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ABSTRACT

Measurements related to reactor physics parameters were made
in three heavy water lattices. The three lattices studied consisted of
0.250-inch-diameter, 1.03 w/o U235 uranium fuel rods arranged in tri-
angular arrays and spaced at 1.25, 1.75, and 2.50 inches. The following
quantities were measured in each of the three lattices studied: the ratio
of the average epicadmium U238 capture rate in the fuel rod to the aver-
age subcadmium U238 cagture rate in the fuel rod (pgg); the ratio of the
average epicadmium U235 fission rate in the fuel roc? to the average sub-
cadmium U fission rate in the fuel rod (695); the ratio of the average
y238 capture rate in the fuel rod to the average U 5 fission rate in the
fuel rod (C ); the ratio of the average U238 fission rate in the fuel rod
to the average U235 fission rate in the fuel rod (659g); and the effective
resonance integral of U238 in a fuel rod (ERI28), The results of an
investigation of systematic errors associated with these measurements
have led to many changes and adjustments in the experimental techniques
and procedure which have improved the general precision of the experi-
mental results.

A new method was developed to measure the ratio C’E< which simpli-
fied the experiment, significantly reduced the experimental uncertainty
associated with the measurement, and avoided systematic errors inher- .
ent in the method used to measure C* in earlier work.

The value of ERI28 was also measured by a new method in which
the results of measurements made in an epithermal flux which had a
1/E energy dependence are combined with the results of measurements
made in a lattice.

The experimental results were combined with theoretical results
obtained from the computer programs THERMOS and GAM-I to deter-
mine the following reactor physics parameters for each of the three
lattices studied: the resonance escape probability, p; the fast fission
factor, €; the multiplication factor for an infinite system, k_; and the
initial conversion ratio, C. ’ .

Methods were developed to measure that portion of the activity of
a foil which is due to neutron captures in the resonances in the activation
cross section of the foil material. The resonance escape probability was
determined by a new method, using the resonance activation date, in
which the use of cadmium is not necessary.
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CHAPTER 1
INTRODUCTION

Introduction

The Nuclear Engineering Department of M.I.T. is conducting a
research program, the Heavy Water Lattice Project, under the sponsor-
ship of the United States Atomic Energy Commission. The general
objective of this projecf is to carry out experimental and theoretical
investigations of the physics of subcritical lattices of partially enriched
uranium rods in heavy water. Several reports describing the results of
previous investigations associated with this project have been published
(B2, H2, H3, H4, M1, M3, P1, P2, S1, W1, W2).

1.1 Area of Interest and General Scope of the Present Work

As a part of the general program of the Lattice Project, the work
to be described in this report deals primarily with processes involving
neutrons in the epithermal portion of the neutron energy spectrum. A
parameter that is often used to serve as an index of the physical proper-
ties of a multiplying medium is the multiplication factor, k_, for an
infinite assembly. The definition of k_ is the ratio of the rate at which
neutrons are produced to the rate at which neutrons are consumed in an
assembly large enough so that the loss of neutrons by leakage is negli-
gible. The value of k_ can depend appreciably on the ratio of the number
of epithermal neutron processes to the number of thermal neutron pro-
cesses. The epithermal energy region can be subdivided into the fast
energy region and the resonance energy region, each of which is dis-
tinguished by particular neutron reactions limited to that region. The
fast energy region is characterized by those neutrons whose energies

238

are great enough to cause the fission of U , and the resonance energy

region is characterized by neutron capture in the many resonances in

U238 absorption cross section. The upper limit of the fast region is



usually taken-as 10 Mev, and the lower limit of the fast region is usually

set equal to the threshold energy, about 1 Mev, for the U238

fission pro-
cess. The resonance region extends from the lower limit of the fast
region to the cadmium-cutoff enérgy, about 0.4 ev, which is usually
chosen as the upper limit of the thermal energy region. Because the
neutron energy spectrum can be divided into these few distinctive regions,
the analysis of the physics of reactors is often made on the basis of these
energy groupings.

In the familiar four-factor expression for kw:

k,, = Wfep, | (1.1.1)

the fast fission factor €, if appropriately determined, can account for
reactions which occur in the fast region; the resonance escape proba-
bility p accounts for neutron captures in the resonance region, and the
combination nf accounts for reactions in the thermal region. The fast
fission factor, €, and the resonance escape probability, p, are the factors
which are of primary interest in the present work since they characterize
the epithermal neutron processes. Another reactor physics parameter .
which is strongly dependent on the epithermal reaction rates relative to
the thermal reaction rates is the initial conversion ratio, C, defined as

239 is produced to the rate at which U235

the ratio of the rate at which Pu
is destroyed. The value of k_ is closely related to the critical size and
mass of a thermal reactor, and the value of C is related to the lifetime

of the fuel.

1.2 ‘Experimental Methods

None of the parameters, kw, p, €, and C, which are sensitive to
the epithermal reactions, can be measured directly, but they can be

related to quantities which are measurable. The measurable quantities

to be considered here are: the ratio of the epicadmium U238 capture

rate to the subcadmium U238 238

capture rate, Poyg; the ratio of the U
235

fission rate to the U fission rate, 62‘8; the ratio of the epicadmium
U235 fission rate to the subcadmium U235 fission rate, 625; and the
ratio of the total U238 capture rate to the U235 fission rate, C . The
fast fission factor, €, can be related to the fast fission ratio, 628’ as

follows:



Vao—l1l—-a
e=1+ 528<—287——2—§) , (1.2.1)
25

where Vog and Vog are the average numbers of neutrons produced per

U238 and'U235 238

capture rate to the U

fission, respectively, and dsg is the ratio of the U
238 fission rate in the fast region. The resonance
escape probability, p, can be expressed in terms of the measured micro-
scopic parameter Pog by means of the following simple relation:

R S
p - 1+ pZBfG s (1.2.2)

where f is the thermal utilization factor and G is the ratio of the sub-

cadmium U2 38

capture rate to the total ''thermal" absorption rate in
the fuel. (The term "thermal" is set in quotation marks because the
exact neutron reaction rates included in this term are not uniquely
determined; see Section 6.1.) Equation 1.2.2 represents a very simple
approach and yields a very approximate value of p. More sophisticated
(and complicated) expressions for p usually involve not only pyg but
also 625 and 628’ The definition and thus the particular expression used
for p must be consistent with the definitions used for k_, and the other
factors, n, f, and €.

The multiplication factor, k_, can also be expressed directly in
terms of measured quantities. One such expression, which is derived

in Section 6.1, is:

vog t 89g(vog—l-agg)

k =
00 b 1 1
T (IHagg) +C s + (T - 1)(1—G>(1+°25‘) ~09g%3

b4

(1.2.3)

where a9g is the ratio of the U235 capture rate to the U235 fission rate,

and EC* is a leakage correction factor to convert the measured value of
C* to the value which would be obtained in an infinite system. Again,

care must be exercised to ensure that the formulation used embodies a
definition consistent with other formulations of the same parameter and
with formulations of other parameters. If capture by U239 or Np239 is

neglected, the initial conversion ratio, C, may be be related to the



. . *
measured microscopic parameter C :

-1

C = C (1+a (1.2.4)

25)
Experimental determinations of reactor physics parameters have
two purposes. First, they provide data to which theoretical results may
be compared and thus provide a test of the theoretical treatment. Second,
they can provide data and results in areas in which theory is not suf-
ficiently developed to produce results of sufficient accuracy. An example
of the first case is the thermal energy region where theoretical treat-
ments such as THERMOS (H4) can produce results which can be considered
equal to or better than experimental results (B2, S1). An example of the
second case is the epithermal energy region in which only Monte Carlo
treatments yield adequate space and energy dependent neutron distribu-
tions.

1.3 Objectives and General Program of This Work

With the above considerations in mind, the general objectives of

the research to be described in this report were as follows:

1. To measure quantities which can be used to characterize the
lattices studied and, in particular, the epithermal portion of
the neutron spectrum.

2. To reduce the experimental errors associated with the
measurements of these quantities by improving the ekperi-
mental methods and techniques.

3. To eliminate or correct for systematic errors associated
with the experimental methods and techniques.

4. To seek new measurements to make and new methods of
making existing measurements in the area of interest.

5. To analyze the experimental results for consistency and

compare them to the results of other investigations.

To accomplish these objectives, the microscopic parameters Pog> C*,

625, and 628 were measured in three different lattices which were stuched
 during the course of the present work. The method used to measure C



was modified extensively, and many experiniental details associated with
irradiation and counting techniques were improved. An extensive investi-
gation of systematic errors was carried out. As a result of this investi-
gation, the experimental foil arrangements were modified to eliminate
the effects of some sources of systematic error, and, where the effects
could not be removed, correction factors were developed to compensate
for the effects. To aid in the understanding, interpretation, and analysis
of the experimental results, additional measurements were made, such
as the determination of the microscopic parameters as a function of
position within the lattice and the measurement of the intracellular -acti-

vation distributions of Np239 and Cu64.

The investigation of the reso-
nance energy region was extended by measuring the resonance activity
of several nuclides irradiated in one of the lattices studied. The results
of this investigation indicate that the methods presented can provide
valuable data to which sophisticated theoretical treatments of the reso-
nance energy region may be compared. In addition, the new methods
provide new approaches to the experimental determination of the reso-
nance escape probability, p, and the effective resonance integral of U238
in the fuel rods, ERIzs. To aid in the interpfetation and analysis of the
experimental results, analytical results obtained by means of the com-
puter codes THERMOS (H4) and GAM-I (J1) were used. Since experi-
mental results for similar systems are not available, and since differ-
ences between the results obtained for other systems, e.g., water-
moderated assemblies, and the three lattices studied cannot be readily
studied, the results of the present work were examined mainly for self-
consistency and compared to the results of measurements by Peak et al.
(P2) made in a miniature lattice assembly at M.I.T. The assembly by
Peak et al. was experimental and exploratory in nature, and the resulting
measurements required corrections as large as 25 or 30 per cent in
some cases to compensate for the effects of neutron leakage from the
small assembly. Thus the present results actually provide a test for

the results of Peak et al. rather than vice versa.



1.4 Contents of Report

The experimental facilities, equipment and methods used to make
the experiments are presented in Chapter II. In Chapter III, the investi-
gation into systematic errors is described and discussed, and any cor-
rection factors which become necessary as a result of the investigation
are derived. The experimental results of the measurements described
in Chapter II are presented in Chapter IV together with a discussion of
their associated errors. The general methods used for data reduction
are also described in Chapter IV. The results of the theoretical calcu-
lations obtained by means of the two computer programs, THERMOS (H4)
and GAM-I (J1), are presented and discussed in Chapter V. The experi-
mental results are analyzed, with the aid of the theoretical results, and
discussed in Chapter VI. The conclusions drawn from the results of this
research and recommendations for future work are given in Chapter VII.
The nomenclature is given in Appendix A. The references are given in
Appendix B. The computer codes written to aid in the data reduction
are described and listed in Appendix C. The input data for the THERMOS
and GAM-I programs are presented in Appendix D. In Appendix E, the
fraction of the epicadmium activity, of a uranium foil irradiated in a
lattice, caused by fast neutrons is derived.



CHAPTER 1II
EXPERIMENTAL FACILITIES AND METHODS

Introduction

This chapter deals with the facilities, equipment and methods used
to make the experiments. Chapter III describes and discusses the
investigations of possible systematic errors associated with the methods
used. In Chapter IV, the experimental results will be given for the actual
quantities measured and for the parameters derived from them for the

various lattices studied.

2.1 Experimental Facilities

The primary source of neutrons for all the experimental work was
the M.I.T. Reactor (MITR) which is moderated by DZO’ contains MTR-
type fuel elements and operates at a nominal power level of 2 Mw (L1).
Figure 2.1.1 is an isometric view of the MITR and its experimental
facilities. Figure 2.1.2 is a plan view. The facilities used in the work
to be described were the lattice facility, the beam port of the Medical
Therapy Room, the pneumatic sample tubes, and an in-core sample
thimble.

2.1.1 The M.I.T. Lattice Facility

Most of the experiments were made in the lattice facility which
uses the MITR thermal column as a source of thermal neutrons.
Figures 2.1.3 and 2.1.4 are cross-section views of the lattice facility
which has been described in detail in earlier reports (H2, M1, P1).

An exponential tank is supported above a graphite-lined cavity or
"hohlraum." Neutrons from the thermal column enter the cavity and
are effectively reflected through 90 degrees into the bottom of the tank.
An experimental and theoretical design study of the cavity was done by
Dr. J. T. Madell and is described in detail in Ref. (M1). A graphite
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IRRADIATION FACILITIES

No.

Estimated Thermal

Facility Size Flux at 2 MW Special Features
Available n/em?-see
Horizontal Beam Ports All ports have readily available the
4" [ 43" id. at tank wall following services:
6" 4 Gi” i.d. 8 x 10" 1. Demineralized cooling water
12" 1 12" id. 2. 110V AC
3. Access to basement
Rotary Horizontal Ports 4. Access to reactor top
6" 2 65" id. at tank wall, 8 x 10'* | 5. Inert gas system
6. OIf gas system
Horizontal Thru Ports 7. Waste drain. In addition the 6"
8" 1 63" 1.d. 8 % 10'? at point and 12" ports have shutters use-
L 1 43" id. closest to tank ful for changing experiments
Vertical Thimbles
Graphite 33" * [ 34" id. - up to 12" long 0.6 - 1,0 x 10" Fast flux up to 5 x 10'® available in
In-tank 1" (in reflector) * |up to 10 | I" i.d. - up to 24" long 2 x 10° in-tank thimbles (also gammas up
In-tank 1" (in core) up to 3 |same size 3 x 10" to 3 x 10° r./hr.
Thermal Column 1 Holes up to 14" x 14" ex- | 10° - 102 The therman column has lead and
tend into thermal column, cadmium shutters
Larger holes can be made
if needed
Pneumatic Rabbit 4 Space for sample 1" dia, x | 8 x 10'? "In" to "out" travel time is 0.5 sec.
Tubes 2¢" long
Medical Therapy 1 -—— Thermal 10'° Opens into operating room heneath
Facility Fast 107 reactor
Gamma Facility Many Flexible 10* - 10° r./hr. Spent fuel storage

* Note: Some of these facilities have sample changers to permit insertion and removal of samples during reactor operation at full power.
They use standard aluminum cans as outside containers ({3" i.d. X 13" or 23" long).
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pedestal located immediately below the tank shapes the entering flux to
approximately a Jo radial distribution. The design of the pedestal was
the result of work by Dr. P. F. Palmedo and is described in Ref. (P1).
With the MITR operating at 1.8 Mw, the flux entering the bottom of the
tank is about 1010 n/cmz»(Pl).

A sample tube is located in the graphite wall of the cavity directly
opposite the thermal column. Boral-lined steel doors between the
thermal column and the cavity reduce the neutron flux entering the
cavity by a factor of at least 103 (P1). Irradiations in both the exponen-
tial tank and the cavity sample tube were started or ended by the opening
or closing, respectively, of the steel doors.

The exponential tank is removable so that different sized tanks
may be used, and tanks 48 inches and 36 inches in diameter have been
used. The sides of the tanks are covered with 0.020-inch-thick cadmium
to approximate bare, i.e., unreflected, thermal systems. The exponen-
tial tank is contained in a 72-inch-diameter outer tank. The space
between the exponential tank and the outer tank can be filled to permit
the use of radial reflectors or external poison regions if necessary; this
has so far not been done. The tanks are 67-1/4 inches high.

The fuel rods are suspended from double girders at the top of the
tank. The spacing of the fuel rods is determined by the relative spacing
of the girders and by notches on top of each girder. Tabs of the upper
adapters of the fuel rods fit into these notches. The lower adapters of
the fuel rods fit into positioning holes of a grid plate situated at the
bottom of the exponential tank. Usually each lattice had a removable
central cluster consisting of the central fuel rod and two adjacent rods
of the inner hexagon. The lattices are normally assembled on the floor
of the reactor building and placed in the exponential tank by means of a
crane, after removing the tank 1lid. ’

The tank lid contains a smaller eccentric lid; the two lids may be
rotated independently of each other. The smaller lid has an eccentric
10-inch hole with a transparent plastic shutter. By proper positioning
of the two lids, any portion of the exponential or outer tanks is accessible.
The 10-inch hole is fitted with a removable glove box which has a plastic

bag attached. The plastic bag and glove box permit fuel rods and
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experimental apparatus to be inserted or removed from the lattice tank
while preventing the degradation of D20 in the system by atmospheric
HZO' If necessary, pieces of apparatus can be placed in the lattice before
the lattice is put into the exponential tank.

Before the tank lid is removed, the D20 is drained from the exponen-
tial tank into a storage tank. The exponential tank is dried before DzO is
reintroduced into it. During operation of the system, the DZO is circu-
lated through an ion exchange column and two heat exchangers, one for
heating the D20 and one for cooling it. The temperature of the D20
during irradiations was usually between 75°F and 85°F, and the maximum
temperature change during these irradiations was about 10°F.

During the present work, three lattices were studied. Each lattice
had 0.250-inch-diameter, 48-inch-long uranium fuel rods containing
1.027% U235 by weight. The cladding was 0.028-inch-thick, Type 1100
‘aluminum with an outside diameter of 0.318 inch. A 0.005-inch-thick
air gap separated the fuel and cladding.k_ Aluminum end plugs, three inches
long, were inserted into the cladding which extended three inches beyond
the fuel at each end. Both end plugs were drilled and taped so that upper
.and lower adapters could be fitted to the fuel rods. In the lattices, the
fuel rods were arranged in triangular arrays with rod-to-rod spacings of
1.25, 1.75 and 2.50 inches, respectively.

Figure 2.1.5 shows a cross-sectional view of the cavity sample
tube and its neutron flux distribution. The flux in the cavity is well
thermalized and it is assumed that spectrally averaged thermal cross
sections such as those of Westcott (W2) can be used to calculate thermal
reaction rates in this flux. A Westcott ''r'' value of less than 107 was
determined from the gold-cadmium ratio of 800 for 0.008-inch-thick gold
foils. The gold-cadmium ratio was the same with or without a lattice in
the exponential tank. Thus the cavity sample tube provides a standard
irradiation position in a Maxwellian flux which can be used simultaneously
with the lattice. .

The sample tube is 5/8 inch in diameter and samples were intro-
duced by attaching them to a 1/2-inch-diameter, 6-foot-long polyethylene
rod. The polyethylene rod had no effect on the flux distribution in the
sample tube (P4).



THERMAL-FLUX NEUTRONS/ CM.2 SEC.

10

10

| l I

JULY 16, 1963
REACTOR POWER
.95 MW

GRAPHITE
LINED
CAVITY

LA

1

OSCILLATOR

TUBE

- /7777

V22 78NV VNI IIS

LINING OF
/ CAVITY /

|
STOP(3/4")
N\

—a, |
é/(/x//////// /V// /7K

/////// N grapiTe

AIR

_

58 16"

IREE]

/ ////// SPACE
7.

o 10 20

30

DISTANCE — INCHES
FROM INSIDE END OF OSCILLATOR TUBE

VERTICAL SECTION OF THE CAVITY SAMPLE
TUBE WITH THE NEUTRON FLUX DISTRIBUTION
MEASURED BY CLARK (Cl) SUPERIMPOSED

FIG. 2.1.5



15

2.1.2 _ Other Facilities

. The other facilities of the MITR which were used in the present
work were the Medical Therapy Room beam port (P2), the pneumatic
- sample tubes, and an.in-core sample thimble. The neutron flux in the
0 2 with a Westcott "r"
value of about 0.01 (R2). This provides a facility with a well thermial-

‘Medical Therapy Room beam is about 10} n/cm

-ized neutron flux which is independent of the lattice facility. The pneu-

12 ) fem?

matic sample tubes have a thermal neutron flux of about 8 X10
with an epithermal ''tail" which has béen found to vary as El—.(AS). The
tubes are good for short irradiations of small samples.

The.MITR fuel element position 13 shown in Fig. 2.1.2 contains a
partially loaded fuel element. 'The fuel element has no central fuel
plates, and a sample thimble extends down through the element. On the
basis of fast chopper results (A3) and the absence of strong resonance
‘absorption, the epithermal component of the neutron spectrum is
assumed to Vary-a‘s.%:- at this pbsition. This facility provides a thermal
flux of about 3 ><10’13 2

n/cm® with a relatively large ".—E- tail."

2.2 Measurements of the Microscopic Parameters

The four microscopic parameters, Pogs C*, 625 and 628’ which
will be defined below, were measured in each of the three lattices studied.
In addition, since one of the objectives of the present work was to obtain
results of higher precision, improvements have been made in the methods
and techniques which are used to measure the four parameters. The
measurement of each parameter had at least two detector foils in common
with at least one other measurement; in fact, one detector foil was
common to all four parameter measurements. Hence, all four of the
microscopic parameters were usually measured in the coﬁrse of one
experiment. After outlining the method used to measure each parameter,
the experimental details and techniques will be described for all the
parameter measurements together.
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2.2.1 Methods of Measuring the Microscopic Parameters

2.2.1.1 Pog

The microscopic parameter Pog is related to the cadmium ratio

238

of the average U capture rate in the fuel, R28:

1 _ (average epicadmium U238 capture rate in the fuel)
-1 - ¢

p =
28 R28 average subcadmium U238 capture rate in the fuel
(2.2.1)
The value of R the U238 cadmium ratio, was measured by irradi-

28’
ating two identical uranium foils, depleted in U235 content to 18 parts

per million, in equivalent positions (positions of equal height and

radius) inside fuel rods in the exponential tank with one foil surrounded
by cadmium. By 'identical' is meant two foils with the same u?3s
content and with the same diameter, weight, and thickness to within a

239

fraction of one per cent. The Np activity of each foil was measured

and then the cadmium ratio, R28’ was obtained from the ratio:

D3
R28 =35’ (2.2.2)
C

)

where D refers to a measured activity of a depleted uranium foil, the
superscript 39 means that the Np239 activity was the measured activity
and the subscripts b and c refer to bare and cadmium-covered detector
foils, respectively.

2.2.1.2 28

The fast fission ratio, 628' is defined by the following relation:

238
235

628 _ (average total U . (2.2.3)

fission rate in the fuel )

a\r.'ex?age total U fission rate in the fuel

it may be rewritten (W3):

(2.2.4)

EC: a-¥(t)-S

1-a-y(t)
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The terms in Eq. 2.2.4 are defined as follows:

P(t) is the ratio of measured fission product activity per U235

fission to the measured fission product activity per U238 fission.
_y(t) is the ratio of measured fission product activity of a foil

depleted in U235

natural uranium (or from a foil of fuel material if such material

content to the fission product activity of a foil of

is available) when both foils have been irradiated in the same
neutron flux.
. (W) (N )

a is the ratio (V—V—S) (E) where the W's represent
detector foil weights and the N's represent numbers of atoms per
cubic centimeter; the subscripts D and N refer to the depleted
uranium detector foil, and the natural uranium detector foil,
respectively.

25 28

Ny\ [ Ng

EC is the ratio N N_ , an enrichment correction;
F N

the subscript F refers to the fuel material.

25 28

N N
S is the ratio (—N—Q) (ﬁg)
F D

The derivation of Eq. 2.2.4 from Eq. 2.2.3 is given in Refs. (W3) and
(B1).

To determine 628’ both P(t) and ¥(t) in Eq. 2.2.4 must be measured.
In all the methods used so far, this requires two experiments. First, a
reference value of the fast fission ratio, 6;8’ is determined for a particu-
lar lattice configuration by using the Lr}‘lo counting technique discussed
in Section 2.2.5. Then the quantity y(t) is measured in the same lattice,
and the quantity P(t) is determined by using Eq. 2.2.4 combined with the
measured values of y(t) and 6;8' Once P(t) has been determined, it will
remain the same for the different lattices with the same fuel rods, pro-
viding the counting arrangement remains unchanged. Hence, further
determinations of 628 require only the measurement of y(t) which, when
inserted in the expression F(t) and multiplied by P(t), yields bog

The quantity y(t) was measured by irradiating two uranium foils,
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one foil depleted in U235

‘same position inside a fuel rod in a lattice in the exponential tank. The

content and one natural uranium foil, at the

gross fission product activity of each foil was measured and y(t) calcu-

lated: '

DFP

¥(t) = 5P (2.2.5)
'Nb

where N refers to a measured activity of a natural uranium detector
foil and the superscript FP means that the gross fission product activity
was the measured activity, and the subscript b indicates that bare foils
were irradiated.

2.2.1.3 595
The ratio 625 is defined by the relation:
5 = (average epicadmium U235 fission rate in the fuel) (2.2.6)
25 average subcadmium U235 fission rate in the fuel
or,
5 - Amc 2.2
25 A25 ’ ak
"SC
As shown in Refs. (B1) and (H4):
FP (17N )\ .FP
N~ {12 | Pe
D
6o =
25 _ ’
[NFP _ (l_eN)DFP _[§FP (1'€N) LFP
b 1- €H b c 1- €H c
(2.2.8)

where eN is the atom fraction of U235

in the natural uranium and €p is
235 '

the atom fraction of U in the depleted uranium. All activities in

Eq. 2.2.8 are to be determined at the same time after simultaneous
irradiation. This formulation of 625 is more general than an earlier

one given in Ref. (W3) which was restricted to lattices containing natural

uranium fuel studied in earlier work at M.I.T.



19

The value of 625
equivalent positions inside fuel rods in a lattice in the exponential tank

was determined by irradiating two sets of foils in

with one set of foils surrounded by cadmium. Each set of foils consisted
of one depleted uranium foil and one natural uranium foil. After the rela-
tive fission product activity of each foil was measured, 62 5 Was calculated
from Eq. 2.2.8.

The value of bo5
ratio in the fuel, R, , by means of the following equation (K3):

can also be related to the average gold-cadmium

_ constant

., =
25 (R 1)

= constant p, . (2.2.9)
Au”

2.2.1.4 C

The ratio C" is defined by the relation:

238
35

c¥ - (average total U

capture rate in the fuel (
. (2.2.10)
average total U2 )

fission rate in the fuel

To determine this ratio experimentally, Eq. 2.2.10 is rewritten:

C* _ ( U238 capture rate of fuel material in a Maxwellian flux
B 235
U

fission rate of fuel material in a Maxwellian flux )c alculated

U235 fission product activity of fuel material
X irradiated in a Maxwellian flux
Np239 activity of fuel material irradiated in
a Maxwellian flux measured
average Np239 activity of fuel irradiated
x in the lattice
average U235 fission product activity of fuel
irradiated in the lattice measured
or,
e (A A
C =CM —39 —355 | - (2.2.11)
A A
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In earlier work at M.I.T., (W1), Eq. 2.2.11 was written:

225 /39
c*ocF M\ D ok 1 Ry ;1)
- ~M| 39 25‘STDR—‘T¥(LAT )
\ Ay Ap STD

(2.2.12)

The value of C;TD was calculated with the aid of Westcott's method of

averaging cross sections and with the known atom concentrations of the
fuel. Both R

with and without a lattice, respectively. This procedure required that

L. AT(t) and RSTD(t) were measured in the exponential tank

the determination of the two ratios be separated by as much as several
months. The irradiation times for both experiments should be the same

to ensure that the two ratios have the same time dependence. The ratios

are functions of time after irradiation because the U235 fission product

239

activity and the Np activity do not decay with the same time depend-

ence. For both ratios, aluminum alloy foils containing 9.8% uranium by

weight enriched to 93.17 atom per cent U235

235

and depleted uranium foils

were used to measure the U 239

fission product activity and the Np
activity, respectively.

