source neutrons are Za and La s
In obtaining their values, two difficulties are encountered. The first

problem arises from the fact that the energy spectrum of the source

neutrons is not really known. The second difficulty comes from the

rapid variation of the energy spectrum of the source neutrons as

these diffuse through the lattice. The spectrum of source neutrons

changes considerably as these neutrons traverse the first five or six

mean free paths in the lattice. This distance may amount to as much

as one third of the height of the miniature lattice.

Because of these difficulties, it was decided to use, as a first

approximation, the same absorption cross section and diffusion length

as for lattice-born neutrons. The values of Z and L were then varieda s
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about these values to obtain the best agreement between the measured

distribution of the cadmium ratio of gold and that calculated by

MINIFLUX.

Because of the small dimensions of the miniature lattice, the

source has a strong effect on the cadmium ratio distribution. The cad-
s

mium ratio is, therefore, very sensitive to the values of Z a and L

assumed. This effect is illustrated in Fig. 5.1. It is evident that, if

one assumes Zs = z I, the calculated curve lies below the experimental
a a

data. Similar results were obtained in all the lattices. The values of

Fs and L that are necessary to bring the measured and calculated
a s

cadmium ratios into agreement are listed in Table 4.1. It is readily

seen that in all cases, Z < Z or L > L The maximum difference
betwee P nd_ a a s LY. Th*aiudfeec

between Zs and Z ais about 12%, whereas the difference between L
a a s

and L is at most 3.5%. No quantitative explanation for this behavior

can be offered because of the lack of information concerning the energy

transient undergone by the source neutrons. The source constants were,

however, the only parameters that were permitted to vary; all other

quantities which appear either in the theoretical model or the correction

factors are calculated.

In the exponential lattices, the values of the source parameters

are immaterial because the contribution of the source neutrons to the

flux in the equilibrium region is negligible.

5.2.3 Value of k,

The multiplication factor for an infinite assembly, k,, cannot be

determined directly from measurements in the miniature lattice. This

can readily be seen from the fact that the function L(r, z), defined in

Eq. (3.66), requires the knowledge of k., for its computation.

In the six lattices investigated here, the value of k, was known

because these lattices had been investigated in the exponential facility

at M. I. T. The values of ko for the lattices with 1.027 percent

enriched uranium fuel were obtained from the values of p 2 8 , 628, and

625 measured in the exponential facility at M. I. T. (D1, B1), and the

equations in Section 3.1.1 which relate these parameters to k. The

thermal utilization, f, was obtained from THERMOS calculations. The

values of k., for the 1.143 percent enriched lattices were obtained by
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J. Harrington (H7) by the use of neutron absorbers. The values of k,

used in the present work are listed in Table 4.1.

When lattices that have not been previously studied are investi-

gated, an iterative technique must be employed to determine k,. This

procedure involves the use of the measured parameters and the

equations in Section 3.1.1 which relate these parameters to k . A

description of the iteration technique follows:

1. The intracellular subcadmium activity distribution of gold and

628 can be extrapolated to the case of interest (co) without knowledge of

k00 . Thus, f may be assumed to be given by THERMOS. Similarly,

rISC, Eq. (3.3), is also given by THERMOS. This is a good approxima-

tion as long as the rods in the lattices under study are not too closely

spaced (S1). The fast fission factor, E, given by Eq. (3.6), is calculated

from the value of 628 extrapolated to an infinite assembly.

2. A first value of k 0 is obtained by neglecting r and calculating

p by simple theory (see, for example, Ref. (G2)).

3. This value of k0, is then used with the theory in Sections 3.2

and 3.3. The correction factors shown in Table 3.2 can then be used to

correct the measured values of p28 and 625'
4. The corrected values of P28 and 625 are then used in Eqs. (3.4)

and (3.8) and new values of r and p are obtained, leading to a new value

of k

5. With this new value of k 00 , steps 3 and 4 are repeated to obtain

a new value of k

6. The iterative procedure concludes when the results of the

repeated use of steps 3, 4 and 5 converge.

This iterative process converges rapidly because r contributes

only a few percent to k, (at most, 5% in the lattices studied), while the

calculated value of p in step 2 is usually only a few percent off from

the final value. Hence, the initial value of k0 will be close to the final

value. The progress of this iteration technique is illustrated for the six

lattices investigated in Table 5.1. The results indicate that the process

converges rapidly and that the final results are in agreement with the

values of k determined in the exponential facility at M. I. T.



Table 5.1

Progress of Iteration Procedure to Obtain k

Value of k
Iteration Step

ML2 ML7 ML3 ML4 ML6 ML5

k calculated as
in steps 1 and 2

1st iteration

2nd iteration

3rd iteration

MEASURED

1.254

1.307

1.307

1.330()
±.027

1.363

1.390

1.422

1.422

1.416()
±.011

1.413

1.405

1.406

1.419(1)
±.007

1.205

1.245

1.295

1.295

1.304(2)
±.020

1.313

1.341

1.375

1.375

1.375(2)
±.021

1.362

1.379

1.383

1.383

1.395(2)
±.021

(1) Ref. (H7).

(2) Ref. (D1); values corrected for epithermal fission in U 2 3 5

I.
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5.2.4 Slowing-Down Power, (Z

The average value of the slowing-down power for an assembly,

gEs, is given by (Al):

E= S) F s C s M (5.7)s VF+ VC+V M

where

( S)M s)O+ 2y( ZS)D + 2(1-y)(9ES)H (5.8)

in which the superscripts 0, D and H stand for oxygen, deuterium and

hydrogen, respectively, and y is the mole fraction of D 2 0 in the moder-

ator. The concentration of D 20 in the moderator was 99.75 mole percent,

as determined by a nuclear magnetic resonance method.

5.2.5 Values of SA' S and S- f A 28- 25
It is shown in Table 3.2 that the correction factors for 625' P2 8*

and C involve either

S = ERI + 0.5,
0o0

or the ratio of this quantity in an exponential, a critical or infinite

assembly to its value in the miniature lattice. In the computation of the

value of the cadmium ratio of gold, the value of SAu in the miniature

lattice is needed.

To obtain the value of S, one must consider the leakage of

neutrons while slowing down. The leakage of neutrons is, obviously,

larger in the miniature lattice than in any of the corresponding larger

lattices. The epithermal cross sections in the miniature lattice must,

therefore, be averaged over a harder spectrum than in a larger

assembly.

The procedure used in this work to obtain S is semi-empirical in

nature; a brief description follows.

Consider a nuclide x which could be either U 238, U235, or gold.

From the definition of S, one may write for an infinite system:

S + f - ox(E)<,o(E) dE, (5.9)
x x Ec

c
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where E is the cadmium cutoff energy (- 0.4 ev); 4O,(E) is the neutron

spectrum in an infinite system (-1/E), and ax is the average thermal

cross section for the process under consideration. In a finite assembly,

the spectrum will deviate from 1/E because of the leakage during the

slowing-down process. That is, one must weigh the higher energies

more heavily than in an infinite assembly. The definition of the quantity

S implies, however, that only the absorption rate in the epithermal

energy range relative to the absorption rate in the thermal range is

important. It follows, therefore, that only the leakage rate during the

slowing-down process relative to the leakage rate to thermal energies

is important. Under the assumption of age theory, one may, therefore,

write:

-B 2(7 -r(E))

Ofinite(E) = o0 ,(E) e g t (5.10)

Hence, for a finite system, S will be given by:

oo -B2(rt ()

S = a x(E)4 (E) e g dE. (5.11)
x a x E

c

Furthermore, the assumption is made that epithermal absorption or

fission takes place at some effective energy. In the case of gold, this

is a reasonable assumption because most of the absorption takes place

at the 4.906-ev resonance. In U238 and U 235, the validity of this

assumption is not obvious because of the large number of resonances

in these nuclides; however, as will be discussed below, this assump-

tion may again be made. Equation (5.11) can then be rewritten in the

form:
-2

S = S" xe gTt x; (5.12)
x x

on letting

AT =T -T x (5.13)
x t x'

we get:

-2-B 2AT
S = S" xe g (5.14)

x x
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Applying Eq. (5.14) to U23,for example, in both the miniature

lattice (ML) and the exponential assembly (EX), one finds:

EX 22\ 1
S28 =exp (BML2 B EX2 A . (5.15)
SML g g 28

28

Table 5.2 lists the relations analogous to Eq. (5.15) for all the nuclides

and cases of interest.
C

It is clear from the discussion above that the expression for p 2 8

which is used to calculate p, Eq. (3.8), includes the leakage of neutrons

from the effective resonance energy of U238 to thermal energies. This

fact was mentioned in Section 3.4 in relation to the value of 'r to be used

in calculating the function $(r, z).

The absolute value of S ML is required in Eq. (3.65) to calculate
Au

the cadmium ratio of gold. This quantity was obtained from the data of
EX

Brown (B2) and Simms (S1) who measured SAu as a function of foil
EX EX

thickness. The value of SAu for 0.005-inch-thick foils (SAu = 3.720)

was used together with the corresponding expression in Table 5.2 to

give the values of SML listed in Table 4.1.

The correction factor, Eq. (3.79), for C requires the absolute

value of S28 and S 2 5. The value of S28 was obtained by assuming the

validity of the formula of Vernon (V1) for ERI 2 8 and the value of a
28 EXa

given by THERMOS. The use of these results led to S28 = 7.14 for all

the lattices studied.

To obtain S , use was made of experimental evidence (P3) that,
25'23

for the slightly enriched lattices being investigated, U 2 3 5 inside a rod

behaves as if it were infinite dilute with

J -a(E ) ~E 270 b .
fEf E

c

25
This result and the value of oxf given by THERMOS were used to get

S25* Table 5.3 lists values of S28 and S25 for the assemblies of

interest.



Table 5.2

Relation Between the Values of S in Different Assemblies

SxValue of ML
S

S28 S25 _Au

Assembly (x) ML SML 5 ML
28 25 Au

Exponential expBML2- B EX2(3) exp (BML2 BEX 2 ) A exp (BML2 BEX2)T
Assembly (EX) e g g 28 g g 25 g g u

Critical (2 e B M 2 22 A exp BML B2) A

Assembly (C)( 2 ) exp (Bg _Bm) 2 8  exp (BmL 2 B M) 2 5  g meu

Infinite ML 2 ML2 BML 2

Assembly(oo) exp(Bg- AT 2 8 ) exp B -r 25) exp(Bg AT Au)

2
(1) B = geometric buckling.

(2) B = material buckling.
m

(3) Ar =T-rt - T

I.C~3



Table 5.3

Values of S and S28 for Different Size Assemblies

Lattice Fuel Value of S25 Value of S28
Spacing Enrichment
(inches) % ML EX C oo ML EX C o

1.25 1.143 0.420 0.475 0.484 0.495 4.78 7.14 7.75 8.17

1.75 1.143 0.423 0.475 0.485 0.494 4.83 7.14 7.64 8.12

2.50 1.143 0.424 0.475 0.487 0.495 4.81 7.14 7.80 8.16

1.25 1.027 0.421 0.475 0.487 0.495 4.81 7.14 7.80 8.16

1.75 1.027 0.423 0.475 0.486 0.494 4.83 7.14 7.72 8.14

2.50 1.027 0.423 0.475 0.488 0.502 4.82 7.14 7.84 8.15
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5.2.6 Age to Thermal Energies, r

To obtain the age of fission neutrons to thermal energies in a

lattice, two effects must be taken into account. First, since part of

the volume is occupied by fuel and cladding, which are poor moder-

ating materials as compared with heavy water, there will be an

increase in the age over that in pure moderator. Second, part of this

increase is compensated by the strong inelastic scattering in uranium.

The first effect can be taken into account as follows. The defi-

nition of 79 is:

E

or E s 1 t , (5.16)
0 4Et3 Z ~s Ztr E 5.6

t

where Et and Es denote thermal and source energies, respectively;

(Fs is the slowing-down power, and Ztr is the transport cross section.

For a mixture, one may write:

(E = Z . .u. , (5.17)

and

F tr= Z .triu., (5.18)

where u. is the volume fraction of the ith material. Substitution of
1

Eqs. (5.17) and (5,18) into Eq. (5.16) yields:

1 dE (5.19)
o u uk Et k sk trjE

j k>-j

or

u uk T (5.20)
0 j kbj jk

where

s 1 (5.21)
jk E 3k sk ztrj E

The summation over k in Eqs. (5.19) and (5.20) is taken over all values

of k > j, to avoid taking into account the same material twice. If we let
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A 1
Ajk ~Tjk

Eq. (5.20) may be rewritten as:

1 I u ukA jk. (5.22)

0 j k>j

The parameters A have been determined by Galanin (G1), and a table

with their values for materials of interest is given in Ref. (Al).

To account for inelastic scattering in the fuel, Weinberg and

Wigner (W1) give the formula:

T = r1( - 1 - ' )IP , (5.23)
t oTa + Cy

where T is the age given by Eq. (5.22); T 1 is the age of neutrons that

have undergone one collision; ai and a e are the inelastic and elastic

scattering cross sections for virgin neutrons, respectively, and P is

the probability that a virgin neutron will undergo its first collision in

the fuel. The quantities to be used in Eq. (5.23) are listed in Ref. (W1).