The meAthod of measuring C>°< has been modified extensively to
simplify the experiment, achieve higher precision, and avoid systematic
errors associated with the use of aluminum alloys inside the fuel rods
(see Section 3.2.3.1). By using the well thermalized flux in the cavity
sample tube instead of the exponential tank filled only with DZO’ the four
activities in Eq. 2.2.11 can be measured simultaneously. Regrouping

the terms in Eq. 2.2.11:

25\ (239

¥ _~F(TM b ) ¥ 1

c” = Cyl =5 35 ‘CSTD(R )(RN), (2.2.13)
AL J\ Ay F

*

The ratio CSTD is calculated as described after Eq. 2.1.12. The new
experimental ratios, which are not functions of time after irradiation
and do not require a specific irradiation time, permit much more
latitude in planning and performing the experiment. |

The ratios were measured by irradiating a natural uranium foil
and a depleted uranium foil back-to-back inside a fuel rod in the
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exponential tank, and a natural uranium foil and a depleted uranium foil
back-to-back in the cavity sample tube. The Np239 activity of the
depleted uranium foils and the gross fission product activity of both the
depleted and the natural uranium foils are measured. Then the two

ratios are:

D}?
Ry = —35 - (2.2.14)
D
H
and
l1-€
NFP _( N)DFP
b 1—€D b
Ry = — ) (2.2.15)
NFP _( N)DFP
H 1—€D N

where the subscript H refers to the cavity or "hohlraum' sample tube.
*
The value of C can also be obtained from the measured values of

Pog and 625 via the following relation (W1):

, 28
1+p z
*
c* - 1+528 2.l . (2.2.16)
25 Zf
SC
28
zZ, 238
where 55 is the ratio of the U capture rate in the fuel to the
235 Z: Jsc
U fission rate in the fuel below the cadmium cutoff of about 0.4 ev.

2.2.2 Foil and Fuel Slug Fabrication

The foils used were made of 0.250-inch-diameter, 0.005-inch-
thick, natural and depleted uranium, respectively. The depleted
uranium had a measured atom concentration of 18 U235 atoms per
million U238

obtained from the Oak Ridge National Laboratory, were of high purity

atoms (W3). Both the natural and the depleted uranium,

and no observable activities due to impurities were produced during
irradiation. Foils of both U23°

same manner.

concentrations were fabricated in the
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The materials from which the foils were made had a nominal
thickness of 0.005 inch. Foils of each enrichment were all punched
from the same original piece of uranium. The thickness of the foil
material was carefully measured with a micrometer and areas of the
material used to make detector foils were selected so that they were
free of fissures and surface defects and were of uniform thickness.

The foils were made with a modified commercial punch and die
set. The diameter of the foils should match the diameter of the fuel
as closely as possible. The punch was ordered slightly oversize; the
die, slightly undersize. The diameter of the punch was precision-
ground to match the diameter of the fuel. Then the die was opened up
by means of a tapered brass rod and lapping compound until a press
fit between the die and the punch was obtained. The uranium foils made
with this ""zero clearance'' punch and die set had no detectable burr.

As a foil was punched, it was clamped between the punch and a steel
rod extending through the die so that the foil would not become crowned
or dished by the punching process.

Each foil was weighed with an accuracy of about £ 0.02% on a high-
precision balance. The measured foil weights were plotted against the
measured foil thickness. The variation in foil weight was found to be
directly proportional to the variation in foil thickness. The foils were
arranged according to weight and placed in a plastic foil holder. The
foils were reweighed periodically because their weights gradually
decreased owing to the formation and loss of the oxide coating.

A set of fuel slugs with lengths varying from 0.020 inch to 10 inches
was made. The slugs were precision-cut with an alundum grinding wheel
from 0.250-inch-diameter, 1.027% U23°

means of an appropriate combination of the fuel slugs and 0.005-inch-

by weight, uranium rod. By

thick, natural uranium shim foils, detector foils could be located at any
height, within 0.005 inch, inside a fuel rod. The variation of the flux for
a change in height of 0.006 inch is about 0.05% for the lattice with the

shortest relaxation length.
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2.2.3 Foil Arrangements

The microscopic parameters 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 foil
sets were irradiated in the exponential tank and one set was irradiated
in the cavity sample tube. In the exponential tank, one of the foil sets
was surrounded by 0.020-inch-thick cadmium.

A foil packet was made up for each set of foils placed in the expo-
nential tank. Each detector foil was sandwiched between two uranium
”czztscher" foils, identical to the detector foil. The catcher foils prevent
U

from reaching the detector foils. The three depleted uranium foils and

fission products produced in uranium of a differing enrichment

the three natural uranium foils were placed back-to-back between two
0.060-inch-thick fuel slugs or 'buttons." The diameters of all of the
foils and the fuel buttons were matched as closely as possible. The foils
and fuel buttons were placed inside an 0.125-inch-long Teflon sleeve
with a wall thickness of 0.005 inch. At each end of this packet was placed
a 0.020-inch-thick "holder" foil to keep the Teflon sleeve in position.
The holder foils were made of Type 1100 aluminum for the bare detector
foil packet and of cadmium for the cadmium-covered detector foil packet.
The holder foils were 0.258 inch in diameter, 0.008 inch larger than the
diameter of the fuel or uranium foils, and 0.004 inch smaller than the
internal diameter of the aluminum cladding of the fuel rod. In some of
the experiments, the Teflon sleeves were replaced by sleeves of Mylar
tape and the 0.020-inch-thick aluminum holder foils were replaced by
0.020-inch-thick fuel buttons. The use of the two different sleeves pro-
duced no detectable differences in the results.

The foil assemblies were placed between two fuel slugs in a lattice
fuel rod. In the case of the cadmium-covered detector foil assembly, a
cadmium sleeve was positioned outside the 0.028-inch-thick aluminum
cladding of the fuel rod so that the mid-point of the cadmium sleeve was
located at the same height as the mid-point of the foil packet. The cad-
mium sleeve was formed by wrapping 0.001-inch-thick, 1-inch-wide
cadmium around the outside of the cladding twenty times to form a
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sleeve 0.020 inch thick and one inch long. A compressive force was
applied to the fuel inside the fuel rod to ensure that the foils were kept
tightly together. A schematic drawing of the foil arrangements in the
lattice is shown in Fig. 2.2.1.

The bare detector foils and the cadmium-covered detector foils
were usually irradiated at a height of 20 inches from the bottom of the
fuel region (the length of the fuel region was 48 inches) and in two dia-
metrically opposite fuel rods adjacent to the central fuel rod of the
lattice. Bare gold foils were placed in each fuel rod about 10 inches
above the uranium foil packets so that the flux at the uranium detector
foil locations could be monitored and normalized if necessary. The
gold monitor foils, prepared as described in Section 2.2.2, were
0.250 inch in diameter and 0.008 inch in thickness. Figure 2.2.2 shows
the fuel rod arrangements and detector foil locations.

The set of foils irradiated in the cavity sample tube had each
detector foil sandwiched between two foils identical to the detector foil.
The three depleted uranium foils and the three natural uranium foils
were placed back-to-back inside an aluminum sleeve 0.125 inch long
with a 0.005-inch-thick wall. The aluminum sleeve kept the foils aligned.
A 0.250-inch-diameter, 0.250-inch-long piece of polyethylene was placed
on each side of the foil stack. This foil packet was inserted into a 0.250-
inch-diameter hole drilled through a 0.500-inch-diameter, 6-foot-long
polyethylene rod. The packet was held in place by Mylar tape. The hole
in the rod was located so that, when the rod was fully inserted into the
sample tube, the foils would be 18 inches from the cavity end of the tube.

Figure 2.2.3 shows the foil arrangement.

2.2.4 Counting Methods

The depleted uranium detector foils were gamma counted for both

fission product activity and Np239

activity. The natural uranium foils
were gamma counted for fission product activity only. The counting was
done in an air-conditioned counting laboratory which had an electrical
circuit independent of the rest of the building to minimize the electrical
noise reaching the counting equipment.

The foils were fission product counted by the integral gamma-ray
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counting technique with a baseline equivalent to 0.72 Mev. Before being
counted, the foils were allowed to cool for about four hours so that the

239 239

23-minute U activity formed could decay almost completely to Np

239 emits a 1.2-Mev B ray. The cooling period

In its decay process, U
avoids the possible inclusion in the fission product counting of brems-
strahlung radiation associated with the 1.2-Mev B ray. The baseline of
0.72 Mev avoided the bremsstrahlung radiation arising from the 0.72-Mev

B ray emitted during the decay of Np239.

The equipment used to count the
fission product activity of the uranium foils consisted of a Baird Atomic
Model 815BL scintillation probe, a Baird Atomic Model 312A high voltage
supply, a Baird Atomic Model 215 linear amplifier, a Baird Atomic
Model 134 scaler, and a Baird Atomic Model 960 timer. The scintillation
probe contained a 1-3/4-inch-thick, 2-inch-diameter NaI(Tl) crystal, an
RCA 6342A photomultiplier tube, and a preamplifier. A schematic dia-
gram of the counting system is shown in Fig. 2.2.4. The counting system
was calibrated with the 0.47-Mev, 0.66-Mev and 0.84-Mev gamma rays

of Ir192’ CS137

the system was calibrated before and after counting to check for drift in

and Mn54, respectively. Each time the foils were counted,

the electronics. The foils were counted between 4 and 12 hours after
irradiation was completed. After 12 hours, the activity of the depleted
uranium foils was generally too low to obtain statistically meaningful
counting results.

Before the depleted uranium foils were counted for Np239 activity,
the foils were permitted to Ycool" for at least four hours after completion

239 239

of irradiation to allow the U formed to decay into Np Therefore

the depleted uranium foils were Np239 counted for the first time after
the fission product counting had been completed. The 103-Kev peak in

239 was counted; this peak

the gamma-ray and X-ray spectrum of the Np
239 and the 99- and 100-Kev X rays

arising from the internal conversion of higher energy vy rays of

is the result of a 106-Kev vy ray of Np
of Pu.239
Np239.
The counting system consisted of an integral detector unit containing a
1/2-inch-thick, 1-1/2-inch-diameter Nal(T1) crystal and an RCA 6342A

photomultiplier, a preamplifier constructed by Mr. D. Gwinn, a Technical

The y-ray and X-ray spectrum of Np239 is shown in Fig. 2.2.5.

Measurement Corporation Model HV-4A high voltage supply, and a
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Radiation Instrument Development Laboratory (RIDL) single-channel
spectrometer. The spectrometer consisted of an RIDL: Model 30-19
amplifier, an RIDL Model 33-10 single-channel analyzer, and an RIDL
Model 49-25 combination scaler-timer, all mounted in an RIDL Model
29-1 chassis. Figure 2.2.6 is a schematic drawing of the counting
system. The lower limit of the analyzer window was set at an equiva-
lent energy of 84 Kev; the upper limit at 122 Kev. The 84-Kev gamma

170 and the 122-Kev gamma ray of C057 were used to cali-

ray of Tm

brate the window settings each time the system was used. In addition,
170

the Tm

X-ray spectrum of Gd153, were used to give a sensitive indication of

and Co57 v rays, along with the 103-Kev peak in the y- and

any drift during each counting session. Each set of foils was counted
in at least four counting sessions.

Either the Np239 counting system or the fission product counting
system, whichever was convenient, was used to measure the activity of
the gold monitor foils. When the sz‘?'9 system was used, the 411-Kev
peak in the y-ray spectrum of Au198 was straddled with a window width
of approximately 60 Kev. When the fission product system was used,
the foils were integral counted with the base line set at the minimum
between the 411-Kev peak and its Compton edge. Figure 2.2.7 shows

the y-ray spectrum of Au198.

2.2.5 Experimental Procedure

For each experiment performed to measure the microscopic
parameters, Pogs C*, 625 and 628’ the following procedure was used.
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

239 counting system and the fission product counting

systems, the Np
system, were calibrated as described in Section 2.2.4. The natural
uranium foils were background counted on the fission product counting
system, and the depleted uranium foils were background counted on both
the fission product counting system and the Np239 counting system to
determine the natural and residual activities of the foils. An additional

natural uranium foil and an additional depleted uranium foil, both of
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which had irradiation histories similar to those of the detector foils,
were also background counted. These additional foils were not irradi-
ated and were counted with the detector foils each time they were
counted after irradiation. This procedure provided a means of corre-
lating the measured natural and residual activities of the uranium
detector foils between the time the foils were background counted and
the times they were counted after irradiation.

The uranium detector foils together with the necessary gold
monitor foils were then loaded into the lattice fuel rods and the poly-
ethylene rod for the cavity sample tube as described in Section 2.2.2.
The polyethylene rod was inserted into the sample tube; the lattice fuel
rods were washed with acetone, rinsed with DZO and introduced into the
exponential tank through the glove box arrangement described in
Section 2.1. As a standard practice, twelve-hour irradiations were used
when a measurement of 528 was included in the experiment, because P(t)
in the experimental formulation of é,4, Eq. 2.2.4, is a function of the
irradiation time. If 628 was not measured, the irradiation times used
varied from four hours to more than 24 hours, as was convenient for the
particular experiment. After the irradiation was completed, the lattice
was allowed to cool at leagt four hours before the fuel rods were removed.
This cooling period, which was necessary before the foils were counted,
also permitted the dose rates at the surface of the fuel rods to decay to
an acceptable level for handling purposes (about 1r per hour). After the
fuel rods and the polyethylene rod were removed from the exponential
tank and the cavity sample tube, the detector foils were unloaded and
cleaned with acetone; then each foil was remounted on the same alumi-
num planchet used to background count it before irradiation.

The fission product counting system was calibrated and all the
uranium detector foils were fission product counted from about six hours
to about 12 hours after completion of irradiation. The room background
of the counting system and the unirradiated control background foils were
counted several times during this period. The counting system was
recalibrated after the counting session was completed to check for drift
in the electronics.

239

The depleted uranium foils were Np counted as described in



35

Section 2.2.4 once or twice a day for several days after irradiation. The
foils of each experiment were counted at least four times. Each time the
foils were counted, the room background of the counting system and the
control background foils were also counted.

The gold monitor foils were counted as described in Section 2.2.4.
The activities of the gold monitor foils were always within the experi-
mental error so that corrections to the uranium foil activities for differ-

ences in flux were not necessary.

14

2.2.6 Measurement of 6;‘8 by La 0 Counting

The reference value of the fast fission ratio, 638’ used to deter-
mine the function P(t), was measured by means of the La140 counting
technique developed by Wolberg et al. (W3). The experimental formu-

lation for 6;8’ derived in Ref. (W3), is:

25
* [ B EC.a.-r -S
628_(ﬁ28) Yy ], (2.2.17)
where (325 and [328 are the yields of La140 from the fission of U235 and
U238, respectively, and
D11)40
T =—75 - (2.2.18)
Np

The superscript 140 indicates that Lal40 activity was the measured
activity.

To measure the value of I, bare foil packets were constructed
and placed inside fuel rods in the exponential tank as described in
Section 2.2.3. Typical positions for the foils were near the central rod
radially and four to eight inches above the bottom of the fuel region
axially so that the foils would be irradiated in a relatively high neutron
flux. The foils were irradiated for about 100 hours and then allowed to
140 which
has a 40.2-hour half-life, to come into equilibrium with its precursor
Bal40, which has a 12.8-day half-life, and also permitted other fission
product activity competing with the 1.60-Mev La140 gamma ray to
decay (W3).

cool for about a week. This cooling period allowed the La
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The Lal%0

measured by counting the 1.60-Mev gamma ray with a system which

activity of the depleted and natural uranium foils was

consisted of an integral detector unit containing a 3-inch-thick, 3-inch-
diameter Nal(T1l) crystal and photomultiplier tube, a preamplifier con-
structed by Mr. J. Renner, a Baird Atomic Model 312A high voltage
supply, a.Baird Atomic Model 215 linear amplifier and a Technical
Measurements Corporation Model CN-110- 256 channel pulse height
analyzer containing a Model 210 plug-in unit. A diagram of the count-
ing arrangement is shown in Fig. 2.2.8. A small sample of La(N03)3,
which was periodically irradiated in one of the pneumatic sample tubes
of the MITR to produce 40.2-hour Lal%?
system.

, was used to calibrate the

The detector foils were counted between one week and five weeks
after irradiation. It was found that 30-minute counting times for the
natural uranium foil and 300-minute counting times for the depleted
foils produced enough counts for aéceptable counting statistics (10,000
or more total counts per foil). Before irradiation, both the depleted
and natural detector foils were background counted along with an addi-
tional depleted uranium foil and an additional natural uranium foil, both
of which had irradiation histories similar to those of the detector foils.
These additional or "control background' foils were not irradiated and
were counted each time the detector foils were counted after irradiation.
This procedure provided a means of correlating the measured natural
and residual activities of the uranium detector foils between the time
they were background counted and the times they were counted after
irradiation.

The relative La140 activity of the depleted uranium detector foil
and the natural uranium detector foil were used to determine a value of
6;8 via Eq. 2.2.17. Three of the nine determinations of 628 were per-
formed by Mr. H. Bliss (B1). An identical set of detector foils in an
.identical foil arrangement was irradiated in the same position as was
used to measure 6;8 to obtain a value of ¥(t) for that position. Then the
function P(t) was determined via Eq. 2.2.5. Once P(t) had been evalu-
ated, subsequent values of 628 were determined by measuring ¥(t) and
calculating &, from Eq. 2.2.4,
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2.2.7 Measurement of RAu in the Fuel

The average gold-cadmium ratio in the fuel, RAu’ was measured
in the three lattices studied. The same foil arrangement as described
in Section 2.2.3 was used except that in each foil packet the uranium
foils were replaced with three 0.005-inch-thick, 0.250-inch-diameter
lead alloy foils containing 13.6% gold by weight. These Pb-Au foils
whose absorption and scattering properties closely matched those of the
fuel were prepared as described in Section 2.2.2. Inside the fuel rods,
the foil packets containing the Pb-Au foils were placed adjacent to the
foil packets containing the uranium foils for the microscopic parameter
measurements. The Pb-Au foils were counted with the gold monitor
foils as described in Section 2.2.4. The experimental procedure outlined

in Section 2.2.5 was followed.

2.2.8 Pog and RAu of a Single Rod in a -%7: Flux

Both Pag and RAu were measured for a single fuel rod irradiated
in the IE epithermal flux of position 13 of the MITR (see Section 2.1). A
3-inch-long section of a lattice fuel rod was placed in a standard MITR
sample can and irradiated in the in-core sample thimble of position 13.
Both bare and cadmium-covered foil arrangements, which were the same
as those described in Sections 2.2.3 and 2.2.7, were located in the middle
of the fuel rod sections. Figure 2.2.9 is a schematic drawing of the
sample can showing the foil packet and fuel arrangement. To ascertain
that both samples were irradiated in the same neutron flux, separate
irradiations were made with the samples in the same position. For each
run, a gold monitor foil was placed about three inches away from the
sample to provide a means of intercalibrating the neutron dose between
runs. The methods and experimental procedures for Pog and RAu

described in the preceding sections were used.

2.3 Measurement of the Intracellular Activation Distributions

The intracellular flux distribution was measured by using depleted
uranium foils, irradiated both bare and cadmium-covered, and by using
copper foils, both bare and cadmium-covered. The depleted uranium was
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used to determine the intracellular distribution of the neutron flux

captured by the U238; the copper was used to estimate the neutron flux

238 cross section.

captured by the ;\1,- portion of the U

Both the depleted uranium foils and the copper foils were 0.005
inch thick and 1/16 inch in diameter. All foils of one element were
punched from the same sheet of material with the same punch and die.
The foils were weighed with an accuracy of about £0.1% on a high-
precision balance. The foils were arranged according to weight and
placed in a plastic foil holder. Foils for a particular experiment were
chosen so that the weight differences among them would be as small
as possible.

The experimental methods for intracellular traverses developed
by Brown et al. (B2) and Simms et al. (S1) were used. Inside the central
fuel rod, the detector foils were placed in 1/16-inch-diameter, 0.012-
inch-deep holes milled into the ends of 0.060-inch-~thick fuel slugs. The
foils were shielded with 0.001-inch-thick aluminum or 0.002-inch-thick
Mylar tape to prevent the pickup of fission products. In the moderator,

0.012-inch-thick, aluminum foil holders were used for both the bare and
cadmium-covered foils. A typical holder is shown in Fig. 2.3.1. The
moderator holders were attached as shown in Fig. 2.3.2 to the three fuel
rods of the removable central cluster. Figure 2.3.3 is a schematic dia-
gram of the arrangement of the foil holders.

The activities of both the depleted uranium foils and the copper
foils were measured with a gamma-counting system coupled with a
Nuclear Chicago automatic sample changer, Model C-110B. The count-
ing system consisted of an integral detector unit containing a 1/2-inch-
thick, 1-1/2-inch-diameter NaI(Tl) crystal and an RCA 6342A photo-
multiplier tube, a Baird Atomic Model 312A high voltage supply, a
Baird Atomic Model 215 linear amplifier, a Baird Atomic Model 510
single channel analyzer, a Nuclear Chicago Model 186 scaler, and a
Nuclear Chicago Model 111B printing timer. A block diagram of the
system is shown in Fig. 2.3.4. The copper foils were counted by
straddling the 510-Kev peak in the y-ray spectrum of Cu64 with a window
width of 60 Kev.
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The depleted uranium foils were counted, as described in Section 2.2.4,
by straddling the 103-Kev peak in the Np239 ¥-ray spectrum with the
lower and upper limits of the analyzer window set at 84 Kev and 122 Kev,

respectively.

2.4 Methods of Measuring Resonance Activation

In connection with one of the objectives of this work, which was to
seek new measurements to make and new methods of making existing
measurements in the area of interest, the investigation of the resonance
energy region was extended by irradiating several nuclides, which have
large resonance integrals, in the moderator of the 1.75-inch lattice and
measuring the resonance activity of these nuclides. The resonance
activity of a nuclide is that portion of its activity due to neutrons cap-
tured by resonances in the activation cross section of the nuclide. In
Chapter VI the resonance activities of these nuclides will be related to
the slowing-down density in the moderator which will then, in turn, be
used in a new approach to the calculation of the resonance escape proba-
bility, p. Other potential uses of the resonance activities, including the

238 i1 also be

determination of the effective resonance integral of U
discussed in Chapter VI.

The measured activity of a nuclide, a, may be expressed as follows:

00 a -]
A% = ¢? fE 0% . (E) ¢(E) dE + £ fE o7 /o(E) $(E) aE ,
o (o]
(2.4.1)
or
a a a a a,a a .
AT=A st Al/v - £ [RI Ores ™ e’Vo‘bl/v]’ , (2.4.2)
where
a,a 0 a
RI%_ = fE 0, o E) $(E) dE , (2.4.3)
(o)
a L] a
o91/y = fE ol/V(E)d)(E) dE , (2.4.4)
o

and €2 is a factor containing the counting efficiency, nuclide concentra-

tion, etc.; the subscripts res and % refer to the resonance and % portions
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of the activation; 9, is the 2200 meter per second activation cross
section; and the superscript, a, refers to the nuclide. The lower limit
E on the integrals in Eq. 2.4.1 will be zero in the case of a bare foil
and approximately 0.4 ev in the case of a cadmium-covered foil. Now,
if a second nuclide, b which closely approximates a pure %r- absorber so
that its resonance activity is negligible, is irradiated in an equivalent

position, then:

b b

A ='A1/v=“eb°lc))¢1/v’ | | (2.4.5)

and, using Eqs. 2.4.4 and 2.4.5:

Aa-

a a_,a _aa__1/v,b_,a _ _,b

Ales = A Al/v'A 5 A =A" -aA"” . (2.4.6)
A~1/v

If Aie s is negligible below about 0.1 ev, then the proportionality constant
a can be determined by irradiating the nuclides a and b in a pure
Maxwellian neutron flux.

Since it is difficult to measure accurately the absolute activity of
a nuclide, it is desirable to perform the irradiations in such a way that
only ratios of the relative activities for a particular nuclide need be
measured. This can be done by means of cadmium ratio-measurements
or by making use of an auxiliary irradiation position. For irradiations
performed in the lattice in the exponential tank, the cavity sample tube
provided an.ideal auxiliary position for the following reasons:

1. Both facilities (the exponential tank and the cavity sample tube)
have the same source of neutrons, and thus the ratio of the
neutron flux levels in the two facilities will be a éonstant for
all irradiations performed'for a particular lattice."

2. Irradiations in:both facilities are begun.at the same time and
ended at the same time. |

3. The energy spectrum in the cavity sample tube closely approxi-
mates a Maxwellian specfrum; the cavity sample tube can,
therefore, be used both fo‘r making the relative measurements
‘mentioned above and for determining the proportionality

constant a.
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4, The flux levels in the exponential tank and the cavity sample
tube are of the same order of magnitude so that activities of
the same order of magnitude will be obtained from simul-

taneous irradiations.