The values of rt used in the MINIFLUX calculations are listed in

Table 4.1.

5.2.7 Age to Gold Resonance Energy

The age to the resonance energy of gold, T Au was obtained

experimentally. The details of the measurement are given in

Appendix D.

As the age cannot be measured directly inside a lattice, the

following procedure was used. The age to the gold resonance energy

was measured in heavy water as described in Appendix D, with the

result:

TM 2
T Au = 95 ± 3 cm ,

and the age to gold in the lattice was obtained by assuming the relation:

M LATT
Au Au . (5.24)
Tt ') Tt)
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Equation (5.24) is reasonable inasmuch as the lattices considered

consist mostly of moderator. Consider the explicit expression of either

side of Eq. (5.24):

Es 1 dE Es 1 dE

E Au s tr /E t s trEAu t~ ~ r

where EAu is the resonance energy of gold. By equating the two sides

of Eq. (5.24), it is implied that, in the energy interval between EAu

and Et, the ratio indicated above is approximately the same in the

moderator and in the lattice. In the range of energies of up to a few

hundred ev, the cross sections are practically constant in heavy water

(H12); thus, the ratio is essentially the ratio between the natural loga-

rithms of the ratios of the energies indicated as limits of integration.

Since the lattices investigated consist mainly of D2 0 the value of the

ratio indicated above should be very closely that in pure moderator.

If the values of TAu are used to determine Tt by means of the relation

(e.g., Ref. (W1)):

E
T Au + D ln Au (5.25)

with E taken as 5 kT, the resulting values of rt are in close agreement

with those obtained from Eqs. (5.22) and (5.23).

The values of TAu for the six miniature lattices investigated are

listed in Table 5.4. In the previous discussion, the size of the assembly

Table 5.4

Age to the Resonance Energy of Gold

Lattice Age to Gold Resonance, TAu (cm2 )

ML2 97.80

ML7 95.08

ML3 94.11

ML4 97.80

ML6 95.08

ML5 94.11
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to be used did not appear in the argument. Hence, to a first approxima-

tion, it was assumed that the same values of TAu applied to exponential,

critical and infinite assemblies.

5.2.8 Age to Effective Resonance Energy of U2 3 8

The assumption that epicadmium capture in U238 occurs at an

effective resonance energy, E 2 8, has been used successfully in the

past by Critoph (Cl) in Canada and by the French workers at Saclay (T1).

A better justification for the use of this assumption has been obtained

by Pilat (P3) for 1/4-inch uranium metal rods in D 20. Pilat measured
2382

the age to an effective energy in U by irradiating cadmium-covered

depleted uranium foils in the neighborhood of a single rod in heavy

water. The foils were sandwiched between two fuel buttons to simulate

the hardening of the 1/E flux within the fuel rod. The activity distribu-

tion observed could be well fitted by an expression of the form:

q(r,T) ~ /e4r

which indicates that the assumption is reasonable. To obtain a more

rigorous theoretical definition of 7 2 8 , the experiment of Pilat will be

analyzed in more detail.

The Np239 activity of a cadmium-covered, depleted uranium foil,

at a distance r from a line source, is given by:

28
A 3 9(r) = 0 Z 28(E)@(E, r) dE, (5.26)

E a
c

where

2
#(E, r) =(r,r) _ 1 1 e-r /4T(E) (5.27)

Z2 E -L E 4rr(E)
s s

for a unit fission neutron source. Substitution of Eq. (5.27) into Eq. (5.26),

under the assumption that (Zs is constant, yields:

A 3 9 (r) = 0 Z 28 (E) /4T(E) dE (5.28)
F s E47r(E) (

c

Let us assume now that the absorption cross section may be represented

by widely spaced, narrow resonances; i. e.,

i" Z
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z28 = O-.6(E-E.)
a .

(5.29)

Substituting Eq. (5.29) in Eq. (5.28) and doing the integration, we get:

A 3 9 (r) 1
S

cx.
vi

ii

-r 2|/47r
e

47r77.
1

In Eq. (5.30),

ox.
= capture due to resonance at E .,

and can be written as:

O'.

=f ERIE. i 28'
1

(5.30)

(5.31)

where f. is the fraction of the total effective resonance integral due to
th 1

the i resonance, so that:

f =1. (5.32)

i

Hence, Eq. (5.30) may be rewritten as:

A 3 9(r) = ERI2 8
s i

-r 2 /4-r

i 47rr.
(5.33)

The mean square distance r28 , is defined by:

27r A 3 9 (r) r 2 r dr
0

2r f* A 3 9 (r) r dr
0

Using Eq. (5.33), we get:

2
-r /47

27r

2Z7r

i

foe

1 o 4 77-7

-r 2 /47

i
r 3 dr

(5.35)

4 7r. r dr

(5.34)
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but

-r 2 /4

2 7r f" 4 7rr r dr = 1,

and on using Eq. (5.32), we find:

8 f 27r r2/ e 4r. r3 dr,

or

r = i r , (5.36)

i

where r. is the average square distance travelled by a neutron in slow-
i -th 238

ing down from fission energies to the i resonance in U2 . The age

T 28 will then be given by:

r

28 i i2. (5.37)28 4 rir=
i

Wehmeyer (W8) has calculated the contribution of the different

resonances to the total effective resonance integral of U 238, for 0.25-

inch-diameter rods. The values of the f. were obtained by assuming,

for simplicity, that there are four resolved resonances: at 6.7 ev,

21 ev, 36.9 ev and 66.3 ev. The unresolved resonances are lumped

into a single resonance assumed to be located at 200 ev. The computed

values of the f. are given in Table 5.5.

Table 5.5

Fractional Contribution of the ith Resonance, f , to the Effective

Resonance Integral of U 2 3 8 in 0.25-Inch-Diameter Uranium Metal Rods

Energy (ev) f

6.7 0.3970

21.0 0.1272

36.9 0.0799

66.3 0.0285

20db'('unres.) 0.3674
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To obtain the values of the r., the following procedure was used.
'238

The age to the first resonance in U was obtained experimentally,

as described in Appendix D. The value of r for the other resonances

was obtained from the relation (W1):

D E. (ev)
".T = er - D in E (5.38)
1 6.7 '

s

where D/(Es was assumed constant (which is a good approximation in

the energy range under consideration). The various values of Ti,

together with the f. in Table 5.5, were then used in Eq. (5.37), leading

to a value of

M 2
S28 = 80.19 cm

which corresponds to an energy of

E 2 8 = 34 ev.

This value of E 2 8 compares favorably with the value assumed by

Critoph (Cl) of E 2 8 = 25 ev. The French group at Saclay (T1) used

E28 = 100 ev, which gave the best agreement with their experimental

results. The value found by Pilat corresponds to E 2 8 ~ 60 ev, which

is reasonably close to the value obtained here or those quoted above.

The differences probably come from the fact that the f. depend on the

diameter of the rod as indicated by the decrease in ERI28 with

increasing rod diameter, and on the composition of the fuel. The rods

used in the Canadian and French work were one-inch-diameter UO 2

rods; Pilat used 3/4-inch-diameter, metallic uranium rods. Determi-

nations of E28 are scarce, and it would be premature to attempt, at

the present time, any generalizations about the dependence of E 2 8 with

rod diameter and/or fuel composition. The fact that the values of E28

in all these cases fall in the energy region where the most prominent

resonances in U238 are, is an indication of the consistency of the

approach.

The value of r28 in the lattice was obtained with the same method

as TAu, with the aid of Eq. (5.24). The values of 728 for the lattices

investigated are given in Table 4.1.
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5.2.9 Age to the Effective Resonance Energy of U235 Fission

The case of U235 is more complicated than that of U238 because

the fission resonances are not widely spaced and overlap with neighbor-

ing resonances. Moreover, between resonances the cross section

decays somewhat more rapidly than 1/v. It has, therefore, not been

possible, so far, to study resonance absorption in U235 inside a rod to

the same extent as has been done in U 2 3 8

In lattices of slightly enriched uranium rods, there are, however,

several circumstances which mitigate the lack of knowledge of the epi-

thermal behavior of U 2 3 5 inside a rod. As mentioned in Section 5.2.5,

there is experimental evidence (P3) that U235 inside a rod behaves as

if it were infinitely dilute with

00 25(E) ~ 270 b,
E

c

where Ec is the cadmium cutoff energy (-0.4 ev). It has also been

shown by Kouts and Sher (K2) that if one writes:

f0 25(dE =o 25 dE 0+ 25 dE

0E a E E ares ()E +E afl1/v E
c c c

=ERI + 0.25 a

25 235
where a fo is the average thermal fission cross section of U and

Ec = 0.4 ev, then the ERI25 term is very small compared with the 1/v

term. In other words, it seems that the resonances that do occur tend

to balance the "faster than 1/v" behavior of the cross section. It may

then be assumed without too much error, that all the epithermal

fissions occur in a 1/v cross section. Because of the 1/v behavior of

the cross section and the 1/E dependence of the epithermal flux, the

fission rate will vary as (1/E)3/2. The reaction rate will therefore

decay very rapidly with increasing energy and most of the epithermal

fissions will occur at low energies. Hence, it seems reasonable to

assume that r25 will correspond to an energy very close to the cadmium
25

cutoff energy. Since 270 b is somewhat less than 0.5 a f, it was

assumed in this work that T25 corresponds to E 2 5 = 0.5 ev. The values
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of 'r25 used in this work are listed in Table 5.6.

Table 5.6

Age to the Effective Resonance Energy of U235' 25

Lattice . (cm2
Denomination 25

ML2 114.6

ML7 112.0

ML3 110.6

ML4 114.6

ML6 112.0

ML5 110.6

The actual value of E 2 5 has little effect on the final value of

either k, or C'. The reason is that in k,, 625 enters as 1+625

(factor ~ 1/2) and in C it appears as 1 + 6 25. In the lattices investi-

gated, 625 is at most 0.066 for the tightest lattice; thus, even if 625
is obtained only to within 10%, the resulting uncertainty in k will be

less than 1%. Furthermore, since the value of 625 is small, its

experimental determination is difficult and good statistical accuracy is

hard to attain. As a consequence, the uncertainty in the value of 2

affects the accuracy of k, or C' much less than the uncertainty in the

experimental determination of 625'
The above discussion would not apply to lattices of highly

enriched uranium rods because the assumption of infinite dilution

would not be expected to hold.

5.3 DIMENSIONS OF ASSEMBLY

No particular difficulty was encountered in defining the dimen-

sions of the miniature lattices. The physical radius of the assembly

R' was obtained from the relation:

NA = 7rR' 2  (5.39)
e



141

where A is the area of the unit cell and N is the number of cells in the
c

lattice. The extrapolated radius R was obtained from the relation:

R = R' + d, (5.40)

where d is the extrapolation length and is given by:

d = 0.714 (5.41)
tr

Ftr' the macroscopic transport cross section of the assembly, was

obtained from THERMOS calculations, as described in Section 5.2.1.

Typical radial distributions of the subcadmium and epicadmium activi-

ties of gold measured in a miniature lattice were shown in Fig. 4.8.

The subcadmium activity distribution was found to be described accu-

rately by a J -function, with an extrapolated radius given by Eq. (5.40).

The same radial dependence was found to describe the epicadmium

activity distribution over the region of the assembly where the lattice

parameters were measured. Thus, the experimental results substan-

tiate the validity of Eqs. (5.40) and (5.41).

In obtaining the extrapolated height of the lattice, it was neces-

sary to take into account the D 20 reflector which was always present

under the bottom grid plate of the assembly. Since the thickness of the

D 20 reflector was much smaller than the diffusion length of thermal

neutrons, it was assumed that the extrapolated height, H, was obtained

by adding to the physical height, H', the reflector saving 6. Thus:

H = H' + 6, (5.42)

with the reflector saving given by:

Er
6 =tr T (5.43)

tr

where the superscripts r and L refer to reflector and lattice, respect-

ively, and T is the reflector thickness. The data shown in Figs. 4.1

through 4.6 indicate that the use of Eqs. (5.42) and (5.43) in the calcula-

tion of the axial distribution of the cadmium ratio of gold from Eq. (3.65)

gives agreement with the measured distribution over the region of the

assembly where the lattice parameters were measured.
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The definition of the geometric buckling in subcritical assemblies

presents several difficulties because of the presence of higher spatial

harmonics and source effects. These effects are particularly important

in the case of miniature lattices, where the geometric buckling is

expected to be relatively large. An attempt to give a rigorous theoreti-

cal definition of the geometric buckling in a miniature lattice must take

into account the fact that an accurate description of the thermal flux

and slowing-down density in the miniature lattice requires the

knowledge of transport effects near the source. As discussed in

Section 5.4, this is not possible at the present time and further work in

this direction is presently in progress. It was found, however, that the

definition obtained by assuming the validity of asymptotic theory (W1)

in subcritical assemblies led to results in agreement with experiment.