The activities of nuclides a and b irradiated in the exponential tank
and in the cavity sample tube can be expressed as follows:

AP = Ea(RIaqb?es + o§¢1/v) ; | (2.4.7)
A =€%0¢, (2.4.8)
A% =€%0 0y (2.4.9)
AD = €000y ; | (2.4.10)

where the subscript H refers to the cavity or "hohlraum' sample tube
and the subscript b refers to an irradiation of bare foils in the expo-
nential tank. Using Eqs. 2.4.7 to 2.4.10, we obtain:

RIV a
a A§ (E;) ¢res+¢1/v

R - = ; (2.4.11)
b A2 ¢
H H
b
Al ¢
RY = — = —'—;-11 ; (2.4.12)
AH H
A2 a ¢a
R]i —RE: Ries=_£§§=(§l) ;‘es; (2.4.13)
AH o H
and thus: '
a a a b
$res _ R es _ Ry, - Ry (2.4.14)

)
% %
If we now assume that the resonance integral of nuclide a is due to one

large narrow resonance at energy Ea’ then we can assume that:
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0o s = O(E) . (2.4.15)

and Eq. 2.4.14 is then a measure of the neutron flux at energy Ea in the
lattice relative to the flux in the cavity sample tube. By irradiating
nuclides a and b in the exponential tank with cadmium covers and
assuming A2

res
analogous to Eq. 2.4.14:

is zero below the cadmium cutoff, we get an expression

a b

Ae _Ac

a b
a A A a a_npb
¢res_ H H Rres Rc Rc

= = = -, (2.4.16)
g r1\* (R} (RI}
&) &) ()
where the subscript ¢ refers to an irradiation of cadmium-covered
foils in the exponential tank. The cadmium ratios of nuclides a and b
in the exponential tank furnish a third approach to attain ¢ The

res’
cadmium ratio of a in the exponential tank, RL’ is:

a a,a a
R - _A_ig'_ RIres T 9% %1y SC + oy 0®1/v, EC (2.4.17)
L~ - a.,a T
Ac RI%,es * % d’l/v EC

where the subscripts SC and EC refer to the subcadmium and epicad-
mium portions of the spectrum. On rearranging terms, Eq. 2.4.17

~becomes:

(RI
a a V1 (oo) d)res ¢1/v EC
0® = (RL—l) - . (2.4.18)

91/v.sC
Analogously we can obtain the following expression for nuclide b:
b_(ob_. Y _%1/v,EC
P = (RL—l) - gLee (2.4.19)
1[’V,SC
and, combining Eqs. 2.4.18 and 2.4.19:
a

a ¢
p® - P = (51-) a—lle—s— , (2.4.20)
% 1/v,SC
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or

boes  (o2-0°)

%1/v,sC (B_I)a

(2.4.21)

(o)
O

Thus Egs. 2.4.14, 2.4.16, and 2.4.21 provide three methods to
obtain the relative resonance energy neutron flux at various energies
which can then be related to the slowing-down density at those energies,
or, knowing the relative flux, any of the three equations can be used to

determine the ratio (%_I) which suggests a method of determining the
o 52
effective resonance integral of U238 in a lattice.

Both bare and cadmium-covered resonance detector foils were
irradiated in the moderator of the lattice in the exponential tank and,
simultaneously, identical foils were irradiated in the cavity sample
tube to provide a means of normalizing between runs and between differ-
ent foil materials. Since the epithermal flux spectrum in the in-core
sample thimble at position 13 of the MITR varies very nearly as %: s
both bare and cadmium-covered foils were irradiated at that position
to serve as references to which measurements in the lattice could be
compared. From these irradiations, four ratios were measured for
each nuclide: the cadmium ratio, RR, in position 13 of the MITR; the
cadmium ratio, RL’ in the moderator of the lattice; the ratio, Rb’ of
the bare foil in the lattice to the activity of the foil in the cavity sample
tube; and the ratio, Rc’ of the activity of the cadmium-covered foil in
the lattice to the activity of the foil in the cavity sample tube.

In selecting suitable nuclides as resonance detectors to carry out
these resonance activation measurements, the following characteristics

were sought:

1. The ratio of the activation resonance integral to the activation
cross section at 2200 meters per second, g—l , should be large

o
to maximize the resonance activity relative to the é activation.
RI
(If 5=
. O . 1 s
epicadmium v activation.)

is 0.5, then the resonance activation will be equal to the
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2. The resonance activation should be due almost entirely to a
single dominant resonance.

3. The resonance integral and the resonance cross section
parameters should be known.

4, Other isotopes should not produce significant competing
activities. "

5. The half-life of the activity produced should be long enough
(about 1/2 hour, depending on the cross section and the iso-
topic abundance) to allow time to remove the foils from the
exponential tank and prepare them for counting before the
activity has decayed to too low a level to obtain acceptable
count rates.

6. The combination of cross section, isotopic abundance, and
half-life should be such that sufficient activity can be pro-

duced in the exponential tank to obtain suitable count rates.

The initial selection of the nuclides was made on the basis of the char-
acteristics 1 to 4. This group of nuclides was then irradiated in the
lattice to determine which nuclides satisfied the conditions 5 and 6. If
the dominant resonance of one or more acceptable nuclides had nearly
the same energy as the dominant resonance of another nuclide, only
one of the nuclides was selected. If the element containing a chosen
nuclide was not available or not acceptable (because of some of the
reasons listed below) in the uncombined form, compounds or alloys of

the element were chosen on the following basis:

1. The combining elements, if any, should not produce significant
competing activities.

2. The compound or alloy should not be harmful to the lattice
facility.

3. The compound or alloy should not be soluble in water.
If possible, the material should be inexpensive and readily

available.

The nuclides finally chosen for the measurements are listed with their
properties in Table 2.4.1. Sodium, which is also listed in Table 2.4.1,

has an extremely small resonance integral (only 3% of its epicadmium



TABLE 2.4.1

Properties of Resonance Detectors

Ratio of Total

2200 m/s Resonance
Activation Integral to o Peak Energy
Resonance Chemical Natural Cross gra (2) o’ of Dominant Half-life Active
Detector and Elemental Section, TRI'? Resonance T .Nuclide
Nuclide  Physical Form Abundance o, barns o, E . ev 1/2 Produced
nlld In powder 95.84% 155 12.8 1.457 54m  Il16™
2,197 3 w/o Au 100% 98.8 15.8 4.906 2.7d  Aul®®
- Al .
in Al alloy
w188 W powder 28.7% 35 10 18.8 24n w7
1127 NH,I powder 100% 7.0 18.6 20.5 25m 128
As™  As,0, powder 100% 4.3 8.56 47 26.6h  As'0
Ga’l  Ga,O powder 40% 5.1 2.94 95 14.2h  Ga'?
Br81 NH3Br powder 49.4% 3.3 18.7 101.2 35.9h Br82
Mn°®>  MnO, powder 100% 13.2 1.17 337 2.68h  Mn°°
cu®®  Cuo powder 69.1% 4.5 0.98 580 12.8n  cu®?
Na?®  Na,CO, powder  100% 0.5 0.515 2850 15n  Na2®

(a) Data for the values of the total resonance integrals (which include the epicadmium 1/v contribution)
were obtained from Refs. (M2) and (P3).

0S
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activity is due to resonance activation) and it was used to approximate
a ‘l, detector. Since the activity of main interest was the epicadmium
activity, thin foils were used to minimize self-shielding and thus maxi-

. . . . 1 . .
mize the resonance activation relative to the v activation.

2.4.1 Foil Preparation

Foils of the alloy of three weight per cent gold in aluminum, which
were 0.0035 inch thick and 0.250 inch in diameter, were fabricated in the
same manner as were the uranium detector foils described in Section
2.2.3.

Foils of the powdered materials were made by dipping 0.250-inch-
diameter foils of Mylar tape in the powder to obtain a thin, uniform layer
of powder clinging to the adhesive side of the tape. The powder was
ground with a mortar and pestle to ensure that it was fine and uniform.
This foil was then sandwiched between two 0.375-inch-diameter Mylar
tape foils to seal in the powder. Figure 2.4.1 shows the construction
of the powder foils.

2.4.2 Foil Arrangements

In the exponential tank, the foils were irradiated both bare and
cadmium-covered. The cadmium box used for the cadmium-covered
foils, shown in Fig. 2.4.2, was made of 0.020-inch-thick cadmium. The
bare foils were contained in identical boxes made of 0.020-inch-thick
Type 1100 aluminum. Both types of boxes were made watertight by
sealing them around the edge with epoxy resin. The foils were positioned
in the moderator by means of foil holders of 0.012-inch-thick Type 1100
aluminum. For each material, both the bare and cadmium-covered foils
were irradiated at positions equidistant from the surrounding fuel rods,
in equivalent positions in the exponential tank at least 16 inches above
the bottom of the fuel region. Figure 2.4.3 shows the resonance detector
foil arrangement in the exponential tank.

In the cavity sample tube, bare foils of each material were attached
with Mylar tape to the polyethylene rod 18 inches from the end closest to
the cavity.

Standard MITR irradiation sample cans were used for the
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measurements performed in position 13. Separate cans were used for
the bare foils and the cadmium-covered foils; the can for the latter was

lined with 0.020-inch-thick cadmium.

2.4.3 Counting Methods

After irradiation, the gamma activity of the foils was measured

with the same counting setup, described in Section 2.2.6, used to measure
140
La

measured activity was checked to ensure that it had the proper half-life.

activity. Each foil was counted several times and the decay of the

The foils were intercalibrated by irradiating foils of each material
simultaneously at the same position in the cavity sample tube and com-
paring the measured activities. The 256 channel analyzer of this system
eliminated the need for doing a time-consuming calibration for each
material and permitted examination of the gamma-ray spectra for the
presence of competing activities. During each counting session, room
background and a Co60 source were often counted; counting the C060

provided a check for drift in the electronics.

2.4.4 Experimental Procedure

With the versatility, speed and ease of operation of the counting
system permitted by the multichannel analyzer, much more latitude in
planning and performing the experiments was permitted. Several
nuclides with similar half-lives were irradiated in one run; the irradi-
ation times ranged from about one hour for nuclides with short half-lives
to one week for nuclides with very long half-lives. Extra care in handling
the powder foils was exercised to keep them clean, since they could not

be cleaned with acetone.
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CHAPTER III
INVESTIGATION OF SYSTEMATIC ERRORS

Introduction

This chapter describes the investigations of systematic errors
associated with the experimental methods (described in Chapter II)
used to measure the microscopic parameters, Pogs C*, 625 and 628'
First, the sources of systematic error are considered; then the methods
used and results obtained in each investigation are given. Finally, the
results of the error investigations are summarized and their relations

to the experimental methods of Chapter II are discussed.

3.1 Sources of Systematic Error

Corrections to compensate for common sources of systematic
error are made routinely. Such sources include counter dead time and
pulse pile-up, variation of foil weights and foil thicknesses, exponential
decay of activity, room background in the counting system, natural and
residual activities of uranium foils, different foil positions during
irradiations, etc. Other common sources of error, which cannot be
corrected for easily, are avoided if possible; some examples are
counter gain shift, photomultiplier fatigue, and variation in counting
arrangement.

There are, however, some "uncommon'' sources of error which
are peculiar to the particular experiments being performed, and we
shall be mostly concerned with these. First, these sources must be
recognized. That this is not easy is indicated by the fact that "new"
systematic errors can be uncovered in such "old" experiments as the
measurements of Pog OT 628’ Systematic errors which were once
neglected may become significant because of the higher precision
resulting from improvements in the measurements, or because of modi-

fications in the experiments such as changes in fuel rod size or U235
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concentration of the fuel.
Systematic errors associated with the measurement of the micro-

scopic lattice parameters can be introduced by the following factors:

1. The measurements are not made in an equilibrium neutron
spectrum.

2. The neutron flux is perturbed by the introduction of ''foreign"
experimental materials into the lattice.

3. The over-all counting efficiency varies from foil to foil.

4. Competing activities are present.

One of the aims of the present work has been to eliminate these errors
or to establish appropriate corrections where the sources of error can-
not be removed entirely.

3.2 Methods of Investigation

To determine which of the possible sources of error were signifi-
cant, all of the error sources considered were investigated experimentally.
When feasible, the effects due to factors that might introduce errors
were observed directly; otherwise, the effects were determined indirectly.
The investigation into the effect of the position in the lattice at which
measurements were made is an example of direct observation, while the
effect of a depression of the fast flux caused by the presence of cadmium

on the values of 625 and Pog is an example of an indirect determination.

3.2.1 Effect of Lattice Position

Values of microscopic parameters measured in an exponential
assembly are to be related to the values of the parameters in a critical
lattice. Although useful measurements can be made in neutron energy
spectra which are not characteristic of the critical lattice (P2), the
interpretation of the measurements is greatly simplified if ‘they are made
in a characteristic or "asymptotic' spectrum, that is, one free of source
or edge effects. |

The parameters, Pog C*, 625, and 628’ were measured as functions
of position in the lattice to see if they were independent of position over

a significant portion of the lattice. The existence of a region of the lattice
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in which such independence is found is taken to mean that a satisfactory
approximation to an equilibrium or "asymptotic' neutron energy spectrum
does indeed exist in the lattice. Axial and radial distributions of Pog: 625,
and 628 were determined in the 1.75-inch lattice and in the 2.50-inch
lattice. The distributions of 625 and 628 were measured by Mr. H. Bliss,
(B1). The foil arrangements for these measurements were the same as
those described in Section 2.2.3. For the axial distributions, foils were
placed in two diametrically opposite rods adjacent to the central rod of
the lattice. The foil packets were separated by 4-inch-long fuel slugs
and were located at heights between 4 and 28 inches from the bottom of
the fuel region. For the radial distributions, foils were placed at a
height of 20 inches in rods adjacent to the central row of rods. Figure
3.2.1 shows the fuel rod and foil arrangements. The experimental pro-
cedure and the counting methods of Chapter II were followed.

The results of these measurements are shown in Figs. 3.2.2 to
3.2.7. The measured values of Pog and 625 were constant axially
between 16 and 28 inches from the bottom of the fuel region and radially
from the center of the lattice to within four inches of the tank wall. The
constancy of these parameters over a large fraction of the volume of the
lattice indicates that the results may safely be assumed to be the same
as those that would be obtained in a critical assembly or actual reactor.
These results are consistent with the results of buckling measurements
in which the same values of the radial and axial bucklings were obtained
with different materials and with cadmium-covered foils (K2). The
results also agree qualitatively with the theory of small assemblies
developed by Peak et al. (P2) which predicted that the asymptotic region
would begin at a height of about 16 inches. Figures 3.2.6 and 3.2.7 indi-
cate that, within the experimental uncertainties, 528 is independent of
lattice position.‘ This result is not surprising since 628 is mainly a "local"
effect; the spatial distribution of the fast neutron flux is nearly the same
as the thermal neutron distribution because the distance which fast
neutrons diffuse after originating from thermal fission is relatively

short (two to five inches).
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3.2.2 Effect of Cadmium

The use of cadmium can effect the results of the microscopic
parameter measurements in three ways. First, if the bare foils are
not placed far enough away from the cadmium, their activities will be
decreased by the depression of the thermal flux caused by the cadmium.
Second, the depression of the thermal flux will decrease the fast flux
(because there will be fewer fast neutrons from thermal fission) with
the result that the activity induced by fast neutrons in the cadmium-
covered foils will be decreased. Finally, the effect of the decrease in
the thermal flux may persist into the resonance flux; in addition, the
resonance flux may be perturbed by the displacement of moderator by

the external cadmium sleeve, and by the higher resonances of cadmium.

3.2.2.1 The Thermal Flux Depression

The extent of the thermal flux depression in a fuel rod caused by
the use of cadmium on an adjacent rod was investigated experimentally
in all three lattices studied. Axial traverses were made with bare foils
inside a fuel rod adjacent to another fuel rod which had a cadmium
sleeve 20 inches from the bottom of the fuel zone. The foils were spaced
four inches apart with one foil at the same height as the cadmium sleeve.
Each axial distribution was examined for evidence of a dip in activation
at the height of the cadmium sleeve. No effect was observed within the
limits of the experimental uncertainties, indicating that the presence of
one cadmium sleeve did not affect the total flux in a neighboring rod.

An axial traverse with bare gold foils was made in the central fuel
rod of the 1.75-inch lattice with two cadmium sleeves (one at 10 inches
and one at 14 inches from the bottom of the fuel region) on the six fuel
rods adjacent to the central rod. In this case, an effect was observed:
the activity of the gold foil in the central rod located at a height of 12
inches (equidistant from the 12 cadmium sleeves) was decreased by 2.5%.
The decrease attributable to one cadmium sleeve is about 0.2%, which is
less than the estimated experimental uncertainties associated with the
microscopic parameter measurements. Since the bare foils were always
two rods away from a rod with a cadmium sleeve, a decrease in the
activity of the bare foils of 0.2% can be considered as an upper limit.
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3.2.2.2 The Fast Flux Region

The fast neutron flux was depressed within the cadmium-covered
uranium detector foils so that the activities produced by fast neutrons
in those foils were reduced. This reduction in the activities of the
cadmium-covered foils meant that the measured microscopic parame-
ters Pog and 625 would be affected. The magnitude of the reduction in

the Np239 activity and the U235 fission product activity of the cadmium-

covered foils was determined from estimates of the depression of the
fast flux in these foils and from calculations of the fractions of the epi-
cadmium activities which were due to fast neutron captures or fissions.
An estimate of the depression of the fast flux above the fission
threshold of U238

ratio éc which is defined as follows:

(about 1 Mev) was made from measurements of the

5 = (U238 fission rate in cadmium-covered fuel) (3.2.1)
¢ U238 fission rate in bare fuel
or
238 .. . - .
U fission product activity of a cadmium-
_ covered uranium detector foil A
GC (3.2.2)

U238 fission product activity of a bare
uranium detector foil

The fractional reduction of the fast flux in the cadmium-covered foils

was then (1—60). The value of éc was calculated from the measured

fission product activities of the uranium detector foils used in the

measurement of b5 (see Section 2.2.1.3) by means of the following

relation:

€
pFP _ (_D_)NFP

C € C
5, = GN . (3.2.3)
FP (D). FP
(2
b GN b

Values of both 6(: and (1-60) which are listed in Table 3.2.1 show that the
238
U

detector foils was reduced significantly in all three lattices studied. The
238

fission rate (and thus the fast flux) in the cadmium-covered uranium

reduction of the U fission rate within the cadmium-covered foils



TABLE 3.2.1

Effects of the Fast Flux Depression in the Cadmium-Covered Foils

Fraction of Epicadmium . Fraction of Epicadmium Fractional
Np239 Activity Due to : U235 F.P. Activity Due .
Rod Fast Neutrons, F Fractional to Fast Neutrons, F Reduction
Spacing ' TN Reduction of b 2 of U235
(Inches) &6, (1-6) Exp, . GAM-1 Np239 Activity Exp. . . GAM-I F.P. Activity
1.25 0.654 0.346 0.007 0.006 0.0024 0.015 0.010 0.0053
1.75 0.459 0.541 0.011 0.012 0.0058 0.020 0.019 0.011
2.50 0.274 0.726 0.018 0.018 0.013 0.029 0.030 0.021

99
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decreased as the rod spacing decreased because a larger fraction of the
fast neutrons reaching the foils were born in neighboring fuel rods
where the thermal fission rate was not appreciably depressed by the
cadmium.

The fractions of the cadmium-covered foil activities which were
due to fast neutron reactions were calculated both from experimental
results and from analytical results. As shown in Appendix E, the

fraction FN of the Np239 activity of a cadmium-covered foil due to fast

neutron captures is 28 5, a
P o 28%28

product activity of a cadmium-covered foil due to fissions by fast
25

1+625 Zf
neutrons is - 628 —58 . Analytically, the fractions FN and
25 z
f /FAST
FF were obtained directly from the output of the computer program

GAM-I (see Chapter V). The reduction in the Np239 activity of a
5

, and the fraction FF of the U235 fission

cadmium-covered foil is (1—<SC)FN and the reduction in the U23 fission
product activity of a cadmium-covered foil is (1—6c)FF. The results
are listed in Table 3.2.1. The reductions in Np239 activities and the

235
U

with one exception. The reduction of 1.3% in the Np

fission product activities are within the experimental uncertainties
239 .
activity of a
cadmium-covered foil from the 2.50-inch lattice is more than the experi-
mental error of 0.5% for R28 in that lattice (which is directly proportional
to the activity of the cadmium-covered foil). For completeness, all the
values of Pog and 625 were adjusted to compensate for the reductions in

the activities of the cadmium-covered uranium foils.

3.2.2.3 The Resonance Flux Region

Two experiments were made to determine whether the presence of
cadmium perturbs the resonance flux.

First, microscopic distributions of the Np239

activity, induced in
cadmium-covered, 0.005-inch-thick, 0.0625-inch-diameter, depleted
uranium foils, were measured in the moderator between two bare rods
and between a bare rod and a rod which had a cadmium sleeve. A sche-

matic diagram of the experimental arrangement is shown in Fig. 3.2.8.
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The resulting distributions were practically the same, asy.vshown«in
Fig. 3.2.9. ‘ : :

‘Second, six 0.005-inch-thick, 0.250-inch-diameter, depleted
ﬁranium foils were irradiated.in equivaie.nt vpositions (i.e., positions of
equal height and eQual radius) in the lattice. The arrangement of the
cadmium-covered foils, described in Chapter II and shown:in Fig. 2.2.1,
was used except that the natural uranium foils were omitted and the
cadmium sleeve length was varied from 0.25 inch to 1.5 inches. Two
types of cadmium sleeves were used, external and internal. An external
sleeve is one which is plac‘éd on the outside of the fuel rod cladding as
described in Section 2.2.3, and an internal sleeve is one where the cad-
‘mium sleeve replaces aluminum removed from the inside of the cladding.
The results are shown in Fig.. 3.2.10; the data show no significant trend
compared.to the experimental uncertainties. In addition, three different
cadmium sleeves were used for the microscopic parametér measure-

ments made in the 2.50 -inch lattice: a 0.250-inch-long internal sleeve,
a 0.500-inch-long internal sleeve, and a 1.0-inch-long external sleeve.

The reproducibility error (0.6%) for the U238

cadmium ratio, R28’ in
-that lattice was about the same as the reproducibility errors for R28 in-
the 1.25-inch and 1.75-inch lattices in which only one type of sleeve was
used. Thus the values of'Rzé obtained by using the three different cad-
mium sleeves were the same within the experimental errors, which indi-
cates that the use of the three different cadmium sleeves does not intro—_

duce significant errors.

3.2.3 Effect of Foreign.Materials Within the Fuel

3.2.3.1 Thermal and Resonance Flux Regions

Figure 3.2.11 shows the intracellular distributions of Np239’

activity produced in 0.005-inch-thick, 0.0625-inch-diameter, depleted
uranium foils, bare and cadmium-covered. The epicadmium activity
distribution shows that the Uz38
the fuel rod surface. This steep gradient implies that at the rod surface

capture rate has a steep gradient at

the angulér neutron flux is peaked strongly toward the center of the fuel.

Hence, the epicadmium Np239 activation of a uranium foil placed between
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two fuel slugs in a rod may be highly sensitive to any perturbation:in the

rod surface. Such perturbations may include:

1.

Misalignment among foils and between foils and fuel slugs;
Foils and fuel slugs having different diameters;

Burrs, chips, cracks, etc. on the edges of the foils or of the
fuel slugs;

Gaps among the foils and between the foils and fuel slugs
caused by tapered foils, crowned foils, unsquare fuel slug
ends, or a uranium oxide layer on the surface of the foils

or slugs; '

Deviations due to the use of materials whose resonance cross
sections depart significantly from that of the fuel; such

materials are U235, gold,aluminum or aluminum alloys, etc.

Special care was taken when preparing the foils and slugs to avoid

the perturbations associated with the types 1 through 4; for example,

Teflon sleeves were used to align the foils, and specially made foil

punches were used to prepare the foils.

Several experiments were made to determine the following effects,

which may be due to perturbations of type 5 above:

1.

The effect of using aluminum catcher foils or aluminum alloy
detector foils;

The effect of substituting depleted or natural uranium for fuel
materials;

The effect on the detector foil activity due to the 0.020-inch-

thick aluminum holder foils.

These experiments, made in the lattice with the 1.75-inch spacing,

were:

Six bare, depleted uranium detector foils were irradiated in
similar positions with aluminum catcher foils ranging in thick-
ness from 0.001 inch to 0.040 inch.

Six cadmium-covered, depleted uranium detector foils were
irradiated in similar positions with aluminum catcher foils

ranging in thickness from 0.001 inch to 0.040 inch.
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3. Six bare depleted uranium detector foils were irradiated in
similar positions with depleted uranium catcher foils ranging
in thickness from 0.005 inch to 0.030 inch.

4. Six cadmium-covered, depleted uranium foils were irradiated
in similar positions with depleted uranium catcher foils
ranging in thickness from 0.005 inch to 0.030 inch.

5. Six bare, depleted uranium detector foils, with 0.005-inch-
thick depleted uranium catcher foils, were irradiated in simi-
lar positions with the aluminum holder foils ranging in thick-
ness from 0.020 inch to 0.060 inch in three rods and with no
aluminum present in the other three rods. Mylar tape was

used instead of the Teflon sleeves for this experiment.

The results are shown in Figs. 3.2.12, 3.2.13 and 3.2.14.
Figures 3.2.12 and 3.2.13 show that the presence of aluminum
catcher foils adjacent to either bare or cadmium-covered depleted

239

uranium detector foils perturbs the Np activity induced in the

detector foil; on the other hand, up to 0.030 inch of depleted uranium

used as a catcher foil does not significantly affect the Np239

activity of
either the bare or cadmium-covered detector foils. First- and second-
degree curves were fitted by least squares through each set of data; all
the lines had the same ordinate intercept when extrapolated to zero
catcher foil thickness to within 0.9% of each other; this difference is
within the experimental uncertainty.

The results show that the substitution of depleted uranium for fuel
does not perturb either the thermal flux or the resonance flux. The sub-
stitution of natural uranium for fuel causes a smaller perturbation than
the substitution of depleted uranium for fuel, as would be expected,
because less U235 is removed. Hence, neither the thermal flux nor the
resonance flux is perturbed by the presence of natural or depleted
uranium foils and neither the U235 fission product activity nor the Np239
activity produced in these foils should be affected.

Figure 3.2.14 shows that the presence of up to 0.060 inch of alumi-
num with 0.065 inch of uranium separating it from the detector foil has

239

no effect upon the Np activity of the detector foil.
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3.2.3.2 Fast Flux Region

Replacing fuel material with aluminum, depleted uranium, or
natural uranium reduces the thermal fission rate and thus the fast
neutron flux. The fission neutrons born in the immediate vicinity of a
foil comprise the most important source of neutrons causing fast
reactions in that foil. As indicated in Section 3.2.2, a relatively large

fast flux perturbation will not significantly affect the U235

duct activity or the Np239 activity. However, U238 fission product

fission pro-

activity will be affected to an extent directly proportional to any pertur-
bation of the fast flux. Only about 3% of the fission product activity of

238

a natural uranium foil is due to U fissions, so that the total fission

product activity of a natural uranium foil will be insensitive to pertur-

238

bations in the U fission rate. But more than 99% of the fission

product activity of a depleted foil is due to U238

fissions, so that the
fission product activity of a depleted foil will be affected to an extent
directly proportional to the perturbation of the fast flux within the foil.

The set of experiments described in Section 3.2.3.1 was also used
to investigate the effect of the presence of foreign materials within the

-fuel on the measured fission product activity of a depleted uranium foil.
The fission product activity of each of the depleted uranium detector
foils was counted as described in Section 2.2.3. This portion of the
experiments was done by Mr. H. Bliss (B1). The results are plotted
in Figs. 3.2.15, 3.2.16, and 3.2.17.

The fission product activity of a depleted uranium foil is signifi-
cantly affected by the presence of non-fuel materials within the fuel
zone. The perturbations are larger than had been anticipated, but they
are of the same order of magnitude as those given by analytical formulae
derived by S. A. Kushneriuk (K4) to correct fast fission measurements
made at Chalk River.