Thus, it was assumed that the geometric buckling for miniature and

exponential assemblies was defined by:

B2 _2.405 2 + (@ 2  (5.44)
g \R /\H/

The values of R and H for the miniature lattices investigated are

listed in Table 4.1. The values of R for the exponential assembly were

obtained from the buckling measurements made at the M. I. T. exponen-

tial facility (H1, H2, H3, H4, H5). In a critical assembly, the geometric
2 2

buckling, B , is, of course, equal to the material buckling, B m The

values of B 2 were obtained from the measurements made in the expo-
m

nential facility (H1, H2, H3, H4, H5). Table 5.7 lists the dimensions of

the exponential assemblies and the values of the material buckling of the

lattices studied here.

As shown in Table 5.7, the value of H was assumed to be the

same for all the lattices. The reason is that, in measuring the

material buckling, the extrapolated height is usually not determined

since its precise value does not affect the value of the material buckling.

The experimental results in the exponential assembly at M. I. T. indicate

that, for all the lattices of interest in the present work, the variation in

the material buckling is not significant for values of H that range from

127 cm to 129 cm; thus, the average value of H = 128 cm was assumed.

An example of these results is given in Ref. (H3).
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Table 5.7

Dimensions and Values of the Material Buckling

in the Exponential Lattices

Material

Spacing Enrichment Radius Height Buckling
Spaing-6 -2

(inches) % (cm) (cm) (10 cm )

1.25 1.143 49.108 128 1444

1.75 1.143 49.092 128 1405

2.50 1.143 48.874 128 1007

1.25 1.027 49.474 128 1177

1.75 1.027 48.908 128 1200

2.50 1.027 48.813 128 891

5.4 MATERIAL BUCKLING B2
m

2
To obtain the material buckling Bm, by steady-state measure-

ments in a subcritical facility, the following procedure is generally

used (P1, H6). The axial and radial subcadmium activity distributions

are measured by means of an adequate neutron detector (e. g., gold).

The resulting radial distribution is fitted to J (ar), and a = 2.405/R is

determined. The axial distribution is fitted to a sinh y(H-z) and T, the

reciprocal of the axial relaxation length, is determined. The material

buckling is then obtained by means of the relation (P1):

B2 - a 2  _ 2 (5.45)

The validity of this procedure is based on the fact that over a large

portion of a subcritical assembly, diffusion theory, or more accurately,

asymptotic transport theory is valid (W1).

Near the source, however, asymptotic theory is not valid. To

illustrate, consider a point source in an infinite nonmultiplying medium.

Following Ref. (W1) and assuming one-velocity transport theory, we

may write for the neutron flux at r:
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O(r) = kAs(r) + 4 trans (r), (5.46)

where

As(r) = 4Dr -Kr (5.47)

is the asymptotic portion of the flux. In Eq. (5.47), c, the reciprocal of

the relaxation length, is given by:

and = 51 a , while D = a is the diffusion coefficient. The exten-
K

sion of Eq. (5.47) to a multiplying finite cylindrical assembly leads to

Eq. (5.45) for the material buckling.

The transient portion of the flux

Strans (r) = S2 e -Z'r, (5.48)
4rr

where Z' Z, gives a negligible contribution to the neutron flux in the

equilibrium region of an exponential assembly. In the miniature lattice,

however, 4trans contributes appreciably to the neutron flux near the

source. Figure 5.2 illustrates the experimental subcadmium and epi-

cadmium axial gold activity distributions, and those predicted by

MINIFLUX, which assumes diffusion theory, as discussed in Section

3.2.2. It is evident from the figure that, near the source, MINIFLUX

seriously underestimates both the subcadmium and epicadmium activity

distributions. To bring the calculated and measured activities into

agreement, it would be necessary to add to the subcadmium activity

distribution an expression similar to Eq. (5.48), but for a small, multi-

plying medium. The finite Fourier transform of this expression would

have to be added to the epicadmium activity distribution. Since the

Fourier transform of a function is proportional to the function itself,

the function added to the epicadmium activity distribution will be pro-

portional to that added to the subcadmium activity distribution; thus,

the cadmium ratio is predicted much better than one would expect from

looking at Fig. 5.2. As mentioned in Section 4.3.1, the cadmium ratio

near the source is not accurately predicted because of the failure of
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the Fourier expansion with a finite number of terms near the disconti-

nuity at z = 0.

It may be inferred from this discussion that in order to obtain

B2 from the subcadmium activity distribution observed, with the aid
m

of Eq. (5.45), the activity due to the transient portion of the flux must

be subtracted from the observed activity. The fraction to be subtracted
2

must be accurately determined since B is given by the differencem
between two quantities which are (usually) not very different in magni-

tude.

Solutions to the neutron transport equation in a finite, small,

multiplying medium are, however, hard to come by. Hence, at the

present time, it appears that the material buckling cannot be deter-

mined accurately in miniature lattices. Further theoretical work is

in progress.

5.5 DISCUSSION OF RESULTS

A discussion of the practical limitations inherent in miniature

lattice measurements is in order. In particular, it is important to

know how the fact that the measurements are made in a miniature

lattice affects the accuracy of the results, in contrast to similar deter-

minations in exponential assemblies.

The intracellular subcadmium and epicadmium activity distribu-

tions of gold are not appreciably affected by being measured in a mini-

ature lattice. The spread of the data in the fuel is most probably due to

the difficulty in positioning foils accurately in a 1/4-inch-diameter, fuel

button foil holder. Small displacements in the foil position may lead to

large errors because the flux gradient is large. This is particularly

true for the foils closest to the surface of the fuel.

The corrections required to extrapolate the measured intracellular

distribution to that observed in an infinite assembly may be as large as

7% for the lattices with the widest spacing between rods. This is a con-

sequence of the small size of the assembly. Since the macroscopic flux

gradients are large, the foil holders must, however, be positioned as

accurately as possible.

The measurement of 628 presents no particular difficulty. The

extrapolation of the measured quantities to exponential assemblies
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involves small corrections (at most, 8%). The main difficulty affecting

the accuracy of the measurement is independent of whether a miniature

lattice is used or not. It is related to the fact that 628 is generally a

small number (0.01-0.03 for the lattices investigated). Hence, the

observed U238 fission product activity that is measured is usually

small and good statistical accuracy is difficult to attain. The experi-

mental determination of 625 involves the same difficulties as that of

628' There are limitations on the measurements of p 2 8 , 625 and C*

which are inherent in the use of a miniature lattice. The most import-

ant limitation is related to the need to predict accurately the distribu-

tion of RAu - 1, to be able to extrapolate the values of these parameters

meaningfully.

As discussed in Section 4.3.3, the largest corrections are those

applied to 625 and p 2 8 . It was mentioned that the reason was that they

involved ratios of quantities measured in different portions of the

neutron energy spectrum. Thus, the leakage of neutrons is consider-

ably different, depending on the size of the assemblies considered.

That the corrections are large is substantiated by the values of qP

shown in Tables 4.2 and 4.3 and the values of the quantities S listed in

Table 5.3. It was shown, however, that the corrections for C* were

generally smaller because this parameter is defined as the ratio of

two quantities which vary in similar ways.

The accuracy of the correction factor for 625' P2 8 and C

depends strongly on the value of the function *(r, z) at the experimental

position. Examples of this function were shown in Figs. 4.17 and 4.18.

It is evident from these figures that when the measurements are made

in the equilibrium region of an exponential assembly, the actual

experimental position has little, if any, influence, mainly because

Lp(r, z) is practically constant. It is evident from the same graphs that

this is not the case in miniature lattices. In fact, in miniature lattices,

it is frequently necessary, as in Fig. 4.18, to make the experiments in

positions where the gradient of the function 4(r, z) is large. Thus,

slight errors in positioning the foil packets might lead to relatively

large errors in the value of *(r, z), and great care must be exercised

in carrying out the experiments.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

The present work has shown that significant measurements of

lattice parameters can be made in miniature lattices of slightly

enriched uranium rods in heavy water. Corrections derived from

theory must be made to account for the effects of the external source

and the boundaries. The theory developed by Peak (P2) has been

improved and correction factors have been obtained which permit the

extrapolation of miniature lattice data to exponential, critical and

infinite assemblies. The values of the lattice parameters obtained by

extrapolation of the results obtained in miniature lattices to exponen-

tial assemblies agree with the results of measurements made in expo-

nential experiments at the M. I. T. Heavy Water Lattice Project.

The parameters studied were 628' P2 8 , 625, C* and the intra-

cellular distribution of the subcadmium activity of gold. These

parameters and their relation to k, and C, the initial conversion ratio,

were discussed in Chapter 3. The conclusions reached are summa-

rized in this chapter and suggestions for future work are also given.

6.1 SUMMARY
*

The present work has shown that the values of p 2 8 , 625 and C

obtained from measurements made in the miniature lattice can be

extrapolated meaningfully to exponential, critical and infinite assem-

blies, provided the spatial distribution of the cadmium ratio of gold

can be predicted theoretically. This requirement is less stringent

than that of Peak (P2), which required the separate prediction of the

axial distribution of the subcadmium and epicadmium activations of

gold. Thus, the validity of miniature lattice measurements has been

extended to assemblies in which only the cadmium ratio of gold can be

predicted. In fact, it was shown in Section 5.4 that the age-diffusion

theoretical model used in this work failed to describe separately the

axial distribution of the subcadmium and epicadmium activities of
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gold, although the cadmium ratio of gold is accurately represented over

the region of the assembly where the lattice parameters were measured.

As indicated in Section 5.4, the failure of the model to describe the

separate axial distributions is due, first, to the presence of transport

effects near the source, and second, to the failure of the Fourier har-

monic expansion near the discontinuity at the source end.

The validity of the extrapolation methods was established by

extrapolating the results obtained in the miniature lattice to exponential

assemblies. These extrapolated results were then compared with the

results of measurements made in the exponential assembly at M. I. T.

Six lattices were investigated. Two U 2 3 5 fuel concentrations were

studied, 1.143 and 1.027 percent, and three rod-to-rod spacings, 1.25,

1.75 and 2.50 inches. The results are summarized in Tables 4.2 and

4.3 and in Figs. 4.19 through 4.22. The data indicated that the extrapo-

lated and measured results agreed, in general, within the experimental

error.

The values of p 2 8 , 625 and C , obtained by extrapolation of the

miniature lattice results to critical assemblies, were consistently

higher than those obtained by extrapolation to the equilibrium region of

an exponential assembly. These theoretical results, which were dis-

cussed in Section 4.3.3, have not been tested experimentally. Although

there are indications that there may be a difference between lattice

parameters measured in exponential and critical assemblies (H8),

these discrepancies are, however, still subject to debate. A general

conclusion cannot be reached until more experimental determinations of

p 2 8 , 625 and C in exponential and critical assemblies of similar compo-

sition are made.

The intracellular distributions of the subcadmium activity of gold,

obtained by extrapolating the distributions measured in miniature

lattices and in exponential assemblies to infinite lattices, were found

to be in agreement, within the experimental error, with each other

and with the intracellular activation distribution predicted by the

THERMOS code (H10). Moreover, the accuracy of the intracellular

distribution observed was found not to depend on the fact that the

measurement is being made in a miniature lattice.

The extrapolation method, described in Section 3.5.4, to correct
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the values of 628 measured in the miniature lattice, was shown to lead

to results that were in agreement with the results of measurements in

the exponential facility at M. I. T. The most important difficulty

encountered in the determination of both 628 and 625 was that these

parameters were usually small in magnitude, and good statistical accu-

racy was difficult to attain.

The function (r, z),which appears in the correction factors for

p 2 8 , 625 and C , was shown to depend on the value of k.. Hence, ko

cannot be determined directly from measurements in the miniature

lattice. But the iteration procedure to determine k, that was described

in Section 5.2.3 was found to converge rapidly and, for the lattices

investigated, led to results that were in agreement with the values of

k, obtained from measurements in the exponential assembly at M. I. T.

The material buckling was discussed in Section 5.4. It is appar-

ent from that discussion that the inclusion of transport effects may be

necessary, first, to define a material buckling, and second, to calcu-

late its value. Theoretical work on this problem is presently in

progress.

The methods developed are also expected to be applicable to

lattices with slightly enriched fuel moderated by either beryllium or

graphite. In the case of lattices moderated by light water, the

expressions for the extrapolation corrections., derived in Section 3.5,

will remain the same. The calculation of the function $p(r, z) will,

however, have to be made differently since age-diffusion theory is not

applicable in light water.

As a consequence of the present investigation and that of Peak

(P2), a flexible facility becomes available for lattice parameter

measurements; a facility in which experiments can be made with rela-

tive ease and economy.

6.2 SUGGESTIONS FOR FUTURE WORK

6.2.1 Extension of This Work

The validity of measurements in miniature lattices has been

established for lattices in which the fuel rods were 0.250-inch in

diameter. The extrapolation methods are, however, expected to be

valid, independently of the size of the rods used. Thus, if short fuel
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rods of other diameters become available, it would be desirable to test

the applicability of these methods and, by so doing, extend their range

of validity.

6.2.2 Values of the Age

The values of the quantity S, discussed in Section 5.2.5, which

appear in the extrapolation factors for p 2 8 , 625 and C* as listed in

Table 3.2, were shown to depend on the value of the age of fission

neutrons to energies other than thermal. Although numerous measure-

ments have been made of the age of fission neutrons to the resonance

energy of indium at 1.4 ev (e. g., (W6)), there appears to be a lack of

experimental determinations of the age to other energies. Hence, it is

strongly recommended that systematic measurements be made of the

age of fission neutrons to energies higher than the resonance energy of

indium. Resonance detectors and the method described in Appendix D

could be used for this purpose. The range of energies of particular

interest is that in which most of the resonance capture in U238 takes

place, say, 5 to 1000 ev.

6.2.3 Theoretical Methods

From the discussion in Section 5.4, it appears that the intro-

duction of transport effects is necessary, especially in the lattices with

the widest rod-to-rod spacing. It is, therefore, suggested that trans-

port effects be investigated.

For purposes of comparison, it would be of interest to investigate

the treatment of the slowing-down process by means other than age

theory, e. g., multigroup theory.

The expansion of the slowing-down density and the thermal flux of

lattice-born neutrons in Fourier harmonics was shown to fail near the

source end. Hence, an investigation of more sophisticated methods to

treat the boundary conditions at the source end is recommended.

6.2.4 Improvement of Miniature Lattice Facility

From the experience acquired in the use of the miniature lattice,

it is believed that several improvements in its design can be made. A

discussion of the suggested changes follows.
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The shielding used in the present work and shown schematically

in Fig. 2.4 proved to be effective for the purposes of this work, but it

was difficult to handle because of the large mass of paraffin involved.

The positioning of the cylindrical annuli of paraffin around the miniature

lattice usually required three men. It is believed that the situation can

be improved by replacing the present shielding by an annular cylinder

made of aluminum whose outside walls are lined with cadmium. This

tank would be filled up with light water from the supply in the medical

therapy room each time an experiment is made. Since it is difficult to

handle an annular cylinder of aluminum of the size required, it is sug-

gested that it be made up of three or four separate sectors which

would be bolted together before they are filled up with water and placed

around the miniature lattice.

In the course of this work, the medical therapy facility was fre-

quently used by other experimenters. As a result, the following pro-

cedure had to be used in setting up an experiment. The lattice was

thoroughly cleaned, the tank cover bolted tightly and the assembly

filled with D2 0, in the Heavy Water Lattice Project area on the first

floor of the M. I. T. reactor building. The assembly was then brought

down to the reactor basement. The shielding was then positioned

around the lattice and the irradiation made as described in Section 2.8.

After the irradiation was completed, the same procedure was followed

in reverse. As a result, the final drying of the assembly by nitrogen gas

was usually carried out only for fifteen or twenty minutes. This was

particularly important in the measurement of 628' P2 8 , 625 and C

because the fission product activities of the uranium foils decay rapidly.

As a result, appreciable losses of heavy water by evaporation occurred

during these experiments. The situation can be improved considerably

if the whole process can be carried out in the medical area of the M. I. T.

reactor. The draining and final drying of the assembly can be started as

soon as the irradiation is completed. Moreover, the tank cover can then

be altered to permit the removal of the experimental cluster without dis-

assembling the miniature lattice. In this manner, the irradiation time

may also be increased, if necessary, without increasing the dose rate

to the experimenter.

An increase in the size of the assembly will, of course, yield
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smaller corrections. The axial dimension is, however, more important,

since an increase in the height will lead to an increase in the size of the

region over which the theory derived in Section 3.2.3 will predict accu-

rately the cadmium ratio of gold. In the radial direction, it is only

important that the cadmium ratio of gold be constant over a region

which includes the ring of fuel rods where the lattice parameters are

measured. In the lattices with 2.5-inch rod-to-rod spacing, however,

only four rings of rods could be accommodated. If lattices with fuel

rods of a diameter larger than the 0.25-inch-diameter rods used in

this work are investigated, the rod-to-rod spacing will probably be

larger than 2.5 inches. Hence, it is advisable to increase the diameter

of the assembly, if only to accommodate a reasonable number of rings

of rods.
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APPENDIX A

COMPUTER PROGRAMS

A.1 MINIFLUX Computer Program

The MINIFLUX computer program calculates the thermal flux and

the slowing-down density at any point in a subcritical assembly, in

accordance with the assumptions and mathematical derivation of Section

3.2. The code was programmed in FORTRAN II language and run and

compiled on the IBM 7094 computer at the M. I. T. Computation Center.

The amount of computer time required depends on the number of space

points for which the calculation is made, but is typically about 0.1

minute per case.

The MINIFLUX program calculates 4 (r, z), 0s(r, z), 4 (r, z),

pq(r, z, - 2 8 ), t(r, z), the subcadmium activity distribution of gold, the

epicadmium distribution of the activity of gold and RAu(r, z) - 1.

The required input data are described in Section A.1.1. A listing

of the FORTRAN source deck is given in Section A.1.2 and a sample

problem is given in Section A.1.3.

A.1.1 Input Data for the MINIFLUX Program

The input instructions are given below in the order required. The

names of the variables for each FORMAT statement are given, followed

by the required FORMAT in parentheses, and then by a brief description

of the variables.

ID(I), I = 1, 12 (12A6).

ID(I) is an arbitrary identification statement of 72 spaces or less,

used to label each set of data.

N, M. ILMAX, IJMAX, R. H, EL, SIGAS, ELS (415, 5E10.5).

N is the number of radial harmonics to be used in the calculation.

The maximum number of harmonics that may be used is fifteen.

For miniature lattice calculations, N was set equal to 5.
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M is the maximum number of axial harmonics allowed for in the

computation (< 100). The program determines the number of

axial harmonics required.

ILMAX is the number of axial points for which the program will

calculate the quantities of interest (, 20).

IJMAX is the number of radial points for which the program will

calculate the quantities of interest (, 20).

R is the extrapolated radius in cm.

H is the extrapolated height in cm.

EL is the thermal diffusion length calculated for the spectrum of

the neutrons born in the lattice in cm.

SIGAS is the thermal absorption cross section of the assembly,
-1

calculated for the spectrum of the incident neutrons in cm .

ELS is the thermal diffusion length of the assembly calculated

for the spectrum of the incident neutrons in cm.

TAU, TAUT, CAIN, SIGA, CSIS, XIT, ERI (7E10.5).

TAU represents the age to the effective energy at which epi-
.238

thermal capture in U occurs.

TAUT is the age from fission energies to thermal energy, of

the assembly.

CAIN denotes the value of k

SIGA represents the thermal absorption cross section of the assem-

bly, calculated for the spectrum of neutrons born in the lattice.

CSIS is the slowing-down power of the assembly, (Es'

XIT is the convergence criterion for the number of axial harmonics

to be used in the computation. The number of harmonics used is

fixed by the fact that the ratio of the i, nth harmonic to the funda-

mental mode must be smaller or equal to XIT.

ERI represents the quantity SAu defined in Eq. (3.64) by the relation:

ERIA
S = + 0.5. (A.1)
Au oa
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RZ (E10.5).

RZ is the value of RAu - 1 at z = 0. This quantity permits the

introduction of an epithermal neutron source, if necessary. The

epithermal source will be proportional to the thermal flux of

source neutrons #s (r, z), and is given by:

pq (r, z) 0.886 4 5 (r, z)

(E s (RAu- )= SAu

in accordance with Eq. (3.65). If no epithermal source is required,

it is sufficient to set RZ equal to a large number, say 500. For

the lattices investigated, it was found that for any value of RZ

larger than about 70, the contribution of qs(r, z) to the total slowing-

down density was negligible.

X1(NX), NX = 1, ILMAX (7E10.5).

X1 denotes an axial position in units of the extrapolated height.

In other words, the values of X1(NX) lie between zero and one.

This card is repeated until ILMAX points have been included.

Y1(NY), NY = 1, IJMAX (7E10.5).

Y1 denotes a radial point in units of the extrapolated radius.

This card is repeated until IJMAX positions have been included.

AMU(JI), JI = 1, N (7E10.5).

AMU(JI) represents the JIth root of the equation,

J (w) = 0, i = 1, N.

G(JK), JK = 1, N (7E10.5).

This card is necessary only if N > 1, i. e., if the radial distribu-

tion of the source neutrons is not a J -function. G(JK) is the

JKth radial component in the Bessel harmonic analysis of the

neutron source. The determination of these quantities was

described in Appendix C.
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If it is desired to run another problem, one must go back to the

first card. There is no limitation in the number of problems that can

be run at the same time.

A.1.2 FORTRAN Listing and Summary of MINIFLUX

The MINIFLUX code consists of a MAIN program and four function

subprograms. The function subprograms are called BJZERO, BJONE,

SINH and COSH. A brief description of each part of the program is

given below, followed by a FORTRAN listing of the entire program.

The subprogram BJZERO calculates the value of the function J (x)
0

for any value of x; BJONE calculates the value of J 1 (x) for any value of

x. The subprogram SINH and COSH compute the value of sinh x and cosh

x, respectively, for any value of the argument x. The MAIN program

carries out the calculations described in Sections 3.2.2 and 3.4.

The output of the MINIFLUX program is self-explanatory. Aside

from the input data, the output consists of the following quantities:

1. y = r/R.

2. x = z/H.

3. PHIS = (r, z).

4. PHIL = 0(r, z).

5. PHIT = 4s(r, z) + ' (r, z).

6. Q = pq(r, z, r 2 8).

7. CD = $(r, z).

8. SUBC is the subcadmium activity of gold.

9. EPIC is the epicadmium activity of gold.

10. ARC = RAu(r, z) - 1.
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FORTRAN listing of the iKINIFLUX program

*M12961-2465,FMSDEBUG,1,1,50,250 E. SEFCHOVICH

* LABEL
* SYMBOL TABLE

FUNCTION BJZERO(XX)
U=XX /3.0
IF(U-1.0) 1,192

1 A=2.2499997*(U**2.0)
B=1.2656208*(U**4.0)
C=0.3163866*(U**6.0)
D=0.0444479* ( U**8*0)
E=0.0039444*( U**10.0)
G=0.0002100*(U**12.0)
BJZERO= 1.0-A+B-C+D-E+G
RETURN

2 AA=0.79788456
BB=0.00000077/U
CC=0.00552740/(U**2.0)
DD=0.00009512/ (U**3.0)
EE=0.00 137237/( U**4.0)
GG=0.00072805/ (U**5.O0)
HH=0.00014476/ (U**6.0)
P=AA-BB-CC-DD+EE-GG+HH
AAA=0.78539816
BBB=0.04166397/U
CCC=0.00003954/ (U**2.0)
DDD=0.00262573/(U**3.0)
EEE=0.00054125/(U**4.0)
GGG=0.00029333/(U**5.0)
HHH=J.00 01358/ (U**6.0)
TZERO= 3.0*U-AAA-BB3-CCC+DDD-EEE-GGG+HHH
YY=1.0/SQRTF(3.0*U)
BJZERO= YY*P*COSF(TZERO)
RETURN
END

* LIST
* LABEL
* SYMBOL TABLE

FUNCTION BJONE(UX)
UY= UX/3.0
IF(UY-1.0) 3,3,4

3 AX= 0.5
BX=0.56249985*(UY**2.0)
VX=0.03954289*(jY**6.0)
EX=0.00443319*(UY**8.0)
GX=0.00031761*(UY**10.0)
HX=0.00001109*(UY**12.0)
PX*AX-BX+CX-VX+EX-GX+HX
BJONE=3. 04*UY*PX
RETURN

4 UUY=1.0/UY

158
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AAX=0.79788456
BBX=0*00000156*UUY
CCX=0.01659667*(UUY**2.0)
DDX=0.00017105*(UUY**3.0)
EEX=0.00249511*(UUY**4.0)
GGX=0.00113653*(UUY**5.0)
HHX=0.00020033*(UUY**6.0)
PPX= AAX+BBX+CCX+DDX-EEX+GGX-HHX
AXX=2.35619449
BXX=0.12499612*UUY
CXX=0.00005650* (UUY**2.0 )
DXX=0.00637879*(JUY**3.0)
EXX=0.00074348*(UUY**4.0)
GXX=0.00079824*(UUY**5.0)
HXX=0.00029166*(UUY**6.0)
TONE=3.0*UY-AXX+BXX+CXX-DXX+EXX+GXX-HXX
PY=1.0/SQRTF(3.0*UY)
BJONE=PY*PPX*COSF(TONE)
RETURN
END
FUNCTION SINH(XXX)
XY=EXPF(XXX)
ZY=10 0/XY
SINH=(XY-ZY)/2.0
RETURN
END

* LABFL
FUNCTION COSH(UJU)
UV= EXPF(UUU)
WV=1.O/UV
COSH = (UV + WV)/2.0
RETURN
END

ODIMENSION ALFA(15),G(15),B3(15),BETAR(1
1AMU(15),PT(15,100),CA(15,100),CQ(15.100
2100),C7(15,100),X1(20),Yl(20),AS(15),RA
320,20),PHIL(20,20),PHIT(20,20),Q(20,20)
DIMENSION SUBC(20,20),EPIC(20,20), ARC(
DIMENSION ID(12)
DIvlENSION XV(15),YV(15),ZR(15),QS(20,20