As a consequence of these results, corrections to the fission pro-
duct activity of the depleted foil were developed. The corrections apply
only to the "single rod" portion of the activity since the fast flux due to
the neutrons born in neighboring rods is not perturbed. Thus, a differ-
ent correction factor is necessary for each lattice spacing. The experi-

ments described in the preceding paragraphs were made in the 1.75-inch



[N
I

NORMALIZED DEPLETED URANIUM
FISSION PRODUCT ACTIVITY

°
o

o
I

0.9

<2

FUEL
SLUG

DEP U.
CATCHER

DEP. U.
DETECTOR

DEP U.
CATCHER

FUEL
SLUG

~— 5-30 MIL
- 5 MIL

*— 5-30 MIL

Y

0

10

20

30 40
TOTAL THICKNESS OF DEPLETED URANIUM,

50
IN. X 103

60

70

EFFECT OF DEPLETED URANIUM CATCHER FOILS ON DEPLETED

URANIUM FISSION PRODUCT ACTIVITY

FIG. 3.2.15

6L



NORMALIZED DEPLETED U FOIL
FISSION PRODUCT ACTIVITY

o°
®

o

o
©

FUEL
SLUG

I I

FUEL
SLUG

AL

e 0-60 MIL NAT. U le— O-I5 MIL

FUEL

e— 60 MIL

CATCHER

DEP U. —<
— CATCHER

CATCHER 5 MIL
> s w0600 <>

FUEL

~— 60 MIL s

AL

<— 0-60 MIL <z

FUEL
- SLUG

L’
© ARRANGEMENT A ALUMINUM
NATURAL URANIUM O ARRANGEMENT B URANIUM
| ALUMINUM \% _
I | | l l | |
0 10 20 30 40 50 60

THICKNESS OF ALUMINUM OR NATURAL URANIUM, IN. X 103

EFFECT OF ALUMINUM SLEEVE HOLDERS AND NATURAL URANIUM
DETECTOR ON FISSION PRODUCT ACTIVITY OF DEPLETED

URANIUM DETECTOR

FIG. 3.2.16

08



RELATIVE ACTIVITY

T [ | ] | H | |
221 = —
R o
el R O a—Q—I B
|
{ —
O TOTAL ACTIVITY
A EPICADMIUM ACTIVITY | —
|
I\ Val M—I—A —
| equivaLent
| GELL RADIUS
06— —
MODERATOR
04 |— | —
|
0z |___AIR GAP | | n
L CLAD
o T | L L L
0 02 0.4 06 08 1.0 1.2 1.4 1.6

CELL RADIUS, INCHES

INTRACELLULAR szag.ACTIV|TY DISTRIBUTION FOR THE 2.50-INCH LATTICE

FIG. 4.2.5

18



82

238 fission product

lattice; and a correction factor to be applied to the U
activities of the uranium detector foils used for 628 measurements in that
lattice was obtained directly from Figs. 3.2.17 and 3.2.19. Correction
factors, aL, for the 1.25-inch lattice, the 2.50-inch lattice, and the éingle
rod measurement were calculated from the correction factor, 0.1‘753 for
the 1.75-inch lattice via the following relation, which is derived in

Ref. (B1):

L

1.75
a =1+ (0.1'75-1) -]

'YL(t)

where 71'75(t) and ‘yL(t) are the perturbed measurements of y(t) (as

) ' (3.2.4)

described in Chapter II) for the 1.75-inch lattice and the rod spacing
corresponding to aL, respectively. The values of the correction factors
for the three lattices studied and the single rod measurement are listed
in Table 3.2.2.

TABLE 3.2.2

Correction Factors for the Fission Product Activity of Depleted
Uranium Foils Irradiated in the Foil Arrangement Shown in Fig. 2.2.1

Lattice Spacing Correction Factor
1.25 inch 1.08 £ 0.02
1.75 inch 1.09 £ 0.02
2.50 inch ' 1.10 £ 0.02

o 1.12 £ 0.02

3.2.4 Effect on Nonuniform Activity Distribution in the Detector Foil

As can be seen in Fig. 3.2.11, the distribution of epicadmium

Np239

figure shows that the distribution of the subcadmium Np239 activity is

activity is strongly peaked at the surface of the fuel. The same

more nearly uniform. As a result of these two activation distributions,
the over-all counting efficiency may be different for the subcadmium
and epicadmium activities (A3). This difference in counting efficiency
can be caused by two effects. First, for a foil centered under a Nal (T1)

crystal, a gamma ray emitted from the center of the foil will have a
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higher probability of being counted than a gamma ray emitted from the

239

foil edge. Since the subcadmium Np activity has a large fraction of

its gamma rays originating near the center of the foil, the count rate

239

due to the subcadmium Np activity will be higher relative to the count

239 activity. Second, the Np239 103-Kev

rate due to the epicadmium Np
gamma ray is highly self-absorbed by the uranium foil, so that gamma
rays emitted through the edge of the foil will not be attenuated as much
as those emitted through the top surface of the foil. Since the epicadmium

Np239 activity is strongly peaked at the edge of the foil, a larger fraction

of the gamma rays due to epicadmium Np239

activity will reach the
crystal through the foil edge. Thus the over-all self-absorption effect
will be smaller for the epicadmium Np239 activity. The count rate due

239

to the epicadmium Np activity will then be higher relative to the count

rate due to the subcadmium Np239 activity. The two effects act in opposite
directions and tend to cancel each other.

To investigate the extent of these effects, three different procedures
were used to determine the activities of several sets of foils. A set of
foils consisted of the bare and cadmium-covered depleted uranium foils
used for the Pog measurements. Two additional sets of foils were pre-
pared, each consisting of a cadmium-covered foil irradiated in the lattice
and a bare foil irradiated in the cavity sample tube, which provided a
direct comparison of the counting results from two extreme activity dis-
tributions. The distribution of the Np239 activity of the cadmium-covered
foil irradiated in the lattice was strongly peaked at the edge of the foil
and the distribution of the Np239

the cavity sample tube was uniform. On the other hand, the bare foils

activity of the bare foil irradiated in

irradiated in the lattice contained both types of activity distributions, so
that when their counting results were compared to the counting results
for the cadmium-covered foils, any differences among the three counting
procedures would not be as large.

The three different counting procedures were:

1. The distance between the Nal(T1) crystal and the foils was
varied from 0.5 inch to 2.5 inches.

2. The radiation emitted by the foils was collimated by a
5/16-inch-diameter hole through 2-inch-thick lead so that
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all the gamma rays reaching the crystal would have the same
detection efficiency and the solid angle permitting gammas to
reach the crystal through the edge of the foil would be negli-
gible.

3. The foils were homogenized by dissolving them in nitric acid
to form identical solutions. Equal amounts (aliquots) of the

solutions were then counted.

The results are listed in Table 3.2.3 and shown in Fig. 3.2.18.
There is no significant difference among the results obtained with the

three different procedures compared to the experimental uncertainties.

TABLE 3.2.3

Effect of the Counting Method Used
on the Ratios of the Np239 Activity of Different Foils

(a)

Distance from Average Value of R28
Nal(Tl) Detector
(Inches) (1.75" Lattice)
0.5 3.311 4+ 0.019 (+£0.57%)
2.5 3.344 + 0.024 (£ 0.72%)
o (Pb collimator) 3.266 = 0.039 (£ 1.2%)
°°(HN03 solu.) 3.332 £ 0.027 (£ 0.81%)

(a)These values do not include flux perturbation corrections.

3.2.5 Effect of Fission Product Activity on Np239 Counting

The highly depleted uranium foils, containing 18 ppm U235, were

used so that the fission product activity produced in them would be
negligible compared to the Np239 activity produced. This was checked
experimentally. The measured activity, M, of an irradiated uranium

foil can be expressed as follows:

M = (1-€)A32 + (1-€)A%8 + €a?®, (3.2.5)

where € is the U235 atom fraction of the uranium foil, the A's refer to

the activities induced in the foil, and the superscripts 39, 28, and 25
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238 5

239 fission product activity, and U23 fission

refer to Np activity, U
product activity, respectively. If the activity of three uranium foils,
each with a different but known enrichment is measured, an equation
similar to Eq. 3.2.5 can be written for each foil, yielding three equations
39’ A28, and A25.

constituent activities compared to the total activity of any one of the foils

with three unknowns: A The fraction of any one of the

can then be determined. The fractions of the measured Np239 activity of
28 25
and A™",

were calculated from the measured activities of depleted, natural, and

a depleted uranium foil due to the competing activities, A

fully (93%) enriched uranium foils. This was done for both bare and
cadmium-covered foils irradiated in the 2.50-inch lattice. The results
are listed in Table 3.2.4.

TABLE 3.2.4

Percentage of Depleted Foil Activity
During Np239 Counting Due to Fission Products

Competing Activity Cadmium Foil Bare Foil
U238 ¢ p. | 0.1% 0.20%
u?3% ¢.p. ~0 0.03%
Total f.p. 0.1% 0.2%

The results show that fraction of the measured Np239 activity of a
depleted uranium foil due to fission product activity is negligible com-

pared to the experimental uncertainties.

3.2.6 Effect of Variation in Foil Thickness

The 103-Kev gamma ray which is counted to measure the Np239

activity is highly self-absorbed in the foil with the consequence that
variations in the foil thickness will affect the count rate due to the

Np239 activity. Thus the measured sz39

activity of the depleted
uranium foils must be corrected for differences due to the self-

absorption.
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The procedure used by Weitzberg et al. (W1) was followed. The
average value of the transmission probability, T, of a gamma ray
originating in a foil of thickness t is:

T =é(1—e'°’“), (3.2.6)

where o is the attenuation cross section. Since the weight of each foil
was found to be directly proportional to its thickness, Eq. 3.2.6 can be

rewritten:
1 ( _ —uW) :
T = oW 1-e s (3.2.7)

where u is the mass attenuation coefficient and W is the foil weight.

The value of u was obtained by a transmission experiment. The
sz?’9 activity of an irradiated depleted uranium foil was counted as
described in Section 2.2.4. The counting procedure was repeated,
successively, with shields of unirradiated depleted uranium varying in
thickness from 0.005 inch to 0.030 inch placed between the irradiated
foil and the NaI(Tl) crystal. The measured activities were plotted
against the shield thickness as shown in Fig. 3.2.19. The value of u is
given by the slope of the curve at the ordinate intercept and was found
to be 0.004182 £ 0.000015 mg L.

The self-absorption correction to the sz39

activity of the
depleted uranium foils was combined with the foil weight correction.
The combined multiplicative correction factor normalized the activity
of each foil to the activity of a foil with an arbitrary standard weight
of 76 mg. The combined correction factor is:

0.272

W = W

(3.2.7)
l1-e

The IBM 7094 of the M.I.T. Computation Center was used to compile
tables of the combined correction factor for foil weights ranging from
60 mg to 80 mg.

3.3 Summary of the Results of the Investigations of Errors

An equilibrium spectrum exists axially between heights of 16

inches and 28 inches and radially out to within four inches of the lattice



RELATIVE COUNT RATE

-SLOPE = = 0.004192 + 0.000015 mg™!

I | | I | |

100 200 300 400 500 600 700
WEIGHT OF SHIELD, mg

EFFECT OF GAMMA SELF ABSORPTION ON
THE MEASURED Np2>° ACTIVITY

FIG. 3.2.19

88



89

tank wall. Since all microscopic parameter measurements were made
within these limits, the results should be characteristic for the lattices
studied; that is, they should correspond to the results that would be
obtained in critical assemblies.

The use of cadmium had no significant effects on the Np239

activity
of the cadmium-covered foils. The thermal flux perturbation due to a
single cadmium sleeve was not detectable in an adjacent fuel rod. Since
the cadmium-covered foil and the bare foil were always separated by

two lattice cells, the thermal flux perturbation at the bare foil was prac-
tically zero. A depression of the fast flux in the cadmium-covered foils
affected a slight reduction in both 625 and Pogs however, for all but one
value of Pog (for the 2.50-inch lattice), the effects were within the experi-
mental uncertainties.

The use of depleted uranium, natural uranium, and aluminum within
the fuel rod as shown in Fig. 2.2.1 produces a significant perturbation
only in the measurement of 628' A reduction in the fast flux caused by
the displacement of fuel material depresses the fission product activity
of the bare, depleted uranium foil. Corrections to be applied to the
depleted foil fission product activity have been developed to compensate
for this effect.

No effect due to the nonuniform Np239 activity distributions in the
depleted foils was observed during Np239 counting. Also, no significant

fission product activity was present during Np239

counting of the depleted
uranium foils.

Some aspects of the methods used to measure Pog: C*, 625 and 628
were a direct result of these error investigations. An attempt was made
to consider all possible sources of systematic error. Those which were
found to be significant were eliminated or corrections were developed to

‘compensate for them.
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CHAPTER IV
EXPERIMENTAL RESULTS

Introduction

The results given in this chapter have been corrected only for
perturbations associated with the experimental method or technique.
Examples of such perturbations are depression of the neutron flux by
the experimental materials or reduction of the measured count rates
by counter dead time. Analytical adjustments or corrections, such as
corrections for neutron leakage, have not been applied; analytical
corrections and interpretations are made and discussed in Chapter VI.
A discussion of the methods used to reduce the raw counting data pre-

cedes the presentation of the final experimental results.

4.1 Methods of Data Reduction

Corrections for each of the following items were made, where

applicable, to each count of each detector foil:

Room background;

Natural and residual activities;

Decay of activity between or among the foil counts to be
used to calculate a ratio;

Decay of activity during counting;

Counter dead time and pulse pile-up;

Foil weight and thickness or intercalibration;

S O v

Axial and radial position in the exponential tank.

These corrections were applied to the raw counting data for the intra-
cellular activation distributions, and to the raw counting data for the
measured fission products of the uranium detector foils by means of
computer programs written for the IBM 7094 of the M.I.T. Computation

Center. The experiments for the intracellular activation distributions
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involved a large number of foils and hence a large number of calcula-
tions; the program ANA, described in Appendix C, was therefore used
to analyze the data for these experiments.

The decay of the fission product activities of the uranium detector
foils is a complicated sum of exponentials, and a special technique had
to be developed to correct for the decay of the activity between foil
counts. A polynomial was fitted by the least squares method to the
corrected foil activities as a function of the time at which the activities
were measured, and then the polynomial coefficients obtained by this
fitting were used to determine relative foil activities at the desired
common times. The values of é,, and 6

28 25
the computer program PEG, written by J. Wolberg and described in

were calculated by means of

Ref. W3. The computer program LSQ-4D, described in Appendix C,
was used to aid in the determination of values of RF which were then
used to calculate values of C*. All the results involving fission product
activities were found to be insensitive to the degree of the polynomial
used, and also insensitive to the functional relation chosen for example
A as a function of t, or In A as a function of t, or In A as a function of
ln t, where A is the corrected fission product activity and t is the
time at which the activity was measured.

The general method used to determine an experimental value of a

ratio of foil activities was as follows:

1. A value of the ratio was determined for each set of counts for
each set of foils;

2. For each foil set, the values of the ratio for each set of counts
were averaged by weighting each result with its uncertainties
as estimated from the counting statistics for each set of
counts;

3. The values of the ratio for each foil set were averaged to
obtain a final average value of the ratio. The uncertainty due
to counting statistics were approximately equal; hence, the
final value is taken as an unweighted average.

4. The standard deviation of the average value of the ratio was
computed and is the uncertainty assigned to the values of the

ratios; hence, this uncertainty includes experimental
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uncertainties such as foil positioning as well as counting

statistics.

4.2 Results
* -
The values of Pog: Cc . 625, 628 and Pau obtained for the three

235

lattices studied, containing 0.250-inch-diameter, 1.03 w/o U%°? fuel

rods, the values of Pog and Pay for a single rod in position 13 of the
MITR, and the value of 6,4 for a single rod in the exponential tank, are
listed in Table 4.2.1. In Fig. 4.2.1, the values of Pogs obtained during

235, 0.25-inch-diameter fuel rods, are

235

the present work for 1.03 w/o U
compared to the values of poyg for 1.14 w/o U“"", 0.25-inch-diameter
fuel rods measured by Peak et al. (P 2) in the M. I. T. miniature lattice -
and to the values of Pog for 1.0-inch-diameter, natural uranium fuel
rods. The three sets of results seem to show the same trends; the
comparison will be discussed in more detail in Chapter VI.

Figure 4.2.2 compares the results of the C* measurements
obtained with the two different experimental methods discussed in

Section 2.2:

*_cr N
C _CSTDR s (2.2.13)
F
and
28
® 1+p28 Za
C = T3 5E (2.2.16)
25 Zf
SC

The results differ by about two per cent. Although this discrepancy is
smaller than the uncertainties associated with the values of the cross
sections used in Eqgs. 2.2.13 and 2.2.16, it seems to be systematic in
that the results obtained from Eq. 2.2.13 are consistently lower. The
difference between the two methods is in the way in which the measured
activities are related to relative reaction rates; this is done by form-
ing the ratio of the relative reaction rate of a foil as calculated by
THERMOS to the measured activity of the foil. In Eq. 2.2.13, this
normalization is by means of the activity of a foil irradiated in the well
thermalized neutron flux in the cavity sample tube; in Eq. 2.2.16, the



(a)

TABLE 4.2.1. Measured Microscopic Parameter Data
s
Rod Volume . .
Spacing  Ratio (Equatl(c])or; _(Equlatl(c::r)l (d) (d) B 2 _ 2( e)
{Inches) Vm/Vf Rog Pog 2.2.13) 2.’2. 6) Average 6,5 898 e o Cm
1.25 25.9 2.183 0.8453 0.7919 0.8137 ~0.8028 0.0525 0.0274 0.452 0.001195
+0.010 £0.0071 +0.0020 +0.0075 +0.0064 +0.0100 £0.0012 +0.000023
1.75 52.4 3.287 0.4373 0.625 0.6436 0.6345 0.0310 0.0217 0.244 0.001200
+0.016 40.0031 +0.016 +£0.0032 +0.0076 £0.0013 +£0.0007 +0.000018
2.50 108.6 5.402 0.2272 0.5467 0.05544 0.5506 0.0188 0.0183 0.147 0.000907
+0.029 10.0014 +0.0028 +£0.0018 +0.0022 +0.0023 +£0.0007 +0.000020
Single oo - ~ - - - ~ 0.0130'8 _ ~
Rod £0.0005
Pos.#13) = 203  o0.521 - - - - -~ 0.275 -
of the
MITR +0.06 +0.016

(a) The uncertainties are the standard deviations of the mean of two or more determinations.

(b) The value of C;TD’ 0.4569, was calculated from THERM®S results for a simulated cavity.

f
(d) Results include measurements made by H. Bliss (B1).
(e) Results of Harrington (H8), Kim (K2), and F. Clikeman et al. (C2).

(f) The values quoted are an average of measurements made at heights of 14.5 inches and 21.0 inches
above the bottom of the sample thimble.

(c) The values of (2257225) used were obtained from THERM®S results and are listed in Table 5.4.1.
SC

(g) Preliminary results from measurements made by Olsen (O1).
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normalization is by means of the subcadmium activity of a foil in the
lattice. Thus, the systematic difference is probably due either to the
calculated relative reaction rates obtained from THERMOS or due to

a systematic error associated with the measured activities. Recent
investigations of the counting systems indicate that the most likely
source of error seems to be the measured U235 fission product activi-
ties because of the relatively high activity of the natural uranium foil
irradiated in the cavity sample tube. The relatively high activity of
this foil may have reduced the gain in the photomultiplier tube slightly,
which would result in a lower count rate for that foil and thus a lower
value of C*. Further studies of this effect are recommended as dis-
cussed in Chapter VII.

The reproducibility errorsinthe values of c* obtained by
Eq. 2.2.13 decreased chronologically from 2.6% to 0.5% to 0.25% for
the 1.75-, 2.50-, and 1.25-inch lattices, respectively. This increase in
the precision reflects the improvements made in the technique as suc-
cessive measurements were made. The uncertainty of 0.25% finally
attained for this method is a large improvement over that of about 2%.
associated with the techniques used in earlier work (W1).

The effectiveness of the many small changes made in the experi-
mental arrangements, technique, and procedure are also shown in the
decreased scatter in the R28 measurements, which is about 0.5% for
the results of the present work compared to about 1.0% for the results
from earlier work at M.I.T. (W1).

Figures 4.2.3, 4.2.4, and 4.2.5 show the results of the intracellular
sz‘?'9 activation distributions obtained with depleted uranium foils
irradiated bare and cadmium-covered in the 1.25-, 1.75-, and 2.50-inch
lattices, respectively. The epicadmium sz'?'9 distributions all show
ti'le same fractional change in activity between the edge of the cell and
the center of the fuel rod. This may indicate that the extent to which
neighboring rods shield each other in the resonance energy region is
not significant. In Figs. 4.2.6 and 4.2.7, the activation distributions
obtained with bare and cadmium-covered copper foils are shown.for the
1.25- and 1.75-inch lattices. The distributions obtained with bare and

cadmium-covered gold foils, measured by Simms (S1) and Clikeman et
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al. (C2), are shown in Figs. 4.2.8, 4.2.9, and 4.2.10 for the 1.25-, 1.75-,
and 2.50-inch lattices, respectively. The epicadmium copper and gold
distributions are both flat in the moderator, and both distributions have
about the same fractional change between the edge of the cell and the
center of the fuel rod. Approximately half of the epicadmium copper
activity is due to a resonance at 580 ev. In view of these observations,
it seems reasonable to assume that the neutron flux in the resonance
energy region is spatially flat in the moderator except at energies cor-

238

responding to the U resonances. The preliminary results of the

intracellular distributions of the U238

fission product activity, as
measured with depleted uranium foils by Woodruff (W4) in the 1.25-.,
1.75-, and 2.50-inch lattices, are shown in Figs. 4.2.11, 4.2.12, and
4.2.13. Although these results are not final and will probably be cor-
rected, their accuracy is sufficient for the purposes for which they will

- be used in the present work (see Chapter V). The results show that, as
the rod spacing is decreased, the flux peaking in the fuel rod decreases,
which is indicative of the increased interaction effect in the high energy
region in the tighter lattices.

The results of the resonance activation measurements in the 1.75-
inch lattice and at position 13 of the MITR are listed in Table 4.2.2. The
experimental values of the resonance activation integrals were obtained
by means of Eq. 2.4.20 and with the results of the measurements made
in the -IE—: spectrum at position 13 in the MITR; the known resonance- -
integral of gold was used as a standard. Some of the measured resonance
integrals were found to differ significl?;ltly fron';lthe values reported in

and Ga

grals were found to be larger than the reported values. This discrepancy

the literature. Two examples are As whose resonance inte-
cannot be due to self-shielding in the foil, because this effect would act in
the opposite direction. The ratios RF and RN are defined in the same
manner as the ratio'Rb; that is, the activity of a foil irradiated bare in
‘the:lattice to the activity of a foil irradiated bare in the cavity sample
tube. Hence, RF and RN are equal to the values of Rb for U238, capture
in the fuel rod and U235 fission in the fuel rod, respectively. By means

238 235

of RF, RN’ Pog* and 525, the values of Rc for the U capture and U

fission in the fuel rod were also determined. The values of Rb and RC
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TABLE 4.2.2

Resonance Activation Data

Resonance Integral
Ratio RI/o_

Peak Energy Measured Activation Ratios Reported
of Dominant Value,
- Resonance, (b) (b) (a) Measured Refs.(M2)
Nuclide Eo’ ev RL Rb RC Rres RR Value and (P3)
In 1.46 2.91+£0.01| 0.158+0.003[0.0546+0.0055 0.0435i0.0057‘ 6.1'71 8.0 12.3
Au | 4.9 2.414+0.09| 0.228+0.021 0.0944:t0.00470.0985:t0.0049! 3.80 15.3(3:1;‘1‘5‘8‘1 15.3
w ' 18.6 2.74+0.02| 0.184+0.0130.0672+0.0054 0.0639:1:0.0056! 4.7411.3 9.5
As 47 2.5140.01| 0.188+0.006/0.0745+0.0045|0.0684 % 0.0047 | 4.30.12.9 8.1
Ga 95 3.52+0.07| 0.196+0.030|0.0557+0.0078 0.0634+0.0080 6.212 8.0 2.4
Br 101 2.05+0.02| 0.246+0.015|0.1202+0.00840.1203+0.0086 | 3.38'18.1 18.2
Mn 337 21.4+4.1| 0.118+0.011{0.0059+0.0024|0.0037+0.0026 28.0 | 1.15 0.67
Na 2850 62+ 19| 0.123+0.009|0.0022+0.0004| assumed 0 [95.0 | assumed 0 ~0
y238 - 3.306+0.013|0.1982+ 0.0005|0.0600+ 0.0003|0.0570+0.0004 | — | — -
y23s 33.241.7/0.14084 0.0041|0.0042+0.0002| assumed 0 | — | — -

(a) Measured at the bottom of the sample thimble at position 13 of the MITR.

(b) For foil irradiated in center lattice at height of 20 inches above the bottom of the fuel region.

60T
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listed in Table 4.2.2 have all been normalized to the values of the ratios
which would be obtained if the foils in the lattice were irradiated in the
central fuel rod at a height of 20 inches above the bottom of the fuel
region. The values of the axial and radial bucklings, as measured by
Clikeman et al. (C2), were used to correct the activities of the foils
irradiated in the lattice to this standard position.

The values of the resonance activation of each nuclide, R , are

the average of the values determined by means of Egs. 2.4.13 atledsz.4.16.
To calculate Rres for the nuclides irradiated inlthe moderator, the
sodium activation data were used as those of a 7 detector and, in the fuel
rod, the activation data from the fission of U239 were used as those which
would be obtained for a % detector.

The uncertainty of most of the resonance activation data is of the
order of 5 to 10 per cent. Although this precision is only fair, it is suf-
ficient to show the feasibility of the experimental methods described in
Section 2.4 (see Section 6.3). The resonance activation measurements
in the moderator have the advantage that many sources of systematic
errors which are significant for foils irradiated inside the fuel rods are
not present, and therefore it is expected that measurements can be made
with uncertainties equivalent to or better than that found in the measure-
ment of Cﬂ< (of about 0.25%).
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CHAPTER V
THEORETICAL METHODS AND RESULTS

Introduction

This chapter treats the theoretical methods used to calculate the
analytical quantities, such as spectrally averaged cross sections and
relative reaction rates, necessary for the analysis and interpretation
of the experimental results given in the preceding chapter. These ana-
lytical quantities were obtained from the output of two computer pro-
grams: THERMOS, which calculates the spatial and spectral thermal
neutron distribution, and GAM-I, which calculates the homogeneous

epithermal neutron spectrum.