5),BETAH(15),AL(15)9RS(15),
)9RL(100).PQ( 15,100)9C5(15,
L(15,100),PQQ(15,100),PHIS(
,CD(20,20)
20920),SE(15)

)QL( 20,20)
PRINT 10

10 FORMAT(1H1,20X,17H PROGRAM MINIFLUX//)
100 READ 12,( ID(I), 1=1,12)
12 FORMAT(12A6)

C 12 IS A PROBLEM STATEMENT
PRINT 12. (ID(I), 1=1912)
READ 5, N,M.ILMAXIJMAXR.H.ELSIGAS.ELS
PRINT 12

C ILMAX= NUMBER OF AXIAL POINTS LESS OR EQUAL THAN 20
C IJMAX= NUMBER OF RADIAL POINTS LESS OR EQUAL THAN 20
C SIGAS= ABS. CROSS SECTION FOR MAXWELLIAN
C SAME THERMAL DIFFUSION LENGTH

5 FORMAT(415,5E10,5)
EL2= EL*EL
AR=R/ELS
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AH= H/ELS
READ 6, TAUTAUTCAINtSIGA*CSISXITERI
READ 69 RZ
RZ=(RCD-1) AT SOURCE END
ERI- EFFECTIVE RESONANCE INTEGRAL INCLUDING
DIVIDED BY SIGMA-0
READ 6t (X1(NX),NX=1ILMAX)
READ 6, (Yl(NY), NY=1IJMAX)

6 FORMAT(7E10.5)
EL=THERMAL DIFFUSION LENGTH
RtH= EXTRAPOLATED RADIUS AND HEIGHT
N= NUMBER OF RADIAL HARMONICS, LESS THAN 15
M= NUMBER OF AXIAL HARMONICS, LESS THAN 100
TAU= AGE FORQ(TAU)
TAUT= AGE TO THERMAL
CAIN= K-INFINITY
SIGA= THERMAL ABSORPTION CROSS SECTION
CSIS= XI*SIGMA-S

XIT= ITERATION CRITERION
W=TAU/EL2
WT= TAUT/EL2
XF=CSIS*0.886/(ERI*RZ)
PI= 3.1415926535
READ 6,(AMU(JI), JI=lN)
IF(N-1) 7,7,8

7 ZIN = AMU(1)
G(1)= (BJONE(ZIN)**2.0)/2.0
GO TO 9

8 READ 6, (G(JK), JK=1N)
9 CONTINUE

DO 14 NR=1N
B3(NR)= AR**2.O +AMU(NR)**2.0
BETAR(NR) = SORTF(B3(NR))
BETAH(NR)= (AH/AR)*BETAR(NR)
AL(NR)= TANHF(BETAH(NR))
RS(NR)= G(NR)/BETAR(NR)
ALFA(NR)= AMU(NR)/R
SE(NR)=XF*G(NR)
UL=ALFA(NR)**2.0 + 1.0/TAU
XV(NR)=H*SQRTF(UL)
YV(NR)=R*SQRTF(UL)
DO 15 MA=1M
AMA = MA
RL(MA)= (AMA*PI)/(AH*2.0)
BUCK2=ALFA(NR)**2.0 +(AMA*PI/H)**2.0
ROH2= EL2*BUCK2
ST= ROH2*WT
S= ROH2*W

PA = EXPF(-S)
PAT = EXPF(-ST)
PT(NR9MA) = 1.0/(1.O+ROH2)
CA(NRMA) = CAIN*PAT*PT(NR#MA)
CQ(NRgMA)= CA(NRgMA)/(1.0-CA(NR*MA))
PQ(NR9MA) = PA/PAT
C5(NR*MA)= RS(NR)*RL(MA)*AL(NR)*CQ(N

1/V ABSORPTION

R,MA)*PT(NRgMA)
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C7(NRMA)= RS(NR)*RL(MA)*AL(NR)*CQ(NRMA)*PQ(NRMA)
15 CONTINUE
14 CONTINUE

KI=1
62 C6= ABSF(C5(1,KI)/C5(1,1))

IF(C6-XIT) 60,61961
61 KI=KI+1

GO TO 62
60 KIL=KI

KM=1
65 C8= ABSF(C7(1,KM)/C7(1,1))

IF(C8-XIT) 63,64964
64 KM=KM+1

GO TO 65
63 KMQ= KM

CONTINUE
DO 300 JL=1,IJMAX
Y= Yl(JL)
DO 301 JM=1,ILMAX
X= X1(JM)
SUMS = 0.0
SUML= 0.0
SUoS=0.0
SUMQ= 0.0
DO 26 KR=leN
ZIN = AMU(KR)
TY = ZIN*Y
B1= BJZERO(TY)
B2= BJONE(ZIN)**2.0
R1= Bl/B2
ZK = BETAH(KR)
ZM = ZK*(1.0-X)
SIR = SINH(ZM)/COSH(ZK)
AS(KR)= RS(KR)*SIR*R1
SUMS = SUMS+ AS(KR)
RV= XV(KR)
ZV = RV*(1.0-X)
TR= SINH(ZV)/COSH(RV)
ZR(KR) = (SE(KR)/YV(KR))*TR*R1
SUQS = SUQS + ZR(KR)
DO 27 KA=1,KIL
AKA = KA
ANG3= AKA*PI*X
RAL(KRKA)= C5(KRKA)*R1*SINF(ANG3)
SUML = SUML+ RAL(KRKA)

27 CONTINUE
DO 28 KS=1,KMQ
AKS = KS
ANG4= AKS*PI*X
PQQ(KRKS)= C7(KRKS)*R1*SINF(ANG4)
SUMO = SUMO + PQQ(KRKS)

28 CONTINUE
26 CONTINUE

PHIS(JLJM) = 2.0*SUMS
PHIL(JLJM)=4o0*SUML*SIGAS/SIGA
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PHIT(JLJM)= PHIS(JL#JM) + PHIL(JLJM)
QS(JL*JM)= 2.0*SUQS
QL(JL#JM)= 4.0*SIGAS*SUMQ
Q(JL#JM)= QS(JLgJM) + QL(JLJM)
CD(JLJM)= Q(JLJM)/(PHIT(JLJM)*CSIS)
SUBC(JLJM)=0.886*PHIT(JLJM) +o.414*Q(JLJM)
EPIC(JLJM)= ERI*Q(JLJM)/CSIS
ARC(JLJM)= SUBC( JLJM)/EPIC(JL#JM)

301 CONTINUE
300 CONTINUE

PRINT 71
71 FORMAT(55H (RC-1)0 LS SIGMA-S (ERI+

PRINT 72, RZELSSIGASERIXIT
72 FORMAT(6XF7.3,F7.4,F1O.7,F14.7,F11.5)

IF(N-1) 13,13,30
13 PRINT 150

150 FORMAT(lH1,2OX.14H J-ZERO SOURCE//)
PRINT 16-

160FORMAT(120H R H L W
1A XI*SIGMA-S KIL KMQ
PRINT 17, RHELWWTCAINSIGACSISKILKMO

17 FORMAT(5X,5F7.3,F7.4,F1O.5,F1O.5,215)
GO TO 37

30 PRINT 31
31 FORMAT(20X,18H NON-J-ZERO SOURCE//)

PRINT 32
320FORMAT(120H N R H L W

1AT-A XI*SIGMA-S KIL KMQ
PRINT 33,NRHELWWTCAINSIGA.CSISKIL*KMQ

33 FORMAT(5X,13,5F7.3,F7.4,F1O.5,F1O.5,215)
37 PRINT 18
180FORMAT(120H Y X PHIS

iT Q CD SUBC

/CSIS

).5SO)/SO XIT )

WT K-INF SIGMAT-

)

PHIL PHI
EPIC ARC

OPRINT 19,((Yl(J),X1(K),PHIS(JK),PHIL(JK),PHIT(JK),Q(JK),CD(JK
1) ,SUBC( J,K) ,EPIC( JK) ,ARC(JK) .K=1,ILMAX) ,J=1, IJMAX)

19 FORMAT(10E12.5)
GO TO 100
END
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A.1.3 SaMOA ProbJlmn.

LL7 AXIAL AU
2 100 20 1
81.34 124.9
500.0
0.03 0.08
0.38 0.43
0.73 0.78

0.0694
2.40482 5.52007
0.9413 0.000001

ML7 AXIAL AU
5 100 20 1
81.34 124.9
70.0
0.03 0.08
0.38 0.43
0*73 0.78

0.1238
2.40482 5.52007
0.9413 -0.01455

ML7 RADIAL AU
5 100 1 20
81.34 124.9
70.0

0.362
0.03 0.08
0.38 0.43
0.73 0.78

2.40482 5.52007
0.9413 -0.01455

ML7 RADIAL AU
5 100 1 20
81.34 124.9
70.0

0.524
0.03 0.08
0.38 0.43
0.73 0.78

.40482 5.52007
0.9413 -0.01455

DISTRIBUTION
48.908 128.0
1.416 0.00640

0.13
0.48
0.83

0.18
0.53
0.88

DISTRIBUTION
27.576 4"366
1.416 0.00640

0.13
0.48
0.83

0.18
0.53
0.88

8.65372 11.79153
0.03055 -0.01395

DISTRIBUTION
27.576 47.366
1.416 0.00640

0.13 0.18
0.48 0.53
0.83 0.88

8.65372 11.79153
0.03055 -0.01395

DISTRIBUTION
27.576 47.366
1.416 0.00640

0.13 0.18
0.48 0.53
0.83 0.88

8.65372 11.79153
0.03055 -0.01395

11.382 0.00576
0.177 0.00001

0.23
0.58
0.93

0.28
0.63
0.98

11.382 0.00576
0.177 0.00001

0.23
0.58
0.93

14.93091
0.01679
Z/H=0.362
11.382
0.177

0.28
0.63
0.98

0.00576
0.00001

0.23 0.28
0.58 0.63
0.93 0.98

14.93091
0.01679

Z/H a 0.524
11.382 0.00576
0.177 0.00001

0.23
0.58
0.93

14.93091
0.01679

0.28
0.63
0.98

11.950
3.670

0.33
0.68

11.950
2.807

0.33
0 .68

11.950
2.807

0.33
0.68

11.950
2.807

0.33
0.68
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A.2 The RADIAL HARMONICS Code

The RADIAL HARMONICS program makes a Hankel harmonic

analysis of the radial dependence of the neutrons coming from the

source, as described in Appendix C. The input instructions are given

below. The input consists of the measured radial activity distribution

of the source, the radial positions of the foils, distance between foils

and appropriate information to make the computation. The output con-

sists of the Bessel coefficients f and the statistical uncertainties.

A.2.1 Input Instructions

N, NR, NS, RAD, DRAD, DR, ERY, ERA (3I5,5E10.5).

N is the number of radial points at which the activity was

measured.

NR is the maximum number of Bessel radial harmonics to be

included in the calculation (, 20).

NS is the number of radial shifts. The extrapolated radius of

the assembly will be shifted NS times by increasing and reducing

the quantity RAD by NT*DRAD, where NT = 1, ... , NS/2. This

artifice permits a check on the extrapolated radius. This

approach indicates which value of the extrapolated radius gives

the best fit.

RAD is the extrapolated radius in cm.

DRAD denotes the increment in RAD for the checking procedure

described above in cm.

DR represents the separation between foils in cm.

ERY denotes the fractional uncertainty in the radial position of the

foils.

ERA is the uncertainty in the activity of the foils.

A(L), L = 1,N (6E12.6).

A(L) is the activity of the foil at the Lth radial point ( 50).
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R(L), L = 1, N (6E12.6).

R(L) is the radial location of the Lth foil.

AMU(M), M = 1, NR (6E12.6).

AMU(M) is the Mth positive root of the equation, J99m) = 0.

A.2.2 FORTRAN Listing of the RADIAL HARMONICS Code

The RADIAL HARMONICS code consists of the MAIN program

and the BJZERO and BJONE function subprograms listed in Section

A.1.3. The MAIN program computes the values of the coefficients f

and their uncertainties as described in Appendix C. The two function

subprograms were described in Section A.1.2. The FORTRAN II

listing of the MAIN program is given in Table 3.2.
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FORTRAN Listing of the RADIAL HARMONICS Code.

*M2961-2465,FMSDEBUG,1, 1500,250 E. SEFCHOVICH
* LIST
* LABEL

ODIMENSION A(50),R(50)OAMU(20),Y(50),X(20,50),UT(20,50),W(20,50),Z(
120,50),S(20),Q(20),SIG(20)

50 READ 4, NNR, NS, RAD, DRAD, DR, ERY, ERA
PRINT 1

10FORMAT(lH1,20X62H PROGRAM TO CALCULATE RADIAL HARMONICS IN CYLINDR
lICAL GEOMETRY//)

C N= NUMBER OF RADIAL POINTS
C NR= NUMBER OF RADIAL HARMONICS
C NS= NUMBER OF RADIAL SHIFTS, EXAMPLE 1 RIGHT, 1 LEFT, NS=2
C RAD= CLOSE GUESS AT RADIUS
C DRAD= INCREMENT IN RADIUS FOR FURTHER TRIALS
C DR= SEPARATION BETWEEN FOILS

4
5

ERY= ERROR
ERA= ERROR
FORMAT(315
FORMAT(6E1
READ 5, (A
READ 5, (R

IN
IN

,5E1
2.6)
(L),
(L),

RAD
ACT
0.5

IAL POSITION
IVITY
)

L=1,N)
L=1,N)

READ 59(AMU(M),M=1,NR)
DO 12 NT=1,NS
RAS = RAD
LS NS/2
IF(NT-LS) 21,30,22

21 ANT=NT
RAS = RAS + ANT*DRAD
GO TO 30

22 ANT = NT-LS
RAS = RAS - ANT*DRAD
GO TO 30

30 DY = DR/RAS
SIGA =0.0
DO 7 J=1,NR
SUMR = 0.0
SUMS = 0.0
DO 6 I=19N
Y(I) = R(I)/RAS
TY = AMU(J)*Y(I)
X(JI) = BJZERO(TY)
UT(JI) = Y(?)*A(I)*X(JI)
SUMS = SUMS + UT(J.I)
W(JI) = X(J,I) - TY*BJONE(TY)
PR = (W(JI)*A(I)*ERY)**2.0
QR = (Y(I)*BJZERO(TY)*ERA)**2.0
Z(JI) = PR + QR
SUMR = SUMR + Z(JI)

6 CONTINUE
V = DY
S(J) = SUMS*V
Q(J) = (V**2.0)*SUMR

C
C
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P= ABSF(Q(J))
SIG(J) = SQRTF(P)
SIGA = SIGA + (SIG(J)**2.0)

7 CONTINUE
ER2 = SIGA
PRINT 10, RAS

10 FORMAT(//20H THE RADIUS IS ,F10.5//)
PRINT 9, ER2

9 FORMAT(43H THE SUM OF THE SQUARES OF THE ERRORS IS
PRINT 11

110FORMAT(120H J S - SIG J S
SIG J S
(JS(J),SIG(J), J=1,NR)

(13,2E10.4))

SIG J Sis
PRINT 8,

8 FORMAT(5
12 CONTINUE

GO TO 50
END

* DATA

.E12.5//)

SIG
SIG

J
)
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A.3 The EPIFAST Program

The EPIFAST computer program is described in Appendix E.

The program computes 625' P2 8 and C *, using the input obtained from

the LSQ-4D program (Dl). The input instructions follow.

A.3.1 Input Data for the EPIFAST Program

ID(I), I = 1, 12 (12A6).

ID(I) is an arbitrary identification statement of 72 spaces or less;

it is used to label each set of data.

N, M, L1, L2, L3, L4, L5, L6 (8I5).

N is the number of time points at which it is desired to calculate

the fission product activity of each of the six uranium foils appear-

ing in the calculation; N is usually equal to the number of counting

passes made in measuring the fission product activity of these

foils.

M is the number of counting passes made for the Np239 activity of

the depleted uranium foils.

Li is the degree of the polynomial fit for the fission product

activity of the bare natural uranium foil.

L2 is the degree of the polynomial fit to the fission product

activity of the bare depleted uranium foil.

L3 is similar to Li but for the cadmium-covered foil.

L4 is similar to L2 but for the cadmium-covered foil.

L5 is similar to Li but for the foil irradiated in a Maxwellian foil.

L6 is similar to L2 but for the foil irradiated in a Maxwellian flux.

EPSN, EPSD, STHER, SMAX (4E12.5).

EPSN is the U 235 atom fraction in the natural uranium foils.

EPSD is the U235 atom fraction in the depleted uranium foils.

STHER is the ratio E28 25)
SC

SMAX is the ratio C = (2 8  25
a fMAX
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CORDEL, CORRHO, CORFL (3E12.5).

CORDEL is the correction factor $6 for 625 required by the pre-

sence of foreign materials in the foil packets.

CORRHO is the correction factor + for p 2 8 for the presence of

foreign materials in the foil packets.

CORFL is the iratio of the activity of the monitor foil placed

below the foil packet with cadmium-covered foils to the activity

of the monitor foil located below the other foil packet.

A1(I ), I = 1, Li + 1 (6EI2.5).

A1(I ) is the ith coefficient in the polynomial fit to the fission

product activity of the natural uranium bare foil.

P1(I), I = 1, Li + 1. (6E12.5).

P1(I) is the uncertainty of A1(I).

A2(I), I = 1, L2 + 1 (6E12.5).

A2(I) is the ith coefficient in the polynomial fitted to the fission

product activity of the bare depleted uranium foil.

P2(I), I = 1, L2 + 1 (6E12.5).

P2(I) is the uncertainty in A2(I).

A3(I), I = 1, L3 + 1 (6E12.5).

A3(I) is the ith coefficient of the polynomial fitted to the fission

product activity of the cadmium-covered, natural uranium foil.

P3(I), I = 1, L3 + 1 (6E12.5).

P3(I) is the uncertainty in A3(I).

A4(I), I = 1, L4 + 1 (6E12.5).

A4(I) is the ith coefficient of the polynomial fitted to the fission

product activity of the cadmium-covered, depleted uranium foil.

P4(I), I = 1, L4 + 1 (6E12.5).

P4(I) is the uncertainty of A4(I).
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A5(I), I = 1, L5 + 1 (6E12.5).

A5(I) is the ith coefficient of the polynomial fitted to the fission

product activity of the natural uranium foil irradiated in a

Maxwellian flux.

P5(I), I = 1, L5 + 1 (6E12.5).

P5(I) is the uncertainty in A5(I).

A6(I), I = 1, L6 + 1 (6E12.5).

A6(I) is the ith coefficient of the polynomial fitted to the fission

product activity of the depleted uranium foil irradiated in a

Maxwellian flux.

P6(I), I = 1, L6 + 1 (6E12.5).

P6(I) is the uncertainty in A6(I).

T(I), I = 1, N (6E12.5).

T(I) is the ith time at which the fission product activities of all

the foils are to be calculated.

DBN(J), J = 1, M (6E12.5).

DBN(J) is the Np239 corrected activity of the bare depleted

uranium foil in the jth counting pass.

DCN(J), J = 1, M (6E12.5).

DCN(J) is the corrected Np 2 3 9 activity of the cadmium-covered

uranium foil in the jth counting pass.

DMN(J), J = 1, M (6E12.5).

DMN(J) is the corrected Np 2 3 9 activity of the depleted uranium

foil irradiated in a Maxwellian flux.

D1(J), J = 1, M (6E12.5).

D1(J) is the uncertainty in DBN(J).

D2(J), J = 1, M (6E12.5).

D2(J) is the uncertainty in DCN(J).

D3(J), J = 1, M (6E12.5).

D3(J) is the uncertainty in DMN(J).
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A.3.2 FORTRAN II Listing and Summary of the EPIFAST Code

The EPIFAST program consists only of a MAIN program which

uses the input information to carry out the computations discussed in

Appendix E.

The output is self-explanatory from the discussion in Appendix E.

Only the following headings in the output require identification.

1. BN is the fission product activity of the bare natural

uranium foil.

2. BD is the fission product activity of the bare depleted

uranium foil.

3. CN is the fission product activity of the cadmium-covered

natural uranium foil.

4. CD is the fission product activity of the cadmium-covered

depleted uranium foil.

5. FMN is the fission product activity of the natural uranium

foil irradiated in a Maxwellian flux.

6. FMD is the fission product activity of the depleted uranium

foil irradiated in a Maxwellian flux.

The FORTRAN II listing of the EPIFAST program is given in

Table A.3.
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TABLE A.3

FORTRAN Listing of the EPIFAST Program.

*M2961-2465eFMSRESULT 1,1,5009250
* LABEL

E. SEFCHOVICH

DIMENSION SF1(50),SF2(50),SF3(50),SF4(50),SF5(50),SF6(50)
DIMENSION Al(50),A2(50),A3(50),A4(50),A5(5O),A6(50)
DIMENSION Pl(50),P2(50)9P3(50),P4(50),P5(50),P6(50)
DIMENSION BN(50),BD(50),CN(50),CD(50),FMN(50),FMD(50) ,T(50)
DIMENSION DBN(50),DCN(50),DMN(50),D1(50),D2(50),D3(50)
DIMENSION ID(12),DEL25(50),RHO28(50).RNP(50),RFP(50)
DIMENSIONSD25(50),SD28(50),SDNP(50),SDFP(50)
DIMENSION U(50),V(50),W(50),X(50),R(50),S(50),Q(50)

1 FORMAT(lH1,//20X16H PROGRAM EPIFAST)
100 RE-AD 2,( I D (I ), 1= 1,12)

2 FORMAT(12A6)
PRINT 1
PRINT 2,(ID(I), 1=1,12)

C 2 IS A PROBLEM STATEMENT
READ 3,N,ML1L2,L3 L4,L5,L6

3 FORMAT(815)
C N= NUMBER OF T(I) AT WHICH DATA FROM LSQ FOR FP IS DESIRED
C M= NO. OF DATA POINTS FOR NP COUNTED FOILS
C Ll= DEGREE OF FIT FOR BN
C L2= 10 '' '' 't BD
C L3= it i' CN

C L4= it of it of CD
C L5= '' '' ' '' FMN

C L6= of '' '' FMD
READ 4,EPSNEPSD9STHER9SMAX

4 FORMAT(4E12.5)
C EPSN= U-235 ATOM FRACTION IN NAT-U FOIL

C EPSD= U-235 ATOM FRACTION IN DEP-U FOIL

C STHFR=(SIG-A28/SIG-F2')THERMOS
C SMAX= CM-STAR

READ 5, CORDELCORRHO,CORFL
C CORDEL= CORRFCTION FACTOR FOR DELTA-25
C CORPHO= CORRECTION FACTOR FOR RHO-28
C CORFL= PHIT-B/PHIT-C

5 FORMAT(3E12.5)
6 FORMAT(6E12.5)

N1=Ll+T
N2= L2+1
N3=L3+1
N4=L4+1
N5=L5+1
N6=L6+1
READ 6,
READ 6,
READ 6,
READ 6#
READ 6,
READ 6,
READ 69

(Al( I
(Pl(I

(A2(
(P2(I

(A3(
(P3(

(A4( I

I

I
I

)

9

I=1eN1)
I=lNi)

, I=19N2)
1=19N2)

,I=19N3)
9 I=1.N3)
I=1 N4)
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READ 6,(P4(I), I=lN4)
READ 6,(A5(I), I=1.N5)
READ 6,(P5(I), I=1,N5)
READ 6,(A6(I), I=1,N6)
READ 6,(P6(I), I=1,N6)
READ 6, (T(I), I=1,N)

C AJ(I)= I-TH COEFF OF FIT. LJ+1 COEFFS

C J=1 NAT-BARE. J=2 DEP-BAREJ=3 NAT-COVJ=4 DEP COV

C J=5 NAT HOLRAUM. J=6 DEP HOLEIN'A
C PJ(I)= ERROR CORRESPONDING TO AJ(I), LJ+1 OF THESE

C T(I)= TIMES AT WHICH DATA ID DESIRED= N OF THESE

READ 6, (DBN(J), J=19M)
READ 6, (DCN(J), J=1,M)

READ 6, (DMN(J), J=1,M)

READ 6s (D1(J), J=1,M)
READ 6, (D2(J), J=1,M)
READ 6,(D3(J), J=1,M)

C DBN(J) = J-TH DEP-BARE -NP CORRECTED COUNT, SD' D1(J)

C DCN(J)t J-TH DEP-COV NP CORRECTED COUNT, SD= D2(J)

C DMN(J)= J-TH DEP HOLRAUM NP CORRECTED COUNT. SD= D3(J)

ENRC = (1.0-EPSN)/(10-EPSD)
DO 15 KI=1.N
Y= T(KI)
SBN= 0.0
SBD=O.O
SCN=0.0
SCD=0.0
SMN=0.0
SMD=0.0
SSBN=0.0
SSBD=0.0
SSCN=0.0
SSCD=0.0
SSMN=0.0
SSMD=0.0
DO 7 KJ=1,N1
SBN= SBN + Al(KJ)*(Y**(KJ-1))
SSBN = SSBN +(Pl(KJ)*(Y**(KJ-1)))**2.0

7 CONTINUE
BN(KI)=SBN
SF1(KI)= SSBN
DO 8 KK=1,N2
SBD = SBD + A2(KK)*(Y**(KK-1))
SSBD = SSBD +(P2(KK)*(Y**(KK-1)))**2.0

8 CONTINUE
BD(KI)= SBD
SF2(KI) =SSBD
DO 9 KL=1,N3
SCN = SCN + A3(KL)*(Y**(KL-1))

SSCN = SSCN +(P3(KL)*(Y**(KL-1)))**2.0
9 CONTINUE
CN(KI)= SCN
SF3(KI)= SSCN
DO 10 KM=1,N4
SCD = SCD + A4(KM)*(Y**(KM-1))
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SSCD =SSCD +(P4(KM)*(Y**(KM-1)))**2.0

10 CONTINUE
CD(KI) = SCD
SF4(KI) = SSCD
DO 11 KN=lN5
SMN = SMN + A5(KN)*(Y**(KN-1))
SSMN = SSMN + (P5(KN)*(Y**(KN-1)))**2.0