5.1 THERMOS

The computer program THERMOS, developed by H. C. Honeck (HS6,
H7, H8), solves numerically the integral transport equation for the rela-
tive scalar neutron density as a function of position and velocity. The
program also calculates spectrally averaged reaction rates and cross
sections as functions of position. Up to 30 thermal velocity groups, 20
space points and 10 nuclides in five mixtures can be used in a one-
dimensional slab or cylindrical arrangement with either a reflecting or
vacuum boundary condition. Ten additional nuclides can be used for edit
purposes. The program was used with the reflecting boundary condition
to make calculations for infinite assemblies of lattice cells correspond-
ing to the three lattices studied during the course of the present work.
Simms et al. (S1) have shown that the use of the infinite-lattice THERMOS
code for the finite exponential experiments introduces only negligible
errors.

Two basic assumptions made in THERMOS which might affect its
results are isotropic scattering and the reflection condition of the cell
edge in which the angle of incidence equals the angle of reflection.
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Earlier work at M.I.T. by Brown et al. (B2) and Simms et al. (S1) has
shown that these assumptions can significantly affect the results. The
assumption of isotropic scattering is most likely to introduce signifi-
cant errors when light elements such as hydrogen or deuterium are
used. A first-order correction for anisotropic scattering was made by
multiplying the diagonal elements of the hydrogen and deuterium
scattering kernels by 1 —-ﬁo (B2, S1), where ﬁo is the average cosine of
the scattering angle; the use of these modified scattering kernels
yielded results which agreed satisfactorily with experimental results
(B2, S1). The reflection condition at the cell boundary may lead to
serious errors in ''tight' lattices arising from the assumed cylindri-
calization of the unit lattice cell, as in the case of the Wigner-Seitz
cell approximation. A ''tight'' lattice is one in which the cell dimen-
sions are sm.all in terms of neutron mean free paths. Modified one-
dimensional THERMOS calculations, in which the usual equal-angle
reflection condition at the cell boundary is replaced by an isotropic
reflection condition, have been shown to give good results (H10, S1),
that is, results in agreement with both experimental results and the
results of two-dimensional THERMOS calculations. In the latter, the
cylindrical cell approximation is not made and the actual hexagonal
cell is treated.

The type of energy exchange kernel used in THERMOS is optional;
the Nelkin-Honeck kernel (H9) was used for D20, the Nelkin kernel for
HZO (N1), and the free gas kernel was used for all other nuclides. An
analytical study by Simms et al. (S1) indicated that the details of the
O lattices studied. A unit "L&"

2 E
slowing-down source of neutrons is assumed in THERMOS; for the

kernel are not important for the D

three lattices studied, this assumption is valid because the calculated
neutron flux spectra for the three lattices exhibit a '%” energy depend-
ence in the upper velocity groups. As in earlier work at M.I.T. (P2,
B2, S1), the results of the THERMOS calculations were found to be
insensitive to the spatial distribution of the slowing-down source and,
for simplicity, a spatially uniform source was used for all calculations.
Calculations were made with the method developed by Simms et al. (S1)

in which the loss of neutrons due to radial leakage was simulated; the
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same technique was used to simulate the axial leakage. Neither the
radial leakage nor the axial leakage had a significant effect upon the
spectrally averaged relative reaction rates and cross sections. Hence,
in calculations for finite assemblies, it should be valid to include the
effects of thermal neutron leakage by multiplying the relative reaction
rates calculated for the infinite lattice cell by the thermal nonleakage
probabilities.

The good agreement between the THERMOS results and experi-
mental results (B1, S1) indicate that the neutron distributions calcu-
lated by THERMOS are an excellent approximation of the actual distri-
butions. The factors which limit the accuracy of the calculations are
most likely the uncertainties in the input data such as the nuclide cross
sections and the nuclide concentrations. The input data used for the

THERMOS calculation are given in Appendix D.

5.2 GAM-I

The computer program GAM-I, developed at General Atomic and
described in Ref. (J1), solves the one-dimensional, energy-dependent
transport equation in either the B1 or P1 spherical harmonics approxi-
mation for the spatially averaged relative neutron flux and current
spectra in the neutron energy range between 0.414 ev and 10 Mev. The

numerical solution of the set of B1 or consistent P, equations is based

on a 68 lethargy group structure for this neutron e111ergy range. The
program also calculates up to 32 broad group, spectrally averaged cross
sections and can optionally calculate the age of an infinite homogeneous
medium by the moments method. Many approximations are associated
with the solution of the equations (G1) and, although no effort will be
made to evaluate all of them, a few merit comment since they affect the
input data and the use of the program.

Since the solution of the GAM-I code assumes a homogeneous
medium, it is necessary to homogenize the heterogeneous lattice cell.
As indicated by the intracellular activation distributions presented in
Chapter IV, the magnitude of the fast neutron flux is much higher in the
fuel rod than in the moderator; the resonance energy flux is higher in

the moderator than in the fuel rod. Obviously, this flux peaking can lead
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to errors.-in the calculation of the relative reaction rates. To compen-
sate for this effect, the GAM-I program has a provision for energy-
dependent flux weighting factors for each nuclide. Values of these factors
were calculated from the intracellular activity distributions presented in
Chapter IV. The U238
assumed to be proportional to the fast flux above 1 Mev, and flux weight-

fission products activation distributions were

ing factors for the energy range between 1 and 10 Mev were calculated
directly from these distributions. Since experimental results which
would provide information for the energy range, 0.1 Mev to 1 Mev, were
not available, the weighting factors for this range were set equal to one-
half the magnitude of the factors for 1 to 10 Mev. This makes the tran-
sition from the fast region, where the flux peaks in the rod, to the reso-
nance region, where the flux peaks in the moderator, more realistic.
Between 1 Kev and 0.1 Mev, the factors were taken to be equal to unity;
between 0.414 ev and 1 Kev, the factors were calculated directly from
the Cu64 198

calculates the resonance integral for U

or Au epicadmium activation distributions. The program

238 by the methods developed by
Adler et al. (A1) so that resonance energy flux weighting or "'self-
shielding' factors are not required for this nuclide. The flux weighting
factors used for the three lattices studied are listed in Table 5.2.1.
GAM-I assumes that the medium is in the form of an infinite slab and
that the spatial dependence of the neutron flux is of the form cos BZ
where B is the geometric buckling, assumed independent of energy.
Since the medium is treated as homogeneous, there is no loss of gener-
ality with the assumption of an infinite slab; it is only required that a
proper buckling, based on the total leakage from the system, should be
used. Since the GAM-I calculations for the three lattices studied are to
represent the characteristics or "asymptotic' spectra, the material
buckling as determined by buckling measurements (H1, K2, C2) was used.
Calculations with extremely small values of the buckling were also made
so that the effects of neutron leakage could be estimated.

The accuracy of the GAM-I results is probably limited by a combi-
nation of the accuracy of the input data such as the cross sections and
the flux weighting factors and, depending on the type of system, by the

many approximations made in GAM-I. The approximations associated



- TABLE 5.2.1
Flux Welghting Factbrs for GAM-I Input

Rod | ‘ .Region

Spacing
(Inches) Energy Range Fuel Clad Moderator
1.25 1 Mev to 10 Mev 1.40 1.22 0.984
0.1 Mev to 1 Mev 1.20 1.11 0.992
1 Kev to 0.1 Mev 1.0 1.0 1.0
0.414 ev to 1 Kev 0.920 0.971 1.002
e .
1.75 1 Mev to 10 Mev 2.71 - 1.86 0.958
0.1 Mev to 1 Mev 1.855 1.43 0.980
1 Kev to 0.1 Mev 1.0 i.0 1.0
0.414 ev to 1 Kev 0.926 0.969 1.002
2.50 1 Mev to 10 Mev L .82 3.20 0.953
0.1 Mev to 1 Mev 2.91 2.10 0.977
1 Kev to 0.1 Mev 1.0 1.0 1.0
0.414 ev to 1 Kev - 0.901 0.967 1.001

a1t
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with the GAM-I calculations are probably too severe due to the highly
heterogeneous nature of the three lattices studied, the presence of a

strong resonance absorber such as U238

, and the heavy water moder-
ator; however, as will be pointed out in the next section, the GAM-I

calculations are adequate for the purposes of the present work.

5.3 Normalization Between GAM-I and THERMOS

Cross sections and relative reaction rates averaged over the sub-
cadmium portion of the neutron flux spectrum were obtained directly
from the output of the THERMOS calculations and over the epicadmium
portion of the spectrum from the GAM-I calculations. However, for
some calculations, such as the calculation of the initial conversion ratio,
C, from the experimental ratio C>°< (see Chapter VI), values of cross
sections or relative reaction rates averaged over the total neutron flux
spectrum are required. These quantities can be obtained by combining
the results of GAM-I and THERMOS because the two programs cover
complimentary portions of the total flux spectrum. The lower limit of
the energy range cevered by GAM-I is 0.414 ev and the upper limit of the
twenty-seventh velocity group in THERMOS is 0.415 ev. Since the differ-
ence between these two limits is insignificant and since these limits lie
in the neighborhood of unclearly defined energy of the ''cadmium-cutoff,"
they provide an excellent coupling point between the two programs.

The values of the cross sections and relative reaction rates aver-
aged over the total neutron flux spectrum were calculated from the
results of THERMOS and GAM-I by means of the relation:

o
. - ( T°T) _ OSC¢SC + uGECd’EC (5.3.1)
T 47 ¢sc t ¥rC

where (on) T) is the spectrally averaged relative reaction rate, and the
subscripts T, SC, and EC refer to the total spectrum, the subcadmium
portion of the spectrum treated by THERMOS, and the epicadmium portion
of the spectrum treated by GAM-I, respectively. The factor a normal-
izes the arbitrary magnitudes of the neutron flux of THERMOS and GAM-I
and must be determined appropriately. (The relative flux calculated by
THERMOS is normalized to one neutron slowing down past 0.785 ev and
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the relative flux calculated by GAM-I is normalized so that the value of
the integral epicadmium flux is 4.0.)

The normalization factor, a, can be determined in several ways:

1. by equating the magnitudes of the relative flux from each
program at the coupling point;

2. by equating the total number of neutrons produced by
fission to the total number of neutrons absorbed or lost
by leakage;

3. by equating the number of neutrons slowed down out of
GAM-I to the number of neutrons slowed down into
THERMOS;

4. by equating the number of neutrons slowed down out of
GAM-I to the total number of neutrons absorbed and lost
by leakage in THERMOS.

Method 1 is sensitive to errors in the flux spectrum at the coupling
point between the two programs. Method 2 involves the assumption
that the neutron multiplication factor of the system described by the
input data is unity which is, of course, not true for the calculations
based on an infinite system. Methods 3 and 4 are equivalent because
the THERMOS calculations are for a cell of an infinite system and the
number of neutrons slowing down into THERMOS are equal to the total
number of neutrons absorbed there. Although methods 3 or 4 might
produce a discontinuity in the normalized spectrum at the coupling
point, they should yield the most accurate normalization factor because
they are least sensitive to inaccuracies in the input data and in the
spectra calculated by GAM-I and THERMOS.

The experimental ratios, Pog: C*, 625, and 628 are compared in
Table 5.3.1 to the values predicted by the combined results of THERMOS
and GAM-I. The analytical values of Pog: C*, and 625 were determined
by means of the calculated relative reaction rates; the analytical value

of 628 was determined by means of the following equation:
528

08 = § 38’ (5.3.2)



TABLE 5.3.1

Comparison of ‘Analytical* and Experimental Results

SpI;.g(iing Modef:ttgg %folume P28 625 628 C* C

(Inches) to Fuel Volume Exp. Anal. Exp. Anal. Exp. Anal. Exp. Anal.
1.25 25.9 0.845 0.745 0.0525 0.0630 0.0274 0.0196 0.8028 0.762
1.75 52.4 0.437 0.396 | 0.0310 0.0308 | 0.0217 0.0193 | 0.6345 0.625
2.50 108.6 0.227 0.195 | 0.0188 0.0165 | 0.0183 0.0167 | 0.5506 0.541

*The analytical results were obtained from the THERMOS and GAM-I calculations applied to a bare
critical system.

811
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where S is the number of source neutrons from fission, v is the average
number of neutrons produced per fission, and 21?8 is the spatially and

238 fission rate. Most of the results show fair

spectrally averaged U
agreement, about 10% or better; however, some of the results for the
1.25-inch lattice show large differences, up to 30% in one case. As
mentioned in Section 5.2, THERMOS results show good agreement with
experiment and the reasonable agreement for most of the combined
results indicates that the normalization method is satisfactory. The dis-
agreement for the tight lattice is probably due to the inability of the
homogenized treatment of the epithermal region used by GAM-I to take
proper account of the effects of lumping the fuel and of the interaction

of neutrons between fuel rods. Hellens and Honeck (H5) found that the
analytical results for the BNL water-moderated lattices (K4) based on

a homogeneous treatment required corrections for these effects. Honeck
(H11) is presently carrying on an analysis of lattices moderated by heavy
water, including the M.I.T. lattices, with an extension of the method used
for water-moderated lattices; it is expected that his analysis will clarify
the points raised here.

In Chapter VI, where the analytical results presented here are
used to aid in the analysis of the experimental results, the effects of the
errors associated with the GAM-I results are of second order. Either
the analytical quantities are small and have a second-order effect on the
final results, or the contribution of the GAM-I results to the analytical
quantity is second order. An example of the first case is the ratio of the
U238 capture rate in the fast region to the U238 fission rate, Aggs and an
example of the second case is the value of the thermal utilization, f. In
the worst case, that in which there is a 30% discrepancy between experi-
ment and the GAM-I calculations, the estimated effect on the final

results discussed in Chapter VI is less than 1.5%.

5.4 Analytical Results

The results obtained from the output of the computer programs
THERMOS and GAM-I are listed in Table 5.4.1.
The thermal diffusion length L2 was calculated from values of the

macroscopic absorption cross section and the transport cross section
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TABLE 5.4.1. Analytical Results from Output of THERMOS and GAM-I

Rod Spacing (Inches) 1.25 1.75 2.50
Moderator to
Fuel Volume Ratio 25.9 52.4 108.6
2 2 ‘
L%, cm 76.9 134.8 263.0 0
| | o}
228‘ ' =
—5= 0.464 0.462 0.460 o
p2 | &
f /sc E
L4 0.914 0.858 0.813
7(0.4 ev) cm? 113.3 116.4 116.8
Vog 2.851 2.852 2.850
agg 0.0930 0.0929 0.0926
Fy 0.00553 0.0101 0.0176
o}
1
Fp 0.00955 0.0188 0.0303 5
525 0,
—fﬁ 0.0294 0.0294 0.0294
Zs JFAST
2o AST 0.973 0.971 0.979
fpps 0.964 0.888 0.920
2?5
—_ 0.836 0.845 0.849
=25
a /TOT
n 1.475 1.481 1.485 -
£ 0.971 0.963 0.947 5
G 0.258 0.264 0.278 &)
+
=% Q
a , @)
—a 0.0500 0.0626 0.0915 =
Z¢ JTot o
8 0.0411 0.0191 0.00976 i
2p ) 0.883 0.881 0.841
28.5) 0.889 0.834 0.796
2(c™y 0.957 0.971 0.978
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spectrally averaged over the flux spectrum below 0.4 ev and spatially
averaged over the unit lattice cell. The thermal nonleakage probability,

2

ESC’ was calculated from L2 and B”, the measured material bucklings

(H1, K2, C2). The quantities FF and FN are the fractions of the epi-

235 fission rate and U238 capture rate due to fast neutrons.

cadmium U
The nonleakage probabilities for the fast resonance energy regions were
obtained from the calculation for a critical system by means of the rela-

tion:
1 - _) (5.4.1)

where"-g- is the ratio of the number of neutrons leaking from the given
energy region to the number of neutrons entering that energy region.

Only the -1- portion of the U238 captures was included in the calculation

of each of the quantities n, f, and G (the ratio of the subcadmium U 238
capture rate to the '"thermal' absorption rate in the fuel. The quantity
6, which is related to the cadmium ratio of a %’- absorber in the fuel, was

calculated from the relation:

sH  [528\ [ o9g
5 = EC o S (5.4.2)
28 ZH ‘SH ! e
SC e}

where the S's are the weighting factors for the resonance energy flux,
the Zo's are the macroscopic capture cross sections at 2200 m/sec,

and the superscript H refers to hydrogen. The quantities ﬂp s 26 s
28 25
and f'C* are the ratios of the values of the parameters Pog> 628’ and

C*, respectively, calculated on the basis of an infinite system to the
values of the parameters calculated on the basis of a critical system.
Some of these analytical results and some experimental results
of the present work will be compared, in Chapter VI, with results
obtained independently (M3) in experiments made with pulsed neutron

techniques.
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CHAPTER VI
ANALYSIS OF RESULTS

Introduction

In this chapter, the experimental results presented in Chapter IV
are combined with the analytical results summarized in Chapter V in
order to calculate quantities such as the resonance escape probability,
the fast fission effect, and the multiplication factor on an infinite lattice

for the three’assemblies studied.

6.1 Reactor Parameters

In this section, the calculation of the resonance escape probability,
the initial conversion ratio, and the fast fission effect are discussed.

6.1.1 Resonance Escape Probability

To characterize the life cycle of a neutron in a reactor, the
familiar four-factor formulation of the multiplication factor k__ is
often used:

1" 1" . .
k, = nfpe = net number of neutrons produced'' by fission ,

""total number of absorptions"

(6.1.1)

where n is the number of neutrons produced by U235

fission per
"thermal absorption' in the fuel, the thermal utilization factor f is the
number of '"thermal absorptions' in the fuel per '"'thermal absorption"
in the total system, the fast fission effect € is the ''net number of

235 fission,

neutrons produced' by all fissions per neutron produced by U
and the resonance escape probability p is the ratio of the number of

- "thermal absorptions' in the total system to the "total number of
absorptions' in the system. The terms thermal absorption, net number

of neutrons produced, and total number of absorptions are set in



123

quotation marks because the speéific reaction rates included in the
quantities can vary, depending on the definitions used; for example, the
epithermal % absorptions may or may not be included in the term,
thermal absorptions, and the fast absorptions may be included in the term,
total net number of fast neutrons produced, rather than.in the term, total
number of absorptions. (The latter option affects the value of k_ slightly,
but for the well thermalized lattices studied, the effect is of the order of
only 0.1% and is negligible.)

As in earlier work at M.I.T. (W1), the following expression,
derived by Kouts and Sher (K3), was used to calculate the resonance
escape probability:

p= > (6.1.2)

ey
1+ 4 eog\— 135 /G

where fp. ﬁr,l +h are the nonleakage probabilities for the fast, resonance

and thermal energy groups, respectively; é is defined so that the ratio

238

6/ Pog is the fraction of the epicadmium captures in U due to the %

portion of the capture cross section; G is the ratio of the subcadmium
U238 235 1 ,,238

capture to the sum of the U absorptions and the - U capture;
€ is the fast fission factor; f is the thermal utilization; and 628’ Gggs

Vogs and Pog have theiig' usual meanings. If the above expression for the

resonance escape probability is used, then the epicadmium %’-vcapture
by U238 238

capture and fission is placed into the term ''net number of neutrons

is placed in the term "thermal absorptions; " the fast U

produced; " and corrections are included for the effects of leakage in
the value of Psog which is measured in a finite system. This definition
of p can be expressed as follows:

238 + all absorptions in all other materials)

+ (all absorptions in all materials - fast absorptions in U238).
(6.1.3)

p = (1/v absorptions in U

As a result, we have the following definitions for rj, f, and € which are
consistent with Eqgs. 6.1.2 and 6.1.3:
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n = (neutrons produced by U235 fission)

235 38

+ (absorptions in U + ;1,— absorptions in U2 );  (6.1.4)

235 % absorptions in U238)

238

f = (absorptions in U

+ (-‘1; absorptions in U + all other absorptions

in all other materials); (6.1.5)

€ = (neutrons produced by all fission - fast
absorptions in U238)

235 4iasion). (6.1.6)

+ (neutrons produced by U
When these definitions of the separate factors are combined, the result-

ing definition of k _ becomes:

k°o = (neutrons produced by all fissions - fast

absorptions in U238)

+ (all absorptions in all materials - fast
absorptions in U238). (6.1.7)

The values of p calculated by means of Eq. 6.1.2 are listed in
Table 6.1.1 and are compared in Fig. 6.1.1 to values obtained from
earlier measurements made at M.I.T. (W1, P2). The results of Peak
et al. (P2) have two points which seem to be low. This apparent dis-
crepancy will be considered in more detail later in this section.

The uncertainty associated with the value of p is difficult to
estimate. The fraction of the uncertainty in p that is due to the experi-
mental uncertainty in Pog is negligible (of the order of 0.05 per cent in
p). The second term in the numerator of Eq. 6.1.2 is extremely small
(~0.001) and the effect of uncertainties associated with that term is
also negligible. Thus the uncertainty in the value of p depends on the
uncertainty associated with the analytical quantities appearing in the
second term of the denominator. The values of f and G depend mainly
on the results of THERMOS and, as pointed out in Chapter V, their

uncertainties are probably limited by the uncertainties in the input data



TABLE 6.1.1

235 Fuel Rods

Values of the Resonance Escape Probability, p, for Lattices with
0.25-Inch-Diameter, 1.03 w/o U

(a)

(a)
DY

(c) (c) (d)
Jer lth v p

Rod Moderator
Spacing to Fuel
(Inches) Volume Ratio

1.25 25.9

1.75 52.4

2.50 108.6

0.8453

0.4373

0.2272

0.0274

0.0217

0.0183

1.020 0.0411 0.258

1.016 0.0191 0.264

1.013 0.0098 0.0263 0.093

0.964 0.914 0.851
+0.007

0.888 0.858  0.922
+0.004

0.920 0.813 0.960
+0.002

(a) From Table 4.2.1.
(b) From Table 6.1.3.
(¢) From Table 5.4.1.

(d) Estimated uncertainty is +0.5%.

Get
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which are of the order of one per cent. The precision of 6 is not as
good but since the value of 6 is less than 0.05, its contribution to the
total uncertainty is small, approximately one per cent. In determining
thez nonleakage probabilities, the uncertainties of the input parameters
(L

(1-¢), and a 10 per cent uncertainty in the input parameters reduces to

s T B2) are associated with one minus the nonleakage probabilities

only a 1 to 2 per cent uncertainty in the nonleakage probabilities. The
uncertainties associated with each of the two nonleakage probabilities
are probably within five per cent. A liberal estimate of the combined
uncertainty associated with these factors would be 5 per cent; however,
this large error reduces to only about 0.5 per cent error in the value of
p, the resonance escape probability. Therefore, the precision of the
values of p, as calculated by Eq. 6.1.2, is probably of the order of 0.5%.

A simpler formula is obtained if all captures except U238 reso-
nance capture above the cadmium-cutoff energy and neutron leakage are
assumed negligible. Then the resonance escape probability, p, can be
expressed as follows:

thermal absorptions thermal absorptions

p= =
total absorptions thermal absorptions +U238 resonance absorptions

(6.1.8)

or

238

(U thermal absorptions) (1/fG)

238 epithermal absorptions

(6.1.9)

p =
(U238

thermal absorptions)(1/fG)+ U
or

_ 1

where f and G have the same definitions as in Eq. 6.1.2. This simple
relation, in spite of its severe approximations, is quite useful for making
comparisons of measurements made in similar systems, such as
systems which differ slightly in the U235 content of the fuel and, as will
be seen in Section 6.3, for making comparisons of different methods of

measuring p.
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Another simple relation can be derived from Eq. 6.1.8: with the

238

assumptions of only U capture above the cadmium cutoff and no leak-

age, Eq. 6.1.8 may be rewritten as:

thermal absorptions total absorptions - resonance absorptions

total absorptions total absorptions

(6.1.11)

resonance absorptions U238 resonance absorptions G

p = 1 - = 1 — _,

total absorptions U238 thermal absorptions M€

(6.1.12)
-1 - G

P=1-pog 1> (6.1.13)

where the additional assumption has been made in Eq. 6.1.12 that the
total number of absorptions is equal to the total number of neutrons
f)roduced. Again the approximations are severe but, as before, the
expression can be useful for purposes of comparison.

The values of p obtained by means of Eq. 6.1.2 are compared to
the values given by Eqgs. 6.1.10 and 6.1.13 in Fig. 6.1.2. As can be seen,
the values of p calculated with Eq. 6.1.13 are quite close to the more
accurate values determined by means of Eq. 6.1.2.

An example of the utility of Eqs. 6.1.10 and 6.1.13 is in the com-
parison of the measurements of Pog made in the three lattices studied
during the present work, with fuel enriched to 1.027 w/o U235, and the
measurements of p, g made in the M.I.T. miniature lattice by Peak et
al. (P2), with 1.14 w/o U23? fuel. The 10% difference in the U23°
content should not have a significant effect on the resonance energy flux
spectrum and the resonance escape probability should not be affected
significantly. The values of p calculated by means of Eqgs. 6.1.10 and
6.1.13 for the two sets of measurements are listed in Table 6.1.2 and
are compared in Fig. 6.1.3. To provide a more direct comparison of

the two sets of measurements, the values p28fG and Pog G for the two

ne
sets of data are compared in Fig. 6.1.4. According to Hellens and
Honeck (H5), the ratio of the U238 capture rate to the slowing-down

density should vary linearly with the moderator to fuel volume ratio and

235

should be insensitive to the U content of the fuel. Figure 6.1.5 shows
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TABLE 6.1.2

Values of the Resonance Escape Probability, p, Obtained
by Means of Equations 6.1.10 and 6.1.13

Rod Moderator Value of p

Spacing to 235 G .

(Inches) Fuel Ratio w/oU p28fG P28 e Eq. 6.1.10 Eq. 6.1.13 Facility
0.88 12.0 1.14 0.413 0.270 0.707 0.730 Miniature Lattice
1.128 20.8 1.14 0.323 | 0.213 0.755 0.787 Miniature Lattice
1.25 25.9 1.03 0.218 0.150 0.821 0.850 M.I.T. Lattice Facility
1.34 30.0 1.14 0.204 0.135 0.830 0.865 Miniature Lattice
1.75 52.4 1.03 0.115 0.080 0.897 0.920 M.I.T. Lattice Facility
2.50 108.6 1.03 0.0597 0.042 0.944 0.958 M.I.T. Lattice Facility

0€T
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that this is the case for the lattices studied by Peak et al. (P2) and in
the present work.

The results of the present work and the results of Peak et al. (P2)
appear to be consistent with each other with the exception of the mini-
ature lattice measurement at a volume ratio of 20.8 as shown in Figs.
6.1.3, 6.1.4, and 6.1.5. This reasonably good agreement indicates that
the apparent discrepancy noted in Fig. 6.1.1 between the results of
Peak et al. (P2) and the results obtained during the present work is
probably not due to an experimental error. The discrepancy is believed
to be an error in the calculation of the values of p obtained from the
miniature lattice measurements, probably in the calculation of the leakage
factors which appear in Eq. 6.1.2. In view of the large theoretical cor-
rection (up to 25 to 30 per cent) which had to be applied to the results
obtained in the miniature lattice to correct them for the effects of the non-
asymptotic spectrum of that facility, the agreement with the present
results obtained in the MITR Lattice Facility,indicated by the results
shown in Figs. 6.1.3, 6.1.4, and 6.1.5, is reasonably good. Those theo-
retical corrections for the non-asymptotic spectrum were derived (P2)
on the basis of age-diffusion theory, and the results here indicate that a
better theoretical treatment of the corrections seems worthwhile and
that satisfactory results for the measurement of Pgg Can be obtained

from measurements in a miniature lattice.

6.1.2 Fast Fission Effect

In the last section, the fast fission factor was defined by the

relation:

neutrons produced by all fission - fast absorptions in U238

€= 35

neutrons produced by U2 fission-
(6.1.6)
With this definition, € is related to the measured microscopic
parameter 628:
Voo~ 1 - a
e=1+5,, (28 28 1, (6.1.14)
28 Vos
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where Vogs %9g° and Vo5 have their uzs;éal meanings. The energy used to
determine the lower limit for fast U capture in a9g is arbitrary. As
noted by Bliss (B1), there is no clear preference among the several
effective cutoff energies proposed; but the numerical differences in the
values of €, calculated by means of different formulations which use
different effective cutoff energies for fast neutron capture in U238, are,
however, smaller than the uncertainties in €, due to the uncertainties
in the input data. The results of GAM-I indicated that more than 99% of
the U238
division point, all U
and all U238
values of € obtained with Eq. 6.1.14 are listed in Table 6.1.3. The
second term in Eq. 6.1.14 is of the order of 0.01 to 0.02, and since all

fissions occur above 1 Mev and, since this is a convenient
238 . .
capture above 1 Mev has been included in €,

capture below 1 Mev has been included in p or f. The

uncertainties are associated with this term, the uncertainty in € is
probably a small fraction of 1 per cent, approximately 0.1 to 0.2%, and

negligible compared to the uncertainties in p, n, or f.

TABLE 6.1.3
Values of the Fast Fission Factor, €, for Lattices with
0.25-Inch-Diameter, 1.03 w/o U23% Fuel Rods
Rod Moderator to
Spacing Fuel Volume 5 (a) (b)
(Inches) Ratio 28 €
1.25 25.9 0.0274 1.020 +£ 0.002
1.75 52.4 0.0217 1.016 + 0.002
2.50 108.6 0.0183 1.013 £ 0.001

(a) Obtained from Table 4.2.1.
(b) Values of Vag and agg were obtained from Table 5.4.1.

The value of v, used was 2.43+ 0.01.

In Fig. 6.1.6, the results of the measurements of the fast fission
ratio 628 made during the course of the present study are compared
with earlier results obtained at M.I.T. by Peak et al. (P2) in the minia-

ture lattice with 0.25-inch-diameter, 1.14 w/o U235 fuel rods, and with
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results obtained at the Brookhaven National Laboratory in water-
moderated lattices with 0.25-inch-diameter, slightly enriched uranium
rods (H12). The results show some discrepancies between the two
M.I.T. results; however, the miniature lattice results have not been
corrected for the fast flux depression associated with the measurement
of 628'
compensate for it are discussed in Chapter III. The application of the

This flux perturbation and the correction factors developed to

appropriate correction factors to compensate for this flux perturbation
in the miniature lattice measurements would raise the values obtained
in those measurements slightly. With this correction in mind, the
results obtained in the miniature lattice and the results of the present
work show fair agreement and indicate that the miniature lattice is
probably satisfactory for the study of the fast fission effect; work on
this problem is being continued by others. The results obtained for the
heavy water lattices at M.I.T. are not consistent with those obtained in
the more closely packed B.N.L. lattices, moderated with ordinary water.
This difference may be due to the greater slowing-down power of ordi-
nary water, as a result of which, a larger fraction of the fast neutrons
which enter the moderator is scattered to energies below the U238
threshold; the interaction effect may then be relatively smaller than

that in the lattices moderated by heavy water.

6.1.3 Initial Conversion Ratio

A parameter which is related to the lifetime of a reactor core is

the initial conversion ratio, C, defined by the relation:

_ Pu239

U235 destroyed

C produced

38

_ number of neutrons absorbed in U2
= 3E

(6.1.15)

number of neutrons absorbed in U2

The initial conversion ratio, C, is related to the measured microscopic

sk
parameter, C , by the relation:

235
Zy

2235
a

*

S -1
CcC=C =C (1+a,.) ~, (6.1.16)

25
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where the value of a,. is averaged over the entire neutron flux spectrum.
The values of C for the present work are listed in Table 6.1.4 and are
shown in Fig. 6.1.7 together with results of measurements made by
Weitzberg et al. (W1) at M.I. T. in lattices with 1.0-inch-diameter,
natural uranium fuel rods. Owing to the large differences in the fuel

rod size, the two sets of results are not directly comparable; however,

the two curves show similar trends, and the results seem to be consistent.

TABLE 6.1.4
Values of C for Lattices with 0.25-Inch-Diameter,
1.03 w/o U235 Fuel Rods
Rod Moderator to (2) (b)
Spacing Fuel Volume * (1+a..)" 1
(Inches) Ratio Av. C 25 C
1.25 25.9 0.803 + 0.006 0.836 0.671 £ 0.010
1.75 52.4 0.634 £ 0.007 "~ 0.845 0.536 + 0.008
2.50 108.6 0.551 + 0.002 0.849 0.468 + 0.007

(a) From Table 4.2.1.
(b) From Table 5.4.1; uncertainty assumed to be one to two per cent.

Although Peak et al. (P2) did not measure C* in the miniature
lattice, reasonable results for C>°< and thus C should be obtainable in
such an assembly. This can be shown by considering the following
expression for C*:

28
1+p =z
c* =5 +628 2= . (2.2.16)
25) \ =2
SC

where C* is determined from the values of the two measured ratios Pog
and 625. In Section 6.1.1, it was found that measurements of Pog obtained
in the present work in the exponential assembly and by Peak et al. in the
miniature lattice showed good agreement. To determine if the measure-

ments of 625 are also consistent, consider the expression:
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025¢
_f YEC
895 = %5, (6.1.17)
% %sc
25 25 . 235
where ¢ d’EC and of ¢SC are the spatially and spectrally averaged U
fission rates for the epicadmium and subcadmium portions of the spectrum,

respectively. From the definitions of n and f, it follows that:

25
25 o, ¢
NT = fQ EC s (6.1.18)
N o

6

250

where Qo is proportional to the slowing-down density entering the reso-
T 235 in the fuel. The

content and depends only

is the atom fraction of U
235

nance region and N25/N
right side of Eq. 6.1.18 is independent of the U
on the epicadmium portion of the spectrum and the averaged microscopic
U235 fission cross section. Thus the values of 695 measured in systems
with different U235

ing values of 625nf(N25/NT). This comparison is made in Fig. 6.1.8 for
235

contents may be analyzed for consistency by compar-

the results of the present work with 1.03 w/o U fuel and the results of
Peak et al. with 1.14 w/o U23®

show reasonably good agreement, indicating that the miniature lattice

fuel. The two sets of measurements again

assembly should be suitable for the measurement of 625 and, therefore,
also for measurements of C*.

6.2 The Multiplication Factor for an Infinite Assembly

As noted in Section 6.1.1, the multiplication factor, k., can be

expressed in the familiar form:

k. = nfpe (6.1.1)

with the definitions of k_, and the four factors given in Eqs. 6.1.3 to 6.1.7.
Equation 6.1.1 was evaluated by using the values of n and f determined
from the combined results of THERMOS and GAM-I (see Chapter V), the
values of p calculated by means of Eq. 6.1.2, and the values of € obtained
from Eq. 6.1.14. The results are given in Table 6.2.1. The uncertainties
in the values of n and f, as noted in Chapter V, are dominated by the
uncertainties in the cross section data and also, in the case of n, the

uncertainty in Vos- The uncertainty in Vos is 0.4%, and the uncertainty in



0.14

012

0.10

0.04

002

141

o 1.03 w/o u23s
A 1.14 w/o U235 (P2)

20

40 60 80 v
MODERAT(Z)R TO FUEL VOLUME RATIO M

'VE
N25 W
d257nf NT VERSUS

V
FIG. 6.1.8

100

120



142

each of n and f due to the cross section uncertainties is negligible. The
uncertainty associated with p, discussed in Section 6.1.1, is about 0.5%,
and, as pointed out in Section 6.1.2, the uncertainty in € compared to the
errors in n and p is negligible. The combined effect of these uncertain-
ties leads to an uncertainty in k  as calculated by means of Eq. 6.1.1 of
approximately 1.0%.

The value of k  may be determined by means of a second approach,
The definition of k  was expressed in Section 6.1.1 as:

Kk = neutrons produced by all fission — fast absorptions in U238
all absorptions of all materials — fast absorptions in U238
(6.1.7)
The numerator of Eq. 6.1.7 may be written:
| 25 28 _28 _28
net production = _vzszf tvogZy —Z¢ —Zp :|¢ (6.2.1)
and the denominator may be written:
[ .25, .28, _x_ .28
net absorption = _z.a +Z T - I ]q& (6.2.2)

where the Z's are spectrally and spatially averaged cross sections; ¢ is
the spatially and spectrally integrated flux; the subscripts f, ¢, a, and F
refer to fission, capture, absorption, and fast capture, respectively; and

235 ;238

the superscripts 25, 28, and x refer to U , U , and all other mater-

ials, respectively. Dividing each of the terms on the right-hand sides of

Eqs. 6.2.1 and 6.2.2 by Z2° and by using the following relations:
220 -1
—55 = (1+a25) , (6.2.3)
p>
£
=28
—55 = 628 s (6.2.4)
p>
£
=28
L _ (6.2.5)

™M
DN
©
o
n
o
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X
za 1
—55 - -f-—1) (1 G) (1+a (6.2.6)
Zg
238 c* = c*s
S =Co=Cly (6.2.7)
Zy

. . *
where ic* is a leakage correction factor for the measured value of C ,

Eq. 6.1.7 can be rewritten as:

‘ , Var + 800(Vao=1—0q,)
K = 25 28' 728 28 (6.2.8)

(1 1
(1+agg) + Co + (‘f’ 1)(1—' G)(1+°25) ~ 85g%g

All the quantities in Eq. 6.2.8 pertain to an infinite system. The

measured fast fission ratio is insensitive to the effect of leakage and

its effect in Eq. 6.2.8 is second order, so there will be no loss of pre-
cision if the measured value of 698 is used directly. Since C* is the
ratio of two reaction rates averaged over the total spectrum and over
the same region of the lattice cell (the fuel rod), the effects of leakage
on each of the reaction rates will tend to cancel each other. As might

be expected, the leakage corrections listed in Table 5.4.1 show that the
difference between the values of Cw< for a finite system and for an infinite
system are small, of the order of three to four per cent. Since the leak-
age effect is so small, the uncertainties of the leakage correction factors
for Csi< are probably 1% or less. The values of k  were determined by
means of Eq. 6.2.8 with the values of Vogr %9g- u2”5, f, and G determined
from the combined results of THERMOS and GAM-I which were based
upon an infinite system. The uncertainty in the value of k_ as deter-
mined by Eq. 6.2.8 will be dominated by Vos in the numerator and C

the denominator. The uncertainty in Vos is 0.4%; in C , about 1%; and
in the leakage correction for C*, of the order of 1%. Thus the uncertainty
in k_ should be of the order of 2%. The values of k_ obtained by means
of Eq. 6.2.8 are compared in Table 6.2.1 with the values obtained from
Eq. 6.1.1. No significant trend in the numerical values of k_ obtained

by the two methods was found and the values agreed well within the un-
certainties.
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TABLE 6.2.1

Values of the Infinite Multiplication Factor for Heavy Water

Lattices with 0.25-Inch-Diameter, 1.03 w/o U235 Fuel Rods

Rod Moderator to k

Spacing Fuel Volume 2 (a)
(Inches) Ratio From Eq. 6.1.1 From Eq. 6.2.8 Av.
1.25 25.9 1.243 1.237 1.240 £ 0.019
1.75 52.4 1.339 1.328 1.334 £ 0.020
2.50 108.6 1.368 1.363 1.366 £ 0.021

(a) Estimated uncertainty of 1.5%.

The present results for 1.03 w/o y?23°

fuel rods are compared in
Fig. 6.2.1 to the results of measurements made by Peak et al. (P2) in
the M.I.T. miniature lattice for 1.14 w/o y23%

with the exception of one point at the moderator to fuel volume ratio of

fuel rods. As can be seen,

20.8 (which has already been discussed in Section 6.1.1), the miniature
lattice results obtained by Peak et al. (P2) appear to be consistent with
the results of the present work. Peak's results are somewhat higher,

which should be expected because of the 10% difference in the U235 content.

The values of p and € should be insensitive to the change in U235 content,
and the combination of nf should increase slightly.

An independent experimental determination of the properties of the
1.75-inch lattice was made by Malaviya et al. (M3) by means of the pulsed
neutron technique. The results of that investigation are compared in
Table 6.2.2 with the results obtained during the course of the present
work. The difference between the value of k_ obtained from the experi-
mental results of the present work and the value of k_, obtained by
Malaviya et al. is negligible compared to the estimated uncertainties,
and the two results are in good agreement. The values of the thermal

2, the thermal utilization of the fuel f, and the thermal

diffusion length L
utilization of the moderator frn’ which were obtained from the analytical
results discussed in Section 5.4, are also in good agreement with the

results of the pulsed neutron measurements. The value of vZa, spatially
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TABLE 6.2.2

Comparison of Results of Present Work with
Results of Pulsed Neutron Measurements

Quantity Present Resul’cs»< " Pulsed Neutron Results
ko ©1.334 + 0.020 1.345 + 0.026
L2 135 £ 3 141 1 7
f 0.963 = 0.009 0.966 + 0,004
£ 0.0215 £+ 0.0009 0.0193 £+ 0.0037
VI 1615 + 32 ’ 1396 + 66

*The value of ky, is from Table 6.2.1; the remaining
quantities are obtained from the THERMOS and GAM-I
results discussed in Sgction 5.4.

and spectrally averaged over the lattice cell, obtained from THERMOS

is only in fair agreement with the value obtained from Malaviya's pulsed
neutron measurements. This discrepancy may be due to a difference
between the subcadmium portion of the neutron spectrum treated by
THERMOS and the effective portion of the spectrum to which the experi-
mental value of VVZ)_a pertains. Malaviya et al. (M3) suggested that this
discrepancy may be due to the effects of neutron leakage (diffusion cooling

effects) in the experimental results of pulsed neutron work.

6.3 Analysis of the Resonance Activation Data

The measured resonance activity of a nuclide (which is that portion
of the activity of the nuclide due to neutrons captured by resonances in
the activation cross section of the nuclide) can be written:

A= f: 0 os(W) B(w) du, | (6.3.1)

where Cre S(u) is the resonance portion of the activation cross section and
€ is a proportionality factor containing such quantities as the counting
efficiency, nuclei density, etc. [Note: The ¢ which is used in this section,
Section 6.4, and Section 2.4 is a proportionality factor and should not be

confused with the fast fission factor, which has the same symbol.] If

cres(u) has a single large dominant resonance (for example, Au197 or Inlls)
at a lethargy L (corresponding to the neutron energy Er at which the
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resonance capture occurs) and if it is assumed that over the width of the

resonance ¢(u) is a constant, then Eq. 6.3.1 can be rewritten:

A =cdlu ) f: 0 oW du (6.3.2)

or

RI , (6.3.3)

res = € ¢res

0 dE
f o'res(E) T = ®9res

0
is written for ¢(u

where ¢re ) and RI is the infinitely dilute resonance

s res
integral of the nuclide. From the relation:

q(u) = Ezs(u) é(u) , (6.3.4)

Eq. 6.3.3 can be rewritten in terms of the slowing-down density:

q

res
= s(-—-————-—) RI. (6.3.5)
res szs,res

A

Thus a study of Eqgs. 6.3.3 or 6.3.5 suggests a means of measuring
the relative neutron flux or the relative slowing-down density at various
energies in the resonance energy region (by irradiating several nuclides
which have known values of ERI for single dominant resonances at differ-
ent energies for each nuclide).

The general feasibility of Eqs. 6.3.3 or 6.3.5 and the experimental
techniques described in Section 2.4 can be illustrated by using Eq. 6.3.3
or 6.3.5 and the resonance activation data given in Chapter IV in a new
attempt to calculate the resonance escape probability, p. If it is assumed

that all epicadmium captures except U238

resonance captures are negli-
gible and that neutron leakage is negligible, then the resonance escape

probability as expressed in Section 6.1.1 becomes:

thermal absorptions

thermal absorptions + Uz‘?'8 resonance absorptions in U238
(6.1.8)
Since there is no neutron leakage, we can also write:
thermal absorptions = Q (6.3.6)

fo) 2
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where Qo is the rate at which neutrons are slowed down into the thermal
energy region. On inserting Eq. 6.3.6 in Eq. 6.1.8, we get:

1
b= — (6.3.7)
%res
1+
.QO
where a28 is the U238 resonance absorption rate. The term a28 is:
res res
28 28 28
8eg = VEN ores(u) ¢(u) du, (6.3.8)
or
28 28 28 28
3 es = VFN ERI ¢res s (6.3.9)
where VF is the volume of the fuel, N28 is the density of the U238 nuclei,
and
28 28 _ 28
ERI“"¢- = f 0o E) ¢(E) dE . (6.3.10)

In Section 2.4, it was shown that:

a
a
R2 =(51-) ¢res. (2.4.13)

res %, d’H

The combination of Eq. 2.4.13 and Eq. 6.3.9 gives:

28 28 .28
ares—VFRresEo ¢H’

where 2(2)8 is written for N280(2)8. If it is assumed that the contribution

(6.3.11)

of the fuel and the cladding to the slowing-down density is negligible, it
follows that:

Q, = Vya, = VMEMEI:I(uO) dlu_), (6.3.12)

where VM is the volume of the moderator, and Uy is some lethargy
between the resonance region and the thermal region. The combination
of Eq. 2.4.13 and Eq. 6.3.12 gives:

a

R
_xr s MM res
Qo = VMSS Zs (uo) —R—E d)H . (6.3.13)
RI
G)
o
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The final result is derived by substituting Eqs. 6.3.11 and 6.3.13 into
Eq. 6.3.7, which becomes:

1
p = - (6.3.14)
28 28
1+ (_B_I)a Zo Ryes (VF )
o MM a \%
o/ \§ Zs )\ Bres M

Values of p calculated by means of Eq. 6.3.14 are listed in Table 6.3.1.
The experimental uncertainty of the resonance activation data, which
was about 10%, produces an experimental uncertainty in the values of p
of the order of 1 to 2%.

Since the same basic assumptions are embodied in Eqgs. 6.1.10
and 6.3.14, the results of Eq. 6.3.14 may be compared directly to the
results of Eq. 6.1.10. The value of p for the 1.75-inch lattice calcu-
lated by means of Eq. 6.1.10 is 0.894 and, in view of the limited experi-
mental precision of the resonance activation data, the agreement with
the results listed in Table 6.3.1 is7rée1ative1§,r7§ood. The fact that the

and Ga

gives support to the need for rechecking some of the data on resonance

measured values of (RI/ oo) for As yield good agreement,
integrals reported in the literature.

Another application of Egs. 6.3.3 and 6.3.5 is to estimate experi-
mental values of the neutron flux and slowing-down density as a function
of position and energy in order to test sophisticated theoretical calcula-
tions of the resonance energy spectrum such as the treatment developed
recently at M.I.T. by Kier et al. (K1). Such a comparison is beyond the
scope of this work; however, with the precision which should be attain-
able, as discussed in Section 4.2, and with improved resonance integral
data, the basic experimental methods outlined in Section 2.4 could be
useful in such a theoretically difficult region. A third application of the
Eqgs. 6.3.3 and 6.3.5 is to determine the effective resonance integral of
U238, ERI28

of a depleted uranium foil irradiated within the fuel to the resonance

, in the fuel rods by comparing the U238 resonance activity

activity of a nuclide irradiated in the moderator. This method is similar
to the method developed by Weitzberg et al. (W1).



TABLE 6.3.1

Values of the Resonance Escape Probability, p, for the

1.75-Inch Lattice Obtained by Means of Resonance Activation Data

(a) (a)

Measured Measured Value

Peak Energy ‘Resonance Resonance of p

Resonance of Dominant Integral Activation, from
Detector Resonance, ev Ratio, (RI/co)a R2 Eq. 6.3.15

Br 101 18.1 0.1203 0.904

Ga 95 8.0 0.0634 0.920

As 47 12.9 0.0684 0.885

W 18.8 11.3 0.0629 0.889

Au 4.9 15.3 0.0985 0.903

In 1.5 8.0 0.0435 0.888

(a)

a
Values of (RI/o )" and R, o

VM/VF

output).

g were obtained from Table 4.2.3. Values of other quantities used were:

- 52.4; 2(2)8 = 0.119; stg’I = 0.178 (calculated with effective cross sections from GAM-I

0¢T
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6.4 Effective Resonance Integral of U238

238 in the fuel rods of the

three lattices studied was determined by combining the results of

The effective resonance integral of U

measurements made in the epithermal flux at position 13 of the MITR.
Measurements made by Anderson et al. (A3) indicate that the epithermal
flux in the MITR core has a lﬁ energy dependence.

The infinitely dilute resonance absorption integral of a nuclide is

usually defined as follows (W5):

o dE
R1=f o.oslE) T (6.4.1)

E
o

where oreS(E) is that portion of the absorption cross section of the
nuclide which is due to resonances and the lower limit EO lies above
the thermal energy region and below the lowest energy resonance.

The assumptions embodied in Eq. 6.4.1 are the following:

1. The neutron flux entering the resonance energy region has a
Tlf dependence.
2. The scattering cross section is independent of energy.
3. The resonance absorber is uniformly distributed.
: The é.bsorber is infinitely dilute so that the absorption rate
is negligible compared to the slowing-down density, and the
neutron flux continues to have a le— dependence through the .
resonance energy region.
5. All of the resonance absorption is above the thermal energy
region.
If the absorption rate becomes significant and the neutron flux no longer
has a _11‘3 dependence, then Eq. 6.4.1 must be rewritten to include such
effects. The result is called the effective resonance integral, which is

usually defined as follows (W5):

1o} (E)
°© “res dE ;
ERI = —_—— =, (6.4.2)
fE Za E _\
o1l+ E_
s

where Za and ZS are the total and scattering macroscopic cross sections
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of the system. With the exception of the assumption 4, all the other
assumptions listed above are embodied in Eq. 6.4.2. If the resonance.
absorber is lumped rather than uniformly distribﬁted, as in the case of
a single rod in an infinite sea of moderator, then the neutron flux inside
such a single rod is depressed relative to the flux in the moderator.
However, far from the rod the neutron flux in the resonance region still
has a -E dependence. In this case, Eq. 6.4.1 must be changed, and the
resultant effective resonance integral becomes:
1 ©

ERI = 37— on frod o, B S(r.E) & d (6.4.3)
where VF is the volume of the fuel rod and S(r,E) is the function which
describes the spatial dependence of the neutron flux inside the fuel rod.
Assumption 3 does not apply for Eq. 6.4.3, but the remaining assump-
tions listed after Eq. 6.4.1 are still in effect. In heterogeneous lattices
such as the three studied during the course of the present work, the
total number of absorber atoms present in the system is large so that
the resonance absorption rate becomes significant, and the absorber is
lumped so that the flux is depressed in the fuel rod. Therefore, a
relation must be developed for which both assumptions 3 and 4 do not
apply. To have a consistent set of definitions, the effective resonance

238 ;) the fuel rods in a lattice shall be defined to include

integral of U
the effects of significant absorption which causes the spatially averaged
neutron flux spectrum to deviate from a -}li dependence and of lumping the
absorber which depresses the neutron flux in the fuel relative to the
moderator. This is done by redefining the function S(r,E) in Eq. 6.4.3
so that it describes both the spectral and spatial variation of the flux in
the resonance energy region.

In terms of this definition of the effective resonance integral, the

resonance activation of a foil can be expressed as:

Ao = €£¢,ERI, (6.4.4)

where ¢i is the value of the neutron flux per unit lethargy at energies
above the energy of the resonance region.
Comparison of Eq. 6.4.4 with Eqgs. 6.3.3 gives:
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a,a  _ a
RI d’res = ERI d’i . (6.4.5)
Hence, Eq. 2.4.20 may be rewritten in terms of the effective resonance
integral:
a a_ b _(ERI )a 9
P =p -p = . (6.4.6)
res ( % ¢1/v, sc

If we make assumptions that 695 is equal to pb, that p Au is proportional
to ¢i/¢1/v ¢’ and that the thermal flux dip in the rod is insensitive to
variations in the rod spacing, we get:

(Pigs/pAu) ERIZS
lat _ lat

, (6.4.7)
( 28 ) ERI?g
pres pAu 13

where the subscripts, lat and 13, refer to measurements made in a

lattice and in position 13 of the MITR, respectively. The value of ERI,
the effective resonance integral of a single rod irradiated in an epi-
thermal flux which has a IE energy spectrum, is 18.3 + 0.9 barns (R3).
Rewriting Eq. 6.4.7, we get for the effective resonance integral of U238

in a fuel rod in a lattice:

28
p p
ERIZ8 - 18.3] —Xe8 “Au )y orns . (6.4.8)
lat P 28
Au p
lat res 13

Values of ERI28 with their estimated uncertainties for the three lattices

studied are listed in Table 6.4.1. The value of ER128 may then be used

to calculate the resonance escape probability from the relation (W1):

VFN28ER128
p = exp|-— MM s (6.4.9)
VM’g‘ Z)S
where N28 is the U238 concentration in the fuel rod and EMEIS\’/I is the

slowing-down power of the moderator. Equation 6.4.9 is an approximate
relation for the resonance probability that is derived from slowing-down
theory (I1); however, the definitions of the resonance escape probability
on which Eqgs. 6.4.9 and 6.1.2 are based are equivalent. The values of p
obtained by means of Eq. 6.4.9 are compared in Table 6.4.1 to the values
of p obtained by means of Eq. 6.1.2. The results of the two methods

show good agreement.



Effective Resonance Integral of U2

TABLE 6.4.1

38

Effective Resonance

(a)

Resonance Escape Probability

ot Modersior i Mfotegral o ~ .
(Inches) Ratio, VM/VF U , ERI”", barns From Eq. 6.4.9 From Eq. 6.1.2
1.25 25.8 14,0+ 1.1 0.875 + 0.012 0.851 + 0.007
1.75 52.4 1‘6.2 + 1.3 0.926 £ 0.007 0.922 £ 0.004
2.50 108.6 17.3+ 1.4 0.962 + 0.004 0.960 £ 0.002
o % 18.3 + 0.9(%

(a) Values of Pogs 095> and p,  were obtained from Table 4.2.1.