11 CONTINUE
FMN(KI)= SMN
SF5(KI)= SSMN
DO 12 JI=lN6
SMD = SMD + A6(JI)*(Y**(JI-1))
SSMD = SSMD + (P6(JI)*(Y**(JI-1)))**2.0

12 CONTINUE
FMD(KI)= SMD
SF6(KI) = SSMD

15 CONTINUE
SUMD = 0.0

SUFP = 0.0
SIGD = 0.0
SIGFP = 0.0
DO 20 K=1,N
R(K)= BN(K)- ENRC*BD(K)

S(K) = CN(K) -ENRC*CD(K)

Q(K) = FMN(K) - ENRC*FMD(K)
DEL25(K)= CORDEL*S(K)/(R(K)*CORFL-S(K))
XR = SF1(K)+(ENRC**2.0)*SF2(K)
XS = SF3(K) + (ENRC**2.0)*SF4(K)
XQ = SF5(K) + (ENRC**2.0)*SF6(K)

XDEL=(DEL25(K)**2.)*(XS/(S(K)**2,)+XRS/
SD25(K)= SQRTF(XDEL)
SUMD = SUMD + DEL25(K)/XDEL
SIGD = SIGD + 1.0/XDEL
RFP(K) = R(K)/Q(K)
XFP=(RFP(K)**2.0)*(XR/(R(K)**20)+XQ/(Q
SDFP(K) = SQRTF(XFP)
SUFP = SUFP + RFP(K)/XFP
SIGFP = SIGFP + 1.0 /XFP

20 CONTINUE
DELAV = SUMD/SIGD
RFPAV = SUFP/SIGFP
SIGDAV =0.0

SIFPAV =0.0
DO 21 L=1,N
U(L) = ((DEL25(L)-DELAV)/SD25(L))**2.0
SIGDAV = SIGDAV + U(L)
X(L) = ((RFP(L)-RFPAV)/SDFP(L))**2.0
SIFPAV = SIFPAV + X(L)

21 CONTINUE
UX = SIGDAV/(SIGD-1.0)
SDEL = SQRTF(UX)
UY= SIFPAV/(SIGD-1.0)
SRFP = SQRTF(UY)
SUNP =0.0
SIGNP=0.0

((CORFL*R(K)-S(K))**2.0))

(K)**2.0) )
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SUMRO =0.0
SIGRO =0.0
DO 22 LLleM
RH028(LL)= CORRHO*DCN(LL)/(DBN(LL)*CORFL-DCN(LL))
XSB a (CORFL**2.0)*(D1(LL)**2.0)+ D2(LL)**2.0
XRO=(RHO28(LL)**2.)*((D2(LL)/DCN(LL))**2.+XSB/((DBN(LL)*CORFL-DCN(
1LL))**2.0))
SD28(LL)= SQRTF(XRO)
SIGRO = SIGRO + 1.0/XRO
SUMRO = SUMRO + RH028(LL)/XRO
RNP(LL)= DBN(LL)/DMN(LL)
XNP.(RNP(LL)**2.)*((D1(LL)/DBN(LL))**2. +(03(LL)/DMN(LL))**2.0)
SONP(LL) = SQRTF(XNP)
SUNP = SUNP + RNP(LL)/XNP
SIGNP = SIGNP + 1.0/XNP

22 CONTINUE
RHOAV = SUMRO/SIGRO
RNPAV = SUNP/SIGNP
SRAV=0.0
SINAV=0.0
DO 23 LM=1M
V(LM)=((RHO28(LM)-RHOAV)/SD28(LM))**2.0
SRAV = SRAV + V(LM)
W(LM)= ((RNP(LM)-RNPAV)/SDNP(LM))**2.0
SINAV = SINAV + W(LM)

23 CONTINUE
VX= SRAV/(SIGRO-10)
SRHO= SQRTF(VX)
VY= SINAV/(SIGNP-1.0)
SRNP = SQRTF(VY)
CTHu (1.0+RHOAV)*STHER/(1.0+DELAV)
CMAX = SMAX*RNPAV/RFPAV
TD= UX/((1.O+DELAV)**2.0)
TR= VX/((1.0+RHOAV)**2.0)
TX= (CTH**2.0)*(TD+TR)
SDCTH= SQRTF(TX)
ZFP = UY/(RFPAV**2.O)
ZNP = VY/(RNPAV**290)
ZY = (CMAX**2.0)*(ZFP+ZNP)
SDCMAX = SQRTF(ZY)

300FORMAT(120H T BN BD CN CD F
1MN FMD DELTA-25 SD-DEL-25 RFP SD-RFP
PRINT 30

31 FORMAT(11E10.4)
OPRINT 31,(T(II),BN(II),BD(II),CN(II).CD(II),FMN(II) FMD(II),DEL25(
ll ) SD25(II),RFP( II),SDFP(II),II l1N)
PRINT 329 DELAVSDELRFPAVSRFP

320FORMAT(//1OX912H DEL-25-AV= E12.5915H SD OF DEL-25= E12.599H RFP-A
1V= E12.5912H SD OF RFP= E12.5)
PRINT 33

330FORMAT(120H J DCN DBN DMN RHO-28 SD-RHO-28
1 RNP SD-RNP
OPRINT 34* (J*DCN(J)tDBN(J).DMN(J).RH028(J)*SD28(J),RNP(J)#SDNP(J)t
1 JaleM)

34 FORMAT(I597E10.4)
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PRINT 35, RHOAVSRHORNPAV*SRNP

350FORMAT(//10X,12H RHO-28-AV= E12.5915H SD /F RHO-28=
1V= E12.5#12H SD OF RNP= E12.5)
PRINT 369 CTH# SDCTH9 CMAX# SDCMAX

360FORMAT(//1OX,6H CTH= F12.5#8H1 SDCTH= E12.597H CMAX=
1X= E12.5//)
GO TO 100
END

E12.599H RNP-A

E12.599H SDCMA

.A.3.3 Sample Problem.

RUN ML7-4
6 9
0.00714

0.95
244.54

1.0
6.8087

1.0

1.143 PC 1.75'' PITCH LATTICE
3 4 3 3 4
0.000018 0.4145

1.1
-0.9067

1.0345
-.29225E-06

-. 055514 0.53337E-03

13.184 -0.046785
1.0

-. 14239E-04

3.6754 -0.019875 0.47594E-04
1.0

2075.7
1.0

10.167
1.0

12.0
117.41
1?0.41
31.595
33.447
677.90
711.27

1.0
1.0
1.0
1.0
1.0
1.0

-15.516

-0.044976

59.0
115.66
120.91
31.683
33.320
673.82
706.55

1.0
1.0
1.0
1.0
1.0
1.0

3
0.4169

0.39569E-05

-. 29642E-05

.25294E-06

-. 33819E-07

0.10480 -.45473E-03

0.71207E-04

106.0
117.21
119.21
31.240
33.084
670.74
713.84

1.0

1.0
1.0
1.0
1.0

0.96590E-08

153.0
120.49

33.020

701.00

1.0

1.0

1.0

.57045E-08

.75605E-06

200.0
120.77

32.623

698.88

1.0

1.0

1.0

247.0
120.87

33.444

699.46

1.0

1.0

1.0
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APPENDIX C

NEUTRON SOURCE

Because of the small dimensions of the assembly, the neutron

source is of particular importance in the miniature lattice. In the

interpretation of measurements made in such a lattice, it is desirable

to reduce as much as possible the number of effects that must be

taken into account.

For the purpose of these measurements, it is desirable that the

neutron source be as well thermalized as possible. This is, indeed,

the case for the neutron beam of the Medical Therapy Facility where

the cadmium ratio for gold is at least 100 (R2). Furthermore, since

the assembly is cylindrical, it is desirable that the radial dependence

of the source be of the form J9(gir/R), where g = 2.405, and R is the

extrapolated radius of the assembly. More important is the desira-

bility of having a neutron source which is axially symmetric. An azi-

muthal dependence of the neutron source complicateS the problem

without adding anything to the understanding of the basic physical

behavior of the lattice under consideration.

In the medical facility at the M. I. T. Reactor, the center of the

beam is 4 inches off the centerline of the reactor core. It was, there-

fore, expected that the neutron source have a maximum somewhat

away from the center of the beam in the direction of the centerline of

the reactor core.

Steps were taken to investigate the neutron source. The purpose

was to find whether or not this asymmetry existed, and if so, what

could be done to correct it. Measurements were made on top of the

empty lattice tank. Bare gold foils were used to map the radial and

azimuthal dependence of the neutron source. The circular foil holder

was made of 1/8-inch-thick aluminum; recesses for the foils were

made along eight radial directions 450 apart. The foils were positioned

on a spiral. Each foil was 45* and 0.25 inch from the adjacent foil.

Thus, each eight radial consecutive points complete a cycle in the
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spiral. The positioning of the foils in the holder is shown in Fig. C.1.

Figure C.2 shows the results that were obtained. A definite peaking is

observed at 2, 4, 6, 8 and 10 inches, which corresponds to the fourth

quadrant in Fig. C.1. This result was expected as it is in the direction

of the reactor core centerline.

To flatten the source distribution, a series of aluminum plates

and a piece of lucite were arranged above the LiF collimator, as shown

in Fig. C.3. The source distribution observed with the collimator in

place is shown in Fig. C.4. The improvement in the neutron source is

evident, since the azimuthal asymmetry has nearly disappeared.

The distribution of interest is that which would be observed

directly on top of the miniature lattice grid plate that is located about

5 inches below the top of the lattice tank. The angle subtended by the

beam is somewhat smaller at this location. Thus, the source distri-

bution above the grid plate should be slightly different from that shown

in Fig. C.4. It was, therefore, necessary to measure the neutron

source distribution above the lattice grid plate with a lattice in the

tank. The result is shown in Fig. C.5.

It is evident from these results that the source is axially sym-

metric and it can be assumed to be only a function of r. Further-

more, it can be expanded in a series of J functions as follows (S3):

0 J (r/R)
S(r) = Iy ) [( d 2 , (C.1)

R 1=1 [J

where the pi's are the zeros of the transcendental equation

Jo(W) = 0; (C.2)

f(pi) is given by:

R
f = f rS(r) J(pir/R) dr, (C.3)

0

and R is the extrapolated radius.

The integration of Eq. (C.3) was done numerically. For this pur-

pose, let

y = r/R. (C. 4)
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Equation (C.3) may then be written as:

1
f(y ) = R 2 f yS(y) J0 (iy) dy, (C.5)

and Eq. (C.1) can be written as:

00 _ J(Py)
S(y) = 2 Z (C.6)

i=1 [J

with

1
f= f yS(y) J9(Miy) dy. (C.7)

0

To integrate Eq. (C.7) numerically, let N equal the number of

equal intervals Ay between 0 and 1. Let A be the measured gold

activity at y 2 ; then

N
F = A y A J9 (Iyy) (C.8)

To estimate the standard deviation o. of f., let

A = standard deviation of A 2 ,A2

a- = standard deviation of y,.

y
The variance ao1 of fI is then given by (T2):

2  i 2  (C.9)
'~jaA2 I C+ ayy

or

2 2 N2
CT. = (Ay) ,', i (iydA e

+ [JA y) - }. (C.10)

The results were obtained by using the IBM-7094 digital computer at

the M. I. T. Computation Center. The RADIAL HARMONICS code is

described in Appendix A. The results were normalized so that
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= 1; (C.11)

th
thus, each f. is a measure of the contribution of the i harmonic to the

neutron source. The results are tabulated below:

i f.

1 0.9413

2 -0.01455

3 0.03055

4 -0.01395

5 0.01679

6 -0.00316

7 0.008375

8 0.001843

9 0.008554

etc.

It follows, therefore, that the source distribution has very

nearly a J 0 1Mr/R) radial dependence, although the other harmonics

have a measurable contribution. In the theory developed in Section

3.2.3, it has been assumed that five terms will suffice to describe the

source. The basis for this assumption is that the contributions from

higher harmonics damp out rapidly as neutrons diffuse through the

lattice. Moreover, since only 20 points were used for the harmonic

analysis, the accuracy of the values of fI for values of i that are

larger than about five is questionable. Their contribution to the total

thermal flux is negligible.
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APPENDIX D

AGE MEASUREMENTS IN PURE MODERATOR

The expressions for the quantity S for gold, U238 and U 2 3 5 for an

exponential, a critical and an infinite assembly, in terms of its value

for the miniature lattice, were listed in Table 5.1. They were shown

to depend on the age of fission neutrons to other than thermal energies.

The procedures followed to determine the values of these ages were

described in Sections (5.2.7) through (5.2.9). Lack of experimental

information with respect to these quantities made necessary the

measurement of the age of fission neutrons to the resonance energy of

gold at 4.906 ev, and to the U238 resonance at 6.7 ev. The intent of

these measurements was to check the values used for rAu and T 6.7 in

Section 5.2.5.

The experimental method used to determine TAu and r6.7 was to

measure the radial activity distribution of cadmium-covered foils of

the material under consideration. The irradiation was made about a

0.25-inch-diameter, 1.143% enriched uranium rod. The assumption

was made that the fission neutrons were produced by a line source.