(b) N28 = 0.04375 atom/cms; 3

(¢c) From Table 6.1.1.

(d) From Ref. (R3).

MZM
s

1

=0.178 cm .

PG1
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CHAPTER VII
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Introduction

sk
The microscopic parameters, Pogs C, 625, and 628’ were measured
235 0.25-inch-

diameter fuel rods arranged in triangular arrays and spaced at 1.25-,

in three lattices moderated by heavy water with 1.03 w/o U

1.75-, and 2.50-inches. The results of these measurements are listed in
Table 4.2.1. These results provide new experimental reactor physics
data to which the results of theoretical treatments may be compared.
Previous studies of heavy water lattices have been restricted almost
entirely to large (1.0 inch in diameter or more), natural uranium fuel
rods (H11). Hence, the results of the measurements reported here are
particularly useful in that they extend the experimental data into the
region of small, slightly enriched fuel rods, thus broadening the base
against which the presently available theory may be tested. The results
of an investigation of systematic errors associated with the measure-
ments has led to many changes and adjustments in the experimental
technique and procedure which have improved the general precision of
the experimental results. The investigation of the resonance energy
region was expanded by developing methods to measure the resonance
activation of a foil which is proportional to the resonance energy neutron

flux.

7.1 Cadmium Ratio Measurements

The subcadmium and epicadmium U235

239

fission product activities
and the subcadmium Np activity of foils irradiated within a fuel rod
were not affected by perturbations within the fuel rod such as the re-
placement of fuel material with aluminum catcher foils. However,
because of the extremely short mean free path within the fuel of a

neutron whose energy corresponds to one of the U238 resonances, any
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perturbation in the surface of the fuel will permit neutrons to stream
into the interior of the fuel rod. Hence, the measured epicadmium
Np239 activity (which was directly proportional to the U238

was found to be very sensitive to perturbations in the U238 concentration

capture rate)

in the fuel rod, particularly at the rod surface (see Section 3.2.3). The
use of aluminum or aluminum alloy foils within the fuel rod is an
example of such a perturbation which was found to affect the measured

235 fissi
ission

results. The epicadmium sz?’9 activity and the epicadmium U
product activity were found to be slightly sensitive to perturbations in the
high energy neutron flux. The depression of the thermal flux caused by
the use of cadmium also depresses the high energy flux in the cadmium-
covered foils (see Section 3.2.2). The values of Pog and 855 Were cor-
rected for this high energy flux depression. The epicadmium Np239
activity due to resonance energy neutrons was not found to be affected

by the presence of cadmium; however, many other laboratories have
reported such effects (cf. Ref. (E1)), and further study of this problem

is recommended to seek the possible causes of this disagreement. In
contrast to the results obtained at the Brookhaven National Laboratory
(A4), no effect upon the measured Np239 activity due to nonuniform
activity distributions was observed. Continued study of this problem is
also strongly recommended. In addition, a program to compare the many
methods (E1, K3, H12) of measuring the value of the U238

should be undertaken.

cadmium ratio

7.2 The Measurement of the Ratio of Capture in U238 to Fission in U235, C>§<

A new method, described in Section 2.2.1, was developed to measure
C* which significantly reduced the experimental uncertainty associated
with this quantity, eliminated some sources of systematic error inherent
in the previous method, and simplified the experiment. As discussed in
Section 4.2, the results of this new method and the results obtained by
means of cadmium ratio measurements seemed to have a systematic dis-
crepancy. Preliminary studies indicate that this discrepancy may be
caused by the relatively high fission product activity of the natural L}ranium
foil irradiated in the cavity sample tube. This relatively high activity may

have produced a gain shift in the photomultiplier tube of the counting system.
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This gain shift could be eliminated by using either a gain stabilized high
voltage supply or by using zener diodes to establish the voltages for the
dinodes of the photomultiplier tube. As in the measurement of Pogs the
determination of C»< involves the measurement of Np239 activity. The
precautions to be taken for the measurement of the Np239 activity have

been discussed in Section 7.1.

7.3 The Fast Fission Ratio

The fast fission ratio was found to be highly sensitive to perturba-
tions of the high energy neutron flux in the vicinity of the uranium
detector foils used to measure this quantity (see Section 3.2.3). On the
one hand, this effect is unexpected because the mean free path of a high
energy neutron is large (of the order of 10 cm); but, on the other hand,
this effect is quite reasonable because high energy neutrons born within,
and in the immediate vicinity of, the detector foils have the highest

probability of causing a U238

fission in those foils. The importance of
these neutrons increases as the fuel rod diameter decreases and as the
distance between the rods increases; hence, in the lattices which con-
tained small fuel rods on wide spacings, a change in the U235 fission rate

238

in or near the uranium detector foils significantly affected the U fission

rate in those foils. The experimental methods currently used to measure
the fast fission ratio require the use of two uranium foils whose U235
contents differ significantly; therefore, the experimental method
inherently contains a source of systematic error. Correction factors
were experimentally determined for the resultis obtained for the 1.75-inch
lattice and an analytical method was developed to convert these results
into the proper correction factors for other lattices. These correction
factors, which are listed in Table 3.2.2, should be tested, preferably by
using measurements made in single-rod experiments to maximize the
perturbation.

The method used during the present work to make the fast fission
measurements had the disadvantage of requiring an auxiliary experiment.
The formulation of the fast fission ratio experimental values is given by
the relation:

%

%98
g = P(OF(t) = 57— F(t), (7.3.1)
F (t)

8
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where F(t) is a function of the measured relative foil activities, P(t) is

a factor to convert the measured relative foil activities to relative reac-
tion rates, t is the time after irradiation, and the superscript * refers
to a reference position. The factors F(t) and P(t) are also functions of
the irradiation time. This method has three disadvantages: 1) F(t) and
F*(t) must be measured at different times, perhaps separated by many
months; 2) F(t) and P(t) are functions of the irradiation time; and 3)
F(t) and P(t) are functions of the time after irradiation. These three
disadvantages could be eliminated by measuring 6;8 and F*(t) in the
graphite-lined cavity of the facility. Then the measurements of F(t) and

F*(t) could be made simultaneously, thus eliminating all time dependence:

6 (7.3.2)

28 ©

*
In Eq. 7.3.2, the value of 698 in the cavity is assumed to be constant and

not affected by the presence or absence of a lattice in the exponential
tank. This independence of conditions in the exponential tank should be
verified experimentally.

The value of 6;8 was determined by means of the La
technique developed by Wolberg et al. (W3) (see Section 2.2.6). It is

recommended that this method be compared with the double fission

140 counting

chamber methods, particularly the method recently developed at the
Brookhaven National Laboratory (T1). Finally, the graphite-lined cavity
and the exponential tank provide excellent facilities for a study of the
fast fission ratio for single rods as a function of rod size, U235 content,

and moderator. Portions of this study are under way.

7.4 Resonance Activation Measurements

A new method of determining the resonance escape probability has
been developed as described in Section 2.4. This method involves the
measurement of that portion of the activity of a foil which is due to
neutron captures in the resonances in the activation cross section of the
foil material. The resonance escape probability was determined by using
the resonance activation data to calculate the ratio of the slowing-down
density in the moderator to the U238 resonance absorption in the fuel. This
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new method has the advantage that the use of cadmium is not necessary,
and the value of p determined by means of this method should be less
sensitive to experimental uncertainties in systems which have a large
epithermal flux relative to the thermal flux. The methods developed to
determine the resonance activation of a foil are similar to methods used
at other facilities (C3, B3). The resonance activation data, which is
listed in Table 4.2.2, may also be used to measure the relative neutron
flux or slowing-down density as functions of position at various energies
in the resonance energy region, which would provide experimental data
to which sophisticated theoretical treatments of this energy region could
be compared. The experimental methods may also be used to determine

the effective resonance integral of U238

in the fuel rod. It was assumed
that the irradiation sample thimble at position 13 of the MITR provided

a good reference position with an epithermal flux which has a % energy
dependence. The results of the resonance activation measurements
made at that position supported this assumption. Some of the results of
the measurements in the MITR indicate that some of the resonance inte-
gral data appearing in the literature may be in error. This possible dis-
crepancy, plus the complete lack of information for many nuclides,
indicates that a program to accurately measure the resonance activation

integrals of various nuclides could yield some useful basic data.

7.5 Analysis and Comparison of Results

The experimental results of the measurements made during the
present work show good agreement with the results of measurements by
Peak et al. (P2) in the M.I.T. Miniature Lattice Facility. This agree-
ment indicates that the miniature lattice can be used for microscopic
parameter measurements. The feasibility of using the miniature lattice
for other measurements is currently being studied. The value of k_|
obtained from the results of the present work agreed within the experi-
mental uncertainty with the value of k  obtained by Malaviya et al. (M3)from
pulsed neutron experiments made in the 1.75-inch lattice. The results
for the values of f, £ Lz, and ;—E_a of Malaviya et al. also showed
reasonable agreement with the results obtained from the output of the
computer programs THERMOS and GAM-I. Investigations in the lattice
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facility by means of the pulsed neutron technique are being continued.

The theoretical results obtained from the output of computer pro-
grams THERMOS and GAM-I were used to aid in the analysis and
interpretation of the experimental results. There were some significant
discrepancies between the values of the microscopic parameters calcu-
lated from the theoretical results and the experimental values of these
parameters. The discrepancies are most likely due to shortcomings
associated with the GAM-I calculations as applied to the present work.
The effects of those discrepancies on the final analytical results given
in Chapter VI are small (see Section 5.3). A more sophisticated theo-
retical treatment such as is being undertaken by Honeck (H11) should
pinpoint the sources of errors in the theoretical treatment.

In summary, the usual microscopic lattice parameters were
measured in the three lattices studied. The general precision of these
measurements was improved as a result of the extra care and precautions
introduced into the experimental techniques and procedures. An investi-
gation of systematic errors was carried out and the sources of these
errors were avoided or, where this was not feasible, correction factors
were developed. A new method was developed to measure the ratio c*
which simplified the experiment, reduced the experimental uncertainty
associated with the measurement, and avoided systematic errors inherent
in the method used to measure C* in earlier work. A new experimental
method was also developed to measure the effective resonance integral
of U238 in a fuel rod in the lattice. Methods to measure the resonance
activity of a nuclide were developed, and these methods were used in a
new approach for finding the value of the resonance escape probability.
This new method had the advantage of avoiding the use of cadmium. The
final results obtained are consistent and in good agreement with earlier
work done at M.1.T.
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APPENDIX A
NOMENCLATURE

Superscripts
a denotes a quantity pertaining to nuclide a
b denotes a quantity pertaining to ‘—1; absorber
FP denotes a quantity pertaining to a measured fission
product activity
235
25 denotes a property of U
28 denotes a property of U238
39 denotes a property of Np239
140 denotes a property of La140

Subscripts

b

EC

F, FAST

H

Lat

res

SC

denotes a quantity pertaining to a foil irradiated bare in the
lattice facility

denotes a quantity pertaining to a foil irradiated cadmium-
covered in the lattice facility

denotes a quantity pertaining to the epicadmium portion of
the neutron flux spectrum

denotes a quantity pertaining to the high energy portion of
the neutron flux spectrum

denotes a quantity pertaining to a foil irradiated in the cavity
sample tube or "hohlraum"

denotes a quantity pertaining to the lattice
denotes a quantity pertaining to a Maxwellian flux
denotes a quantity pertaining to the resonance energy region

denotes a property of or quantity pertaining to the sub-
cadmium portion of the neutron flux spectrum
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Subscripts (continued)

TOT
1

A\

13

25
28

denotes a property of or quantity pertaining to the total
neutron flux spectrum

denotes a property of or quantity pertaining to the l portion
of the activation cross section of a nuclide

denotes a quantity pertaining to an experiment made in
position 13 of the MITR

denotes a property of U235

denotes a property of U238

Arabic Symbols

A

F(t)

activity induced by neutron capture
material buckling

ratio of capture rate in U238 to absorption rate in U235

(initial conversion ratio)

238 235

ratio of capture rate in U to fission rate in U
value of C* determined in a Maxwellian flux
value of C”< determined at a reference position
value of C»< determined in an infinite system
activity of depleted uranium foil

energy (ev)

peak energy of a resonance in an activation cross section
effective resonance integral

thermal utilization of fuel

thermal utilization of moderator

fraction of epicadmium U235 fission product activity caused
by high energy neutrons

fraction of epicadmium Np239 activity caused by high energy
neutrons

ratio measured fission product activity of U238 to measured
fission product activity of U235
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Arabic Symbols (continued)

G ratio of the subcadmium capture rate in U238 to the sum of
the absorption rate in U235 plus the 1/v capture rate in U23

k ratio of the net neutron production rate to the net neutron
consumption rate in an infinite system

L thermal diffusion length
1 nonleakage probability
1 F nonleakage probability in the high energy region
lr nonleakage probability in the resonance energy region
2 th nonleakage probability in the thermal energy region
‘QC* ratio of the value of C* in an infinite system to the value of
C* in a critical system
Ls ratio of the value of 6 5 in an infinite system to the value of
25 625 in a critical system
2 ratio of the value of pgg in an infinite system to the value of
Pag Pag in a critical system
p resonance escape probability
. 235 .. .. - 235
P(t) ratio.of the measured U fission product activity per U
fission to the measured U238 fission product activity per
U238 fission
QO rate at which neutrons slow down into the thermal energy
region
q, slowing-down density at upper limit of the thermal energy
region
dres slowing-down density at Eres
q(E) slowing-down density as a function of energy
q(u) slowing-down density as a function of lethargy
R Au cadmium ratio of gold within the fuel rod
Rb ratio of the activity of a foil irradiated bare in the lattice to
the activity of a similar foil irradiated in the cavity sample
tube
R c ratio of the activity of a foil irradiated cadmium-covered in

the lattice to the activity of a similar foil irradiated in the
cavity sample tube
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Arabic Symbols (continued)

Rp

res

RI
TRI

ratio of the U235 fission product activitg of a uranium foil
irradiated bare in the lattice to the U235 fission product
activity of a uranium foil irradiated in the cavity sample tube
cadmium ratio of a nuclide in the moderator

ratio of the Np239 activity of a uranium foil irradiated bare
in the lattice to the Np239 activity of a uranium foil irradi-
ated in the cavity sample tube

cadmium ratio of a nuclide in position 13 of the MITR

ratio of the resonance activity of a foil irradiated in the
cavity sample tube

resonance integral
total resonance integral (RI plus epicadmium —3; contribution)

lethargy

Greek Symbols

%95
%28

525

ratio of the capture rate to the fission rate in U235

ratio of the capture rate above 1 Mev to the fission rate

140 235

yield of La from the fission of U

40 238

yield of Lal*Y from the fission of U

ratio of La140 activity of a depleted uranium foil to La140
activity of a natural uranium foil

ratio of the fission product activity of a depleted uranium foil
to the fission product activity of a natural uranium foil

. . 1 .
cadmium ratio of a 7 absorber in a fuel rod

defined by Eq. 3.2.1

235

ratio of epicadmium U fission rate to subcadmium fission

rate in a fuel rod

238 235

ratio of U fission rate to U fission rate in a fuel rod

value of 628 for a reference position
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Greek Symbols (continued)

‘pres

fast fission factor (defined by Eq. 6.1.6)
proportionality factor (used in Sections 2.4, 6.3, and 6.4)

ratio of U235 atom concentration to total uranium atom
concentration in a depleted uranium foil

. 235 . .
ratio of U atom conceniration to total uranium atom
concentration in a natural uranium foil

multiplication factor (defined by Eq. 6.1.4)

235

average number of neutrons produced per U fission

238 icsion

average number of neutrons produced per U
average logarithmic energy loss per collision

ratio of the epicadmium activity to the subcadmium activity
of a gold foil irradiated in a fuel rod

ratio of the epicadmium activity to the subcadmium activity
of a resonance detector

ratio of the epicadmium activity to the subcadmium activity
of a 1/v detector

ratio of the resonance activity to the subcadmium activity of
a resonance detector

ratio of the epicadmium Np239 activity to the subcadmium
Np239 activity of a uranium foil irradiated in a fuel rod

cross section at 2200 meters per second

resonance portion of microscopic cross section

1/v portion of microscopic cross section

macroscopic absorption cross section

macroscopic capture cross section

o . 238
macroscopic high energy capture cross section of U
macroscopic fission cross section

macroscopic scattering cross section

Fermi age of neutrons (cm2)
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spatially and spectrally integrated neutron flux
conventional neutron flux in cavity sample tube

neutron flux per unit lethargy at energies above resonance
absorption area

defined such that RIdJreS is the resonance capture rate
. . 1

defined such that 01/V¢1/V is the g capture rate

neutron flux per unit energy

neutron flux per unit lethargy
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A2
A3

A4

B1

B2

B3

C1

C2
C3

D1

El
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APPENDIX C
COMPUTER PROGRAMS

This appendix contains the listings of three computer programs
used during the course of the present work.

The program LSQ is listed in Table C.1. This program was used
to fit a polynomial by the least squares method to the measured fission
product activities of uranium foils as a function of time. The raw count-
ing data is corrected for counter dead time, room background, natural
and residual activities of the fbils, foil weight, and foil thickness. Poly-
nomials ranging from second degree to tenth degree may be obtained for
any combination of three functional relations: A as a function of t, In A
as a function of t, and 1In A as a function of 1ln t, where A is the cor-
rected fission product activity and t is the time at which the activity was
measured.

The program ANA, which is listed in Table C.2, was used to aid in
the reduction of the raw counting data obtained from the experiments
made to measure the intracellular activation distributions. The raw
counting data are corrected for counter dead time, room background,
foil weight, foil thickness, decay of activity, and position in the expo-
nential tank.

The program AVNDFL was used to calculate the spatially averaged
thermal neutron flux spectrum from the punched card output of the pro-
gram THERMOS. Table C.3 contains a listing of the program AVNDFL.
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TABLE Co1

COMPUTFR PROGRAM LSO

#M2133-1657,FMSIRESULT9395,1010004500 We DARDENNF LSo
» XEQ

* LISTS

* LABEL

CLSQ=-4D

A SYMBOL TABLE

(2 ¥aXa¥aXaXaXalaXaXaXaXaXaNalaNaNa el

N -

38

36

39

11

DIMENSION YLS(100)sYILS(100)+CTI100)¢XX(100),T(100)
DIMENSION ID(16)sANI11)
DIMENSION X(100)sY(100)sSUM{21),V(1194AC1198(11,12),C(100),F(11,

1100)9CM(11511)3CX(11921)9COF(10+s10)sNCFIIL)DSQAILINA)I4FPSA(1I1),4RSQ
2(100)sWTCO(100)

COMMON MIN¢MAX oNoMORE ¢NCASE¢NT yNFoNTFoNPsN1gN2sN33N&GsNSyNEINT
COMMON XY oMyID
FORMAT( 16A5)
READ l1s(ID(T1)91=1,16)
I10(1) 1S AN 1,Ds STATMENT
PRINT 15(1ID(1)e1=1,16)
PUNCH 15(ID(1)91=1,416)
READ 3sMINJMAX sNyMORE 4NCASEoNT JNF oNTFoNPoN1 gN24N3 yN4oN54NEoNT
PRINT 54
PRINT 499MINgMAX9NyMORE yNCASEJNT sNFoNTFoNPsN1 sN2y N3 oN&yNSoNESNT
FORMAT(1615)
FORMAT(8EL1746)
MINSLOWEST DEGREF EQUATION TO BF FIT TO DATA
MAX=HIGHEST DEGREF EQUATION YO BE FIT TO THF DATA
N=NUMRFR OF NDATA POINTS
MIN LESS THAN MAX LESS THAN N-1 OR 1n
MORE=NUMBER OF SFTS OF NDATA FOLLOWINR THYS ONF
NCASE=1,D¢ NUMARFR FOR THIS SFT OF DATA
NT=NUMBER OF T(I) POINTS TO BE READ
NF IS THE CONTROL FACTOR FOR THE SCALE FACTOR AND THE SHIFT TERM
NTF IS THE CONTROL FACTOR FOR THE TYPE OF FIT
NEG LOG-LOG ZERO LINEAR POS SFEMI-LOG
IF NP IS POSs PRFP 1S CALLED
IF N1 1S NEGy NTF==1 FOR SECOND PASS WITH DATA SET
IF N1 1S POSe NTF=1 FOR SFCONN PASS WITH NATA SFT
IF N2 1S NEG AND N1 WAS POS, TWO PASSES MORE PASSES WITH DATA SFT WILL RF
MADF WITH NTF=1 AND =1
N3 1S CONTROL CHARACTER FOR WFEIGHTING COFFFICIFENTS
IF N3 1S POSeWT, COFF, ARE RFQUIREDs OTHFRWISE WT,COFF, = 1,0
N& 1S CONTROL CHARACTER FOR CELL FIT, YFS 1F POSITIVFE
IF(NP1364536,38
CALL PREP
1F(M)39,39,202
READ INPUT TAPE 4945 (X(1)s1=1eN)
READ INPUT TAPE 4,45(Y(1)s1=1,N)
X(1) IS THE INDEPENDENT VARIABLE, Y(1) 1S THE DFPENNENT VARTARLE
WRITE OQUTPUT TAPF 2,%0
PRINT &444(X(T)oY(1)s121,4N)
CONTINUF
IF(NF)Y10410,11
READ 4,Y0+X0



12

-
[ e B . I ]

19
2%
27

21
29

41
30

24
600
650
610
612

620
621

700
622
619%
618
T1%

629

S

YO 1S THE SCALE FACTORs XO 1S THE SHIFT TER

DO 12 I=1,N

X(1)=XO+X( 1)

Y(1)=YORY(])

PRINT 14

PRINT 44,Y0¢X0
FORMAT(12H1CASF NUMBER)
FORMAT(13HOCASE NUMBFR=,16}%
FORMAT(1THOPOINTS TO BF FIT)
TF(NT)18,19,18

READ &49(T(1)eI=14NT}H

T(1) ARE THE NEW TIMES FOR LS VALUFS
PRINT 9o

PRINT A& (T(199I=214NT)
IFINTF) 25924425

DO 27 1=1,N
Y(1)=LOGFI(YL(1))

PRINT 22

PRINT A& (Y(1)elmloN)
IFINTF2149240246

DO 29 I=1,N
X¢1y=LOGF(X(1))

PRINT 34

PRINT 44 (X(1)e131N)
IF(NTYI&L] 426,41

DO 30 I=1,4NT
T(1Y=LOGF(T(1))

PRINT 4&o(T(1)91m14NT)
CONTINUF

1F (N3) 61098104500

READ INPUT TAPE 4,45 (WTCO(T)oT=1N)
WRITE OUTPUT TAPE 2,6%0
FORMAT (23HOWEIGHTING COEFFICIENTS )
PRINT 449 (WTCO(I)s1m10N)

GO TO 620

DO 612 1=1,4N

WTCO(1)=1,0

IF(NGY) 62296224621

READ &,SP

RAD = SP/240

DO 700 T=1,N

IT1=14N

1T2=N=141
X(IT1)=2,0%8RAD=X(1T2)
WYCO(IT1)sWTCO(IT2)
YOIT1)=YIT2)

DO 200 M=MINMAX

IF (N&) 62996294618

N=2%N

PRINT 715,SP

FORMAT(61HOTHES IS A CELL FIT IN POWFRS OF X-SQUARE, ROD SPACING(T

INg) =F6,3)
LS=28Me ]
LBsMs 2
LV=M+1
DO 8 JU=1,ulS

SUM (J)=0,0
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813
818
819
13
14
15
823
828

17

20

22

23

26

28

31
32
33
34
35
37
40
42
43
44

45

46

DO 8 JUs=l,LV

ViJ)=0,0

DO 16 T=1,N
SUM(11=SUM(1)4+WTCOLT)Y
PaWTCO( 1)

V1 IsVI11+Y(TIRWTCO( )

DO 13 =2,LV

IF (N&) 818,818,813
P=X(I)%EX(I)»pP

GO TO 819

PaX(1)#P

SUM(J)sSUM(J)+P
ViJi=sV(JIeVIiTI*P

FORMAT (28HOSCALE FACTOR AND SHIFT TERM)
FORMAT(1H1,16AS5)

DO 16 JsLB,LLS

IF (NA) 828,828,823
PaX{1)#X({1)%P

GO TO 16

Pax ()P

SUM(Jy=SUM(J)+P

DO 20 1=1,LV

DO 20 K=1l,LV

JsKe1

BiKe1)uSUMtJ=1)

DO 22 K=1l,LV

B{KoLBY=V(KY

DO 31 Lsi,LV

D1VB=B(L,L)

DO 26 JsL,LB
B(LsJ)=B(LoeJ)/DIVB

11=l+]

IF(11-LB)284+33,33

DO 31 1=11l,lV
FMULTB=B(T,L)

DO 31 Js=L,L8
B(IsJ)=BlIoJ)=B(LJ)RFMULTB
FORMAT( 8HOY=LN(Y))
AtLVI=R(LV,eLAY
FORMAT ( BHOX=LN(X )

t=LV

SIGMA=N,0

DO 37 JUsl,eLV

SIGMA = SIGMA +B(1=19J)#A())
I=l=1

A(1)=B(1sLB)=STIGMA
IF(1~1)862442,35

WRITE OUTPUYT TAPE 2,43
FORMAT ( 30H-POLYNOMIAL COEFFICIFNTSe A(NY)
WRITE OUTPUT TAPE 29449 (A(1)e1=1,LV)
FORMAT(1P10F1244)

PUNCM 45, M CASEWM
FORMAT(10HCASE 1D 1SeT16+3X910HDEGREF 15,169
PUNCH 43

PUNCH 463(A(1)9e1=1,LV)
FORMAT(6EY12,5)

AN(11=1,0
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a7

48
49

50

832
833

838
51
834
52

sa

60

59
61
62

78

63
73
T4
837
839
83%
841

a4
78

1

DO AT 1=2,LV
AN(YI=A(TY/A(1)

PRINT A8

FORMAT(10H A(N)I/ZALO))Y
FORMAT (1X+1616)
PRINT 44, (AN(T)sTI=1,4LV)Y
FORMAT { 9HORAW DATAY
TT=20,0

IF (NAY 838,838,832
DO 833 K=l4N
XX(K)=XtKI®#X(K)

N=N/2

GO TO 834

DO 51 K=1,N
xXIK)=X(K)Y

NN=N

DO 60 K=1oNN

Psl,0

FORMAT(1HO,

175

) BXIHMIN 9 3X3HMAX ¢ SX1HN ¢y 2X4HMORF ¢ 1 XSHNCASE ¢ 4X2HNT 9 4 X2HNF ¢ 3X3H
2NTF o 4X2HNP g AX2HN1 ¢ 4X2HN2 24X 2HN3 s HX2HN &G 9 4X2HNS 9 4 X2HNS 9 4X2HNT)

HAVE USED STATMENT NUMBERS FROM 1 UP TO HERE

YLS(K)=0e0
YILSIK)=O0,0

DO 60 1sl,lV
YLSIK)=YLS(K)+A () 2P
PapP#XX(K)

YILSIK)=YILS(K)+ALTY#P/FLOATF(1)

CT=060

DO 59 K=1,N
CT=CT+YLS(K)
IF(TT)61661477
D0 62 K=1,N
CtKy=YLS(K)
CT(Xy=YILS(K)
TT=1l,0

PRINT 75

FORMAT ( 14HOSMOOTHED DATAY
PRINT A&s(X(19+C(1)oTm14N)

PRINT 63,CT
FORMAT{ SHOSUM=sE12,5)
PRINT 73

FORMAT(26HOINTEGRAL OF SMOOTHED DATAY
PRINT &4&4o(X(T1)sCI(T)ol=1oN)

IFINTYIT4,81,74
IF(NGY) 835,835,837
NO 839 K=]1yNT
XX(K)=sT(K)Y#%2,0
GO TO 84!}

DO 76 K=1,4NT
XX(K)sT(KY

NNeNT

GO TO %2

PRINT 78

FORMAT (13HODESIRED DATA)

PRINT 445 (T(I)eYLSII)sT21,4NT)

PRINT 63+CT

RHEEBRUERERRBRLRRBERBARBRER R



79
81

53

70

80

8s

86

103

104
105
110

118

117

118

120

140

308

300

141

PRINT 79

FORMAT(25MOINTEGRAL OF DESIRED DATA)
PRINT 4490t T(1)oYILS(T)oI=14NT}H

CONT INVE

DO 70 K=1lsN

=1

FFsl,0

FlToK)=FF

T=141

FFeFFEX(K)

FtleK)=FF
IF(1-M=1)53,70+70
CONTINUE

DO8S 1=1,LV

DO8S JU=1l,LV

K=l
CMLtTIoJI=F(T4KRIRF(IeK)
K=K+l
CMEToJ)ImCM{ T o J)SF(ToK)RF(JIeK)
IF(K=N)80+85,85

CONT INUF
TFI(NTFY141,86,141
CONTINUF

DO 140 L=1l,LV

11=1

1=}

JI=1

Jm=1

1F(1-LY104,218,1064
1F{J=-L910%,11%,10%
1F(J=-LV)I11001104117
COF(I1oJJ)ISCM(T o))

J=J+1

JInJJI+1 .