The measured activity distribution was then fitted to a function of the

form:

A(r) oc e -r 2 4, (D.1)

or

ln A(r) oc - r 2/ 4r . (D.2)

The curve-fitting process was done by means of the computer program

LSQ-4D (D1). The age was obtained from the slope of the straight line

which results from plotting ln A(r) against r 2

The line source assumption and the measurements performed are

discussed below.
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D. 1 LINE SOURCE HYPOTHESIS

To investigate the effect of the source volume on the observed

radial activity distribution, consider the slowing-down kernel for a

cylindrical shell source, K(r, r', r). For fission neutrons born with

an age equal to zero (R1):

-r 2 +r' 2

K(r, r', ) 1rr\ (D.3)

Equation (D.3) represents the slowing-down density at age r and a dis-

tance r due to a unit source located in a cylindrical shell source at a

distance r' from the origin, and born with an age equal to zero. The

slowing-down density at age r and distance r, q(r, -r) due to a cylindri-

cal source is obtained by multiplying Eq. (D.3) by the source S(r') per

unit area and the surface element 27rr' dr' and integrating over the

area of the source. Thus,

r 2+r,2

q(r, r) = r r' dr' S(r') e I4 y rrf (D.4)
0

where r 0 is the radius of the cylinder. If a flat source is assumed:

S(r') = , (D.5)
irr

and

q(r, ) e-r2 14-r r r' dr' e-r,2 I E). (D.6)
27rrr 20o

0

For the fuel rod utilized in these measurements and the dimensions of

the miniature lattice tank:

0 < r' < 0.317 cm,

0.317 < r < 25 cm

and

r ~ 100 cm2

It follows then, that 4 0.04 and, therefore, I(r) ~ 1. Under these
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conditions, Eq. (D.6) becomes,

q(r, T) = 2 e-r2 /4 r r' dr' e-r 2 4, (D.7)
2 7rr r 0o

0

which can be readi.ly integrated to yield:

2 
-r / 4rq(r, T)= 2 e-r /4r 211 - e 0 . (D.8)

2 ?TT r
0

In Eq. (D.8), r 2  .1 cm 2 and 47 ~ 400 cm 2 ; the exponential in paren-
0

theses can then be expanded in a Taylor series; thus,

2 r 2

q(r, r) = 2 2 e-r2  27 , (D.9)
27irrr9

or

q(r, r) = Qe- r2 4. (D.10)

Hence, for the conditions of the experiments performed, the line source

hypothesis is valid.

D.2 AGE TO THE RESONANCE ENERGY OF GOLD

To measure the age of fission neutrons to the resonance energy of

gold at 4.906 ev, cadmium-covered gold foils, 1/4 inch in diameter and

0.005 inch thick, were irradiated for twelve hours about a single uranium

rod placed in the center of the miniature lattice facility. The foils were

placed alternately, 1/2 inch apart in recesses made on an aluminum bar

3/16 inch thick and 1/2 inch wide. The irradiation was made at a distance

of ten inches from the source end. At this distance, which is about twice

the slowing-down length in D 2 0, it was estimated that the effect on the

radial activity distribution of the small fraction (~ 0.01) of epithermal

neutrons coming from the source is negligible. Hence, all the epi-

thermal neutrons detected by the foils were assumed to come from the

single rod. The gold foils were counted according to the method

described in Section 2.6. The raw counting rates were reduced following

the procedure described in Section 4.2.1.

The radial distribution of the corrected gold activity is plotted
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against r2 in Fig. D.1. The fitted curve was obtained with the aid of the

LSQ-4D code (Dl). The slope of the curve in Fig. D.1 led to

TM = 95 ± 3 cm 2
Au

which, in conjunction with Eq. (5.24), led to the values of TAu for the

different lattices investigated that are listed in Table 5.3.

D.3 AGE TO THE U 2 3 8 RESONANCE AT 6.7 EV

The irradiation procedure used to measure the age to the U 2 3 8

M
resonance at 6.7 ev was similar to that used to determine TAu. The

detectors used were 1/ 4-inch-diameter, 0.005-inch-thick, depleted

uranium foils. The cadmium-covered foils were placed alternately,

1.5 inch apart in the recesses made on the same aluminum bar used
M Te 239

for the measurement of T Au. The Np2 activity of the depleted

uranium foils was counted by means of the procedure described in

Section 2.7.6. The gross count rates of each depleted uranium foil

were reduced in the manner described in Section 4.2.3.

The radial distribution of the corrected Np239 activity is plotted

against r 2 in Fig. D.2. As in the determination of Tru, the LSQ-4D

(D1) code was used to obtain the fitted curve. The slope of the curve

yields:

76. = 92 i-&- 3 c m .
6.7

Consider Eq. (5.38),

T =T. - D ln (6.7/E.). (5.38)
6.7 i UE

If, in this equation, one substitutes T M and 4.906 ev for r. and E.,

respectively, the value of r obtained is in close agreement with the

value given above. This result indicates that the age measured in this

manner is the age to the U238 resonance at 6.7 ev. Physically, this

result can be understood from the fact that in the experimental arrange-

ment used for the determination of 6.7, the depleted uranium foils are,

in effect, placed in an infinite medium of heavy water. Hence, the cap-

tures in U238 take place as if it were infinitely dilute; thus, the

majority of neutron captures take place at the lowest lying resonance
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(S2) at 6.7 ev. Thus, the result of this measurement is expected.

The procedure followed to compute 'r2 8 , the age to the effective

resonance energy for U238, from the measured value of 76.7 is

described in Section 5.2.8. The values of T 2 8 for the lattices investi-

gated are listed in Table 4.1.
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APPENDIX E

DETERMINATION OF 625' P 2 8 AND C

The EPIFAST computer program used to reduce the fission

product and Np239 activity is discussed in this appendix.

The purpose of the EPIFAST program is to reduce the data

obtained from the LSQ-4D program, as described in Section 4.2.3, to

obtain the average values of p28' 625 and C , and the corresponding

standard deviations.

The EPIFAST computer program makes use of the coefficients

obtained by the LSQ-4D code for the least squares polynomial fitted to

the time dependence of the fission product activity of both natural and

depleted uranium foils. The coefficients are used to calculate the

fission product activity at common times, T., for each foil involved

in the calculation of either 625 or C These activities are used in

Eqs. (2.10) and (2.17) to obtain 625 and R respectively, at the times
239 25 F

T.. The corrected Np activities of the depleted uranium foils are

used in Eqs. (2.1) and (2.16) to obtain p2 8 and RN, respectively, for

each of the counting passes made for the depleted uranium foils in an

experiment. The average values of RN and RF are then substituted in

Eq. (2.12) to obtain the average value of C . An independent value of

C* is also obtained when the average values of 625 and p2 8 are substi-

tuted in Eq. (2.18). The standard deviations of the various parameters

are obtained from the uncertainties of the polynomial coefficients

obtained by means of the LSQ-4D code and the statistical errors in the

corrected Np239 activities of the depleted uranium foils. The details

of the calculation are given below.

E.1 NOTATION

The different foils that enter in the calculation are denoted by the

subscript k as follows:

k = 1, bare natural uranium foil;

k = 2, bare depleted uranium foil;
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k = 3, cadmium-covered natural uranium foil;

k = 4, cadmium-covered depleted uranium foil;

k = 5, natural uranium foil irradiated in a Maxwellian flux;

k = 6, depleted uranium foil irradiated in a Maxwellian flux.

Aki is the i coefficient of the polynomial fitted to the activity of
th k

the k foil. There are Lk+1 coefficients, where Lk is the degree of the

polynomial. Pki. is the uncertainty in the value of Aki. th
C k denotes the fission product activity of the k foil at a time

kj th
T.- Sk. is the variance of the calculated activity for the k foil at T..j' kj 239 th

Nkm denotes the corrected Np activity of the k foil in the
th k

m counting pass, where k=2,4 and 6; Dkm is the standard deviation

of Nkm*

The quantity 4j, denotes the correction factor to be applied to 625
for the presence of "foreign" materials in the foil packets used in

the measurement; L is the corresponding correction factor for p 2 8 . A

discussion of the effect of foreign materials in the measurement of 625
and p2 8 is given in Ref. (D1).

The quantity $A denotes the ratio of the activity of the monitor

gold foil irradiated below the packet with cadmium-covered foils, to

the activity of the monitor gold foils irradiated below the packet with

the bare foils. The quantity *A permits the correction of 625 and p 2 5
for differences in the flux at the location of the detector foils, if

necessary.

The quantity EC is given by:

1 - EN
EC =N

where EN and ED denote the U235 atom fraction in natural and a depleted

uranium foil, respectively.

E.2 COMPUTATION PROCEDURE

th
The fission product activity of the k foil at time T. is obtained

from the coefficients of the polynomial fitted by the LSQ-4D program.

It is given by:
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Lk+1

C . = 3A .~ .(E.1)
kj . ki j

The corresponding variance is obtained from the formula for the propa-

gation of error (T2); thus, if y is a function of n parameters,

y = f(x, ... , xn '

then the variance of the function y is given by:

-2 -(af_ 2 (E.2)
y xeLJ ax/x

where ox denotes the standard deviation of x 2 . Accordingly, the vari-

ance of Ckj is:

Lk+12

S . L PkT ) . (E.3)
1

The fission product activity due to fissions in U235 only at time

T., for the bare uranium foils, the cadmium-covered uranium foils

and those irradiated in a Maxwellian flux is given, respectively, by:

R. = C 1j - (EC) . C2 , (E.4)

S. = C 3 - (EC) C 4 . (E.5)

and

Q = C 5 - (EC) -C . (E.6)

The corresponding variances are obtained with the aid of Eq. (E.2).

Thus,

-2 (R) = Si + (EC) . 2j (E.7)

2 2j
a(S ) S . + (EC)2 .S (E.8)

and

C 2 (Q) 5j + (EC) 2 S6j (E.9)

The value of 625 at time T , 6 25. is obtained from Eqs. (E.4)

and (E.5) and the correction factors L and Athus,6 A;'hs
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625. 6 LR.-..

The corresponding variance is:

2 i2
= 25. 2 +

S.
Lh

2 ca2(R ) 2(SA i
2

[Rj 4$A ~J j

The ratio RF at T. is obtained from Eqs. (E.4) and (E.6);

R.
R =--aRF .Q '

J J

and its variance is given by:

2 (
aF. = R . 2 +

3 .

2 ]
a. (Q )

2 .Q.I

(E.11)

thus,

(E.12)

(E.13)

The values of p 2 8 and RN for the mth Np239 activity counting pass

are obtained as follows:

p =+ N 4m
28m p N2m A - N4mI

RN N 2 m
N6m

(E.14)

(E.15)

The corresponding variances are obtained with the aid of Eq. (E.2);

thus,

2 2
+ (E.16)

2 R 2
'Nm RN. + (D6m)2 2

(N 6m)2

The values of 625 and RF calculated at the various times T are

averaged by weighting with respect to the reciprocal of the correspond-

ing variance. Hence,

200

2
-2 5 .

J

(E.10)

and

and

(E.17)
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6 25j 25j
6 25 = (E.18)

=1 25j

and

F N (E.19)
F N ( 1/ u2

3=1

where N is the number of times at which the activities were calculated

(normally N equals the number of counting passes for each of the

uranium foils). The average values of p28 and RN are obtained in a

similar manner; thus,

M /Z (P28m 28m)

P28 M (E.20)

Z (1/a28)
m=1

and

M2

1 (RNm a)

RN m (E. 21)

Z (1/ok)
M=12

where M is the number of passes made for Np239 activity counting of

the depleted uranium foils. The corresponding variances are given

by (T2):

N 2

or 2 j. (6 25j- 25/ 425j] JE22
2(225 2N2, (E.22)

=1 25j

N 2
Z[(R Fj~- F Fj 2 F

a.2(RF) = (E. 23)

Z (1/-Fj) 2
j=1
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M2

Z [(P2 8 m- 2 8 )/a 2 8 j] 2
2 - m=1

M

(1/g 2 8 m 2 1m=1

M 2
S[(RNmR N)/Nm2m=1

(E.2

(E 2
N M 2

Z (1/Nm)
m=1

In Eqs. (E.22) through (E.25), account has been taken of the fact

that one degree of freedom has been used to obtain the averages.

Equations (E.18) through (E.25) are used to obtain the average

value of C* by the two independent methods, Eqs. (2.12) and (2.18).

The corresponding variances are obtained with the aid of Eq. (E.2).

Thus,

1+p (28
C _28 a (E.2

SC 1 +6 25Z25IS

and

CMAX = CM N/RF. (E.2

The corresponding variances are, respectively,

~ 2 -2 -
2 *2 - ( P2 8 ) a (6 2 5)

aSC = CSC - 2 + (E.2

(1+28) (1+625

and

a2 * 2 (RN) 2 R F) E0MAX= MAX -2 + 2(E.2

L RN RFj

The standard deviations of all the quantities of interest are obtai

as the square root of the corresponding variance.

The input instructions and Fortran listing for the EPIFAST prog

are given in Appendix A.
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