GO TO 104

Js g4l

GO TO 104

=1+l

11s11+1
IF(1=-LVI103,2039120
I=1+1
1IFIT=-LV)10&4,4104,120
LVV=LV-1

CFul,0

MMaXDETRMF (104LVV4COF CF}
DCF(L}sCF

CONTINUF

WRITE OUTPUT TAPF 2,308
FORMAT( 21HODETS OF COF MATRICFS)
PRINT 443 (DCFIL)oLx1sLV)
DCM=1,0
MMaXDETRMF(11sLVeCMeDCMY
WRITF OUTPUT TAPF 2,300
FORMAT (16HODFT OF € MATRIX)
PRINT 4&44,DCM

GO TO 149

CT=0,0
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142

143

144

149
150

151
152
153

160

170

m

180

185

186

187

188

190

19%

200
201

DO 142 Is]1N
Cltry=v(I])

Y{1y=EXPF(Y(1))
C(T1y=EXPF(7 (1))
CT=CT+C(1)

PRINT 75

PRINT 44,(C(T)s1=14N)
PRINT 43,27
TFINTY140,140,143
CT=N,0

DO 144 1=]14NT
YLS(IY=EXPFEYLS(1)})
CT=CT+YLS(I)

PRINT 78

PRINT 44 (YLS(T)el=14NT)
PRINT 63,CT

DO 150 I=14N
RSQUIN=(CII)=Y(INIH(CLIV=Y(TY))
TIFINTFYI151,153,15

DO 152 1=1oN
Y(1y=C1(1)

=1

SRSO=RSQ( 1)

1=141
SRSQ=SRSQ+RSQA( 1)
IF(1-NY1604170+170
OM=SRSQ/FLOATF (N=-M=-1)
1F(NTF)188,171,188
W=0OM/DCM

DO 180 L=l,LV
WW=DCF (L) #W

WW=ABSF (WW)
EPSA(L)=SQRTF(WW)
WRITE OUTPUT TAPE 2,185

FORMAT ( 32HOCOEFFICIENT UNCERTAINTIES, FINY)H
WRITE OUTPUT TAPE 2,34+ (EPSA(L)sLE14LV)

DO 186 L=l,yly
AN(L)=EPSA(L)Y/ZAL(L)Y

PRINT 187

FORMAT(10H E(N)/A(NY)H
PRINT 4ho (AN(L) )L=1,4LV)
PUNCH 185

PUNCH 46+ (FPSA(L)sLumlotVy
BV=SRSQ/FLOATF (N)
ERMS=SQRTF(BY)Y

WRITE OUTPUT TAPE 2,190
FORMAT ( 10HORMS FRROR)
WRITE OUTPUT TAPE 2,449TRMS
OMEGASSQRTF.{OM)

WRITE OUTPUY TAPE 2, 195
FORMAT (11HOERMS ERROR)
WRITE OUTPUT TAPE 2, &4, OMEGA
CONTINUE

1F(N1)201,2029203

NTF==1

N1ls=0

1FI(N2)21,19410
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203 NTFs=]
N1=N2
GO TO 19
202 CONTINUE
IF(MORF)205,205,2
20% CALL FXITY
END
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SUBROUTINE PREP

- LIST8

* LARFL

CPREP1

» SYMBOL TABLE

DIMENSION TC(100)+CSII00IsINII6)sRGIIO0)IBT(10N),CTI1A0YACI1AN)Y
DIMENSION T(100)sRB(100)RT(100)+CA(100)
DIMENSION X(100),Y(100)
DIMENSION TMCORR (100)
COMMON M!NOMAX’NQMOREQNCASE;NTONFoNTFoNPoNI0N29N30N49N50N69N7
COMMON XY oMy ID
FORMAT(1615)
FORMAT(16AS)
IFIN)L1e3y2
CALL EXIT
READ 6eWToWOsTAUSPTDECAYS16G
WY 1S THE FOIL WEIGHT
WO IS A STANDARD FOIL WEIGHT TO WHICH ACTIVITIFS ARF CORRECTFN
TAU 1S THE COUNTER DEAD TIME
Pl IS THE COUNTER PULSE PILE UP
DECAY 1S THE DECAY CONSTANT OF THE ACTIVITY
S1G 1S THE WEIGHT ATTENUATION COEFFICIENT FOR THE GAMMA SELF-ABSORPTION
CORRECTION FACTOR
6 FORMAT(6E12,9%)
READ 69BATABRyTByBS,TS
BA IS THE PREIRRADIATION BG OF THE FOIL
TA IS THE COUNT TIME FOR BA
BB IS THE PREIRR, BG FOR THE CONTROL BG FOIL
T8 1S THE COUNT TIME FOR BS
BS 1S THE PREIRR, ROOM RG
TS 1S THE COUNT TIME FOR BS
MsMIN
BR=0,0
BO=BA/TA
GO=BB /T8
RO=BS/TS
IF(BO)83,34,%2
52 IF(GO)33934,53
53 BR=(BO-RO)/(GO=RO)
IF(BR)IZ34534,3%
33 PRINT 36
36 FORMAT(20HERROR ON DATA CARD 4)
GO 70 3
34 BR=1,0
3% IF(M)27+27,28
27 M=6
28 DO 13 t=1,N
BG(1)=0,0
BT{1)=n,0
RB(1)=0,0
RT(1)=0,0
13 CT(19=0,0
READ 6+(BG(1)y1=1,M)
BG(1) ARE THE CONTROL BG FOIL COUNTS FOR THE 1.TH COUNTING SESSION
READ 6+(BT(1)y1ml M)
BT(I) ARE THE COUNT TIMES FOR BG(T)
READ 69(RB(TYy1I=]l,yM)
RB(1) ARE THE ROOM BG COUNTS FOR THE 1,TH COUNTING SESSION
READ 65(RT(I)eT=l M)
RT(I) ARE THF COUNTING TIMES FOR RB(Y)
READ 6+(CT(19s1n14M)

W WwN
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51
54

&7
48

37
38
39
40

10
11
12
14

21
22
23
49

26

50
30

CT(1) ARE THE COUNTING TIMES FOR THMF CS(T)
TF(BTI13951+51,+5%4

BT(19=1,0

CORTINUE

IF(BG(11947947948
BG(1)=BA/TA-BS/TS+RBI1) /RTL1)
BG(1)=RG(1#8T (1)

DO 12 1=24N

1l=t-1 ‘

IFIRT(TY138,37,938

RTtT)=RT(IT)

IF(RB(T191&40939,40

RB{1)=RB(IT)

IF(BT(171847,8

BTt(1y=BT(I])Y

IF(BG(11110+9910
BG(T)=BG(IT)/BTITITI1=RBITTY/RTIITI+RB(TYI/RT(T)Y
BG(IY=BG(TI#BT(1)

IFICT(T))12411,12

CTery=CT(1I1)Y

CONTINUE

READ B9 (TCLT)9CSITIeTx1yNY

TC(19 ARE THE TIMFS THE CS(1) WFRF STRATFD
CS(1) ARE THE FOIL COUNTS FOR THE T4TH COUNTING SFSSION
M=0

IF(S16G121922421
WTn(1,0=-EXPF(=WTHSIG)) 7 (WTH{]1,0~-EXPF{=-WO%S1G)))

_IF(DECAY 123426423

DO 49 1=1,N )
TMCORR (1) =EXPF(TC(T)*DECAY I RDFCAYRCT(1)/t1.0-EXPF(~CT(1)*DECAY))
M=}

GO TO0 30

DO 50 I=1eN

TMCORR(1)=1,0

TCULIYsTC(IY+05%CT(])

DO 15 1=1,N

X{1Y=TCL]Y

R=RB(I)/RT(])

Bs(BG(1)/BT(11-R)%BR+R

CG=CSLTYI/CTLY)

CH=CG#(1,0+TAURCG)

CCeCHE(]1,0-PT#CH)~B

CC=CC®*TMCORR( 1)

AC(T)=CCHWO/WT

Y(ry=AClT)

CALTYI=AC(IRCT(TY

TEIMAX) 24924425

MAX=&

GO TO 2%

MAX=N-1

GO TO A3

IFIMAX=N)4395) 4]

TF(MAX=10165:45044

MAX=10

MIN=2

PUNCH 16

FORMAT { 30HCORRECTFD TIMFES AND ACTIVITIFS)
PUNCH 69 (TCITIsAC(T)oT=1oN)

PRINT 18

FORMAT (1HN 3 TX2HWT 4 12X2HWO s 1 2X3HTAU 11 X2HP T Y
PRINT 20oWToWOsTAUWPIT
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PRINT 4
A6 FOLNAT(?HO.?XZHBA.IZXZHTAolZXZHBBol2X2HTB¢12XZHBS.12X2HTS)

19 FORMAT(1HO9»1X12HTIME COUNTED,1X13HCORRECTED ACT,6XBHCORR CTSy6XBHR
1AW CTNSs1X13HCOUNTING TIME4X10HBACKGROUNDs1X13HBG COUNT TIME,7XTH

PRINT 20+BAsTA9BBTBBS,TS
PRINT 19

- 1RO0OM BG1X13HRM BG CT TIME)

20

29
17

31
&2

PRINT 205 (TCUT)sACIT) 9CAIT) 4CSITIIsCT( NI sRGITISRTITIIRB(TI4RT(I) ol

114N)
FORMAT(9E14,%)
TF(DECAY 19999999429
IFINT)999,999,17 ¢

READ 69 (T(1)s1=1,N)

YT=0,0

DO 31 I=1,N

Y )mY({ 1) REXPF («DECAY#T (1))
YT=YT4+Y(1)

PRINT 42

FORMATCIAHET (1Y AND Y(1Yy)
PRINT 69(T(T1eY(1)sI=1,N)
PRINT &,Y7

FORMAT(10HOSUM Y(1)=yE1265)
RETURN

END
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TARLF C,2

COMPUTFR PROARAM ANA

#M2133-16579sFMSHIRESULT+245,510000450N We DARNFNNF ANA
* XEQ

* LISTA

* LARFL

CANA~1ID PROGRAM RY W, He DARNFNNF, 9/13/62

* SYMBOL TABLF

DIMENSTION WT(1000)sND(IN0) sCTIINNG24)4SATCTIINNG24) 4R L TM(INAN,D4)
DIMENSTON DELAY(24)sCOUNTS(24) oDTF{24)3AVTTIINNY ¢MA(TNN)
DIMENSTON HOLR(16)9ADENTI(96)9COFL100,11)9X(28)sY(24)sF(A),LLLLINNY
DIMENSTON DIVI(100)sRMS{100)3NMFGAL1NN)
DIMFNSTON FW(1000)sWORD(4) s TWD(4)
COMMON WT oNDsCT sSATCToRFLTMyNFLAY 3COUNTS ¢ DIF JAVET JMNGHALRGANENT
COMMON DKAY oLMAXNMAX JNPASS,F yNOHTI TS, TMCFR
1 READ 104,NORUNS
TF(NORUNS)I1INNG1INN,102
A RLANK CARD TFRMINATFS RUN
1N CALL EXIT
102 CONTINUE
CALL LTIR(WT,FygANFNT)
2010 READ1IBy(HOLRI(T)s1=1y16)
READ 10,NOHITS
PRINT 20
PRINT 19, (HOLR(1141=1416)
CALL CALC
NORUNS=NORUNS~1
IF(NORUNS)1?Y 41,2010
10 FORMAT(1615)
18 FORMAT(16AS)
19 FORMAT(1X16A85)
20 FORMAT(22H1ANALYSTS OF FOTL DATA)
END

2l



»
»

LISTA
LARFL

cL1B8-1D PROGRAM BRY W, He DARDFNNE,y 9/2/63

*

»*

104
106

108
110

120
121
122
123
124
140
12%
126
130

131
132

133
134

138
136

137
138

142

150

51

SYMBOL TABL F

SUBROUTINE LIR (WTsFeADFNT)
SYMROL TABLF

DIMFNSTION WT(1000)4F(6)ADFNT(06)
DO 2 K=1,1000

WY (K)y=NngN

PROGRAM NOW RFANS IN FOTL L TRRARY
READ INQ(ADFNT(Y,QY’Yooﬁ’
READ 124LMAXo(F(T)9T1=146)
TFILMAX)I110,110,4104
TFILMAX=1000)108,1N08,106
PRINT 14

CALL EXIT

CONTINUF

READ 189 (WT(L)oL=1,oLMAX)Y
CONT INUF

MAXsLMAX

NEW FOILS ADNED OR RFPLACFD
RFAD 104,LNFWoNPRINT s NPUNCH
NAM=| NFW
TFILMAX+LNFWYI1I2N4120,12Y
PRINT 22

CALL EXIT
IF(LNEW)I1I50N041509122
TF(LNFW=10N00)1244124,12%
PRINT 24

CALL FEX1IT

CONT INUF

PRINT 26

RFEAD 2B9MAJAJMR YR yMC g yMD,yN
PRINT 30¢MAJAgMBRyMC,CyMDyN
1F(MDY1125,12%,13N0
TIF(MCY12691264132

1F(MBY 136451369134

WY (MD)Y=D
TF{MD=MAX)1325132,131
MAX=MD

WY (MC)=C
1F(MC-MAX)1344134,133
MAX=MC

WT(MR) =R

TF(MB-MAX 1136513641358
MAX=MB _

WT(MAY=A
TF(MA-MAX)1385138,4137
MA X =MA

CONTINUE

NAM=NAM=4

IFI(NAMY 142,142,140

CONTINUE

MAX=MAX NO, OF FOILS TO DATF
CONTINUE

IFI(MAX=1000)44¢443

PRINTS1

FORMAT(24HOTOTAL FOILS EXCEEN 1AN0)
CALL EXIT

CONTINUE

LMAX=MAX
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2000
2002

2001

2004

IF(NPRINT)I2001,200142002

CALL PRNTO(WTyMAX,ADENT)

PRNTO PRINTS OUT LIBRARY

CONTINUE

IF(NPUNCH)2003+2003,2004

PUNCH 18, (ADENT(1),1=1,96)

PUNCH 124MAXs(F({T)141=146)

PUNCH 164 (WT(T1)e1=1,MAX)

CONTINUF

FORMAT(615)

FORMAT(15,6F12,5)

FORMAT (27HILTRRARY EXCFFDS 1000 FO1Le)
FORMAT(6E12,45%5)

FORMAT(16AS5)

FORMAT (22HIANALYSIS OF FOIL DATA)
FORMAT(15HCNO FOILS GIVFN)
FORMAT{24HOFOILS ADDED FXCFFN 1000)
FORMAT(21HOFOTL WFIGHTS CHANGFD/&4(4X,1HT 912X 9 2HWT )
FORMAT(4(154F106%))
FORMAT(4(T1%,1PF14,5))

RETURN

END
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*
*

LISTS
LARFL

CPRN-1D

*
c

200
202

204

206
208

210

laXaXs)

212
214

216

218

230

238

240

319

10

241

242

SYMROL TABLF

PROGRAM PRINTS OUT AN ARRAY

SUBROUT INE PRNTO(FWsNMAXsADENT)
DIMENSION FW(1000)sWORD(&)sIWD(4) sADFNT(96)
J=1

IF(NMAX=J%2001204420449202

J=J+1

GO TO 200

NPAGF= )

MX=NMAX=200% (NPAGE=1)

J=1

IF(MX=J%#50)2109210,208

JuJ+l

GO TO 206

NCOLM=Y

NW=MX=50% ({ NCOLM=1)

NPAGE=NUMBER OF PAGES
NCOLM=NUMBER OF COLUMNS ON LAST PAGF
NW=NUMRER OF WORNDS IN THE LAST COLUMN
MX =0

TFI(NPAGF-11230423Ne214
NPAGE=NPAGF~1

PRINT 614

PRINT 615, (ADFNT(1)e1=1,96)
PRINT 616

DO 218 M=1,50

DO 216 JU=1,4

JX=80#(J=1)+-MX+M

WORD (JY=FWLUX)

1WD(JYy=IX

PRINT G183 IWD(J)sWORN(I) 9J=194)
CONTINUF

MX=MX+200

GO TO 212

PRINT 614

PRINT 615, (ADFNT(T)e1=1,96)
PRINT 616

DO 240 M=] oNW

NC=NCOLM

DO 238 J=14NC

IX=S50%(J-1)+MX4+M

WORD(JYy=FW(JIX)

IWD(J)=UX

PRINT 618, IWD(J)oWORD(J)9J=14NC)H
CONTINUF

NC=NCOLM-]

TFINCY3219321,4319

CONTINUF

NW=NW+1

IFINW=50)10+10+20

CONTINUE

DO 262 M=NW,50

DO 241 J=l4NC

IX=2S0%(J=1)+MX+M

WORD(JYsFW{JUX)

IWD(JYy=JX

PRINT 618, (IWD(JS)sWORD(J)sJ=1oNC)
CONTINUF

185
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321 CONTINUE

20 CONTINUE

614 FORMAT(1H1+30Xs12HFOIL WEIGHTS)

615 FORMAT(1HO»16A5+/45(1X16A5,/))
616 FORMAT(1IHO919Xs4(4H NOgs&Xs6HWFIGHT910X) )
618 FORMAT(20X+4(144F1043,10X))

999 RETURN

END
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CCAL-1D

#
C

s XaXa¥aXaXaNaXaNaNal

100

5001
5002

20

21
22

23

LISTS
LABEL

187

PROGRAM RY R, SIMMS, RFVISFN ayY W, H, DARDFNNT, 972,63

SYMBOL TABLF
PROGRAM ANALYZES DATA FOR CONSTAMT TOTAL COUNTS
SUBROUTINE CALC

DIMENS ION
DIMENS TON
DIMENSION
DIMENS TON
DIMENSTON
DIMENSTON

WT(1000)sND(100)sCTI100924) sSATCT(1NN24) 4RFLTM(100,424)
DFLAY (24) s COUNTS(24) 9NDIF(24) sAVCT (100 4MD(100)

HOLR{16) s ADFNT(96)9COF (1004111 eXL100)sY(1NN)sFL6)
DIVI100) +sRMS{10N) ¢NOMFGA(ION) yNCOF (1600)

FWI1000) sWORD(4) 3 TWD(4)
AUNC(11),ACOE(11),UNCI1I6GN,11),ULI1ANOY

COMMON WY 3hDyCT oSATCT 4RFLTMyDFLAY 4CONNTS yDTF 4AVCT gMNGHOLR yANENT
COMMON DKAY gLMAX JNMAXGNPASS 4 F ¢ NOHITS,, TMCFR

READ 109 NMAXINPASSSROT yBGIRAI 4SFEPTHSLAPF 4STgNKAY
READ 14,TMCFR,TMIRR

READ 629 (COUNTS(1)s1=1,NPASS)

READ 624+ (DFLAY(1),1=14NPASS)

READ 124 (ND{T)e1=]4NMAX)

DO 100 J=1,NPASS

READ 145 (CT(T19J)sT=1,NMAX)

READ 5001,(UL(Y))

TFIULC(1)91,1,2

READ S002s(UL(T)sT7=24NMAX)

GO 70 13

NO 3 1=14NMAX

UL(1y=1,0
CONTINUF

READ 5001,(DIV(1))Y
IFI(DIV(1YY44495
READ 5002+(NDIV{TYeT=,.sNMAXY

GO TO 6

DO 6 I=14NMAX

DIV(1)=1,0

CONTINUE

FORMAT(F10,5)
FORMAT(8FE1N,%)

ND 1S THE

NUMRER OF THF FOTL COUNTFN IN THF T-TH POSTTION

WT= FOIL WFIGHT

CT=COUNTING TIMF

ROT = ROTATION TIME OF AUTOMATTC SAMDLF CHANGFP
RELTM=RFLATIVF TIMF

SATCT=COUNTS AT TIME 2ERO
BACKGROUND=BG+BG1#TIMF cPM

DEADT IMF=

SEPT+SLOPE#COUNTRATE

DELAY= DELAY TIMF RFTWEFN CYCLFS
COUNTS= TOTAL NUMRER OF COUNTS FOR THWF J-THW PASS

M=0
MMe-B
PRINT 138

PRINT 309 (HOLR(I)eI=1416)
CALL CLOCK(2)

MuMe 6
MMaMM4+ &

TF(NPASS~M)21421,922

M=NPASS
CONTINUE

PRINT 19, (JeJ=MM M)

DO 23 1=1,NMAX

PRINT 1791 sND(I)o(CT(T9J)sI=MM M)
TF(NPASS=M)24424420



24

1000

101
102

108

107

109

111
110
112
200

204

114

11%

300
301

120
306

308
307

304

309
310

188

RS=TMCFR

J=1

DO 110 1=1,4NMAX

M=ND( 1)

1FIS1IGYI101,102,101

WY MY (1l ,0=-EXPF(~SIGRWT(M)))/STIG
RELTM{T49J)=RS
AsCOUNTS(JY/CT(14J)

DT IME=SEPT+SLOPE#A
BGR=BG+BGI#RELTM( T4 J}
REALK=COUNTS(J)/(1,0=DTIME*A)~RGRACT(1,J)
IFI(DKAYIIN84109,108
A=EXPF(DKAY®RFLTM(19J) )
Bul0-EXPF(=DKAY#CT(14J))
SATCT(ToJ)=DRAYRRFALKHA/(BEWT (MY}
IF(TMIRRIY111,111,107
SATCT{TeJYIuSATCT(10J)/(1e0-FXPF(=DKAY#TMIRR}}
GO TO 111

SATCT(1+J)=REALK/WT (M)

SATCTUI o J)=SATCT( I N)I®ULLT)/DIVIT)H
RS=RELTMIT 9 J)+CT(I,J)4ROT
TF(J-NPASSY112+114,114
RS=RS+FLOATF (NMAX) #ROT
TF(DELAY(J) 120642044200

CONTINUE
RS=RELTMINMAX s J)I4CTINMAX 9 J)4ENELAY (Y)Y
CONTINUE

J=Jel

GO TO 1000

CONTINUE

M=0

MMz -2

CONTINUE

M=M43

MMsMM4+ 3

TFINPASS-M) 30043005301

M=NPASS:

PRINT 138

CALL CLOCK(2)

PRINT 604BGeBGlsSEPTHSLOPFIDKAY4SIG
PRINT 4029 (COUNTS(J) 9 J=MMM)
PRINT 40

DO 120 1t=1,NMAX

LsNDUTY

PRINT 4291 oLoWTIL)9(RELTM(T4J) oSATCT(I0J) s J=sMMM)
TIF(NPASS=M)306+306+11%

CONTINUE

DEVE=0,0

B-0.0

DO 308 J=1,NPASS

B=R+COUNTS(J)Y

IF(DKAY)A03,4034307

CONTINUE

M=0

MMe 5

CONTINUE

M=M+6

MM=MM4+6§

IF(NPASS-M)309,300,310

M=NPASS

PRINT 128
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PRINT 39, (HOLR(I)91=21,16)
PRINT BOe(JeJ=MM M)

NO921=1 ¢ NMAX
A'O.ﬁ
DO 90 J=MM¢M
90 A=A+SATCT(1,J)%COUNTSC(Y)Y
A=A /B
AVCTUTY=A
DO 91 J=sMM M
91 DIF(JY=SATCT(14J)/A=1,0
SUMSNA=N L0
NO 411 K=MM M
411 SUMSOQ=SUMSQ+NIF(K)%#NTIFIC)#COUNTS(K)Y
SUMSQ=SUMSQ/ (REFLOATF(NPASS )Y
SUMSQ=SQRTF({SUMSQ)
DEVE=DFVF4+SUMSQO
92 PRINT BleToND(T)esAsSUMSO(NIF(JY)pJ=MM M)
IF(NPASS-M)311,4311,304
403 DO 408 1T=14NMAX
DO 409 J=1,NPASS
X(J)=RFLTM(T,J)
409 Y(J)I=SATCT(1,J)
CALL LSP(XoYsNPASSH ACHF JNCOF4FPMS qOMFG4AUNC)Y
412 NCOF=NCOF+1
NO 4n1 M=] ¢NCOF
COF(14M)=ACOE(M)
401 UNC{T14M)=AUNC(M)
Pul,0
0=1,0
AVCT(1)=040
T2=RELTM(NMAX yNPASS)
T1=RELTM(1,1)
DO 410 K=14NCOF
P=P%T2
O=0%T1
410 AVCT(TI)Y=AVCT(1)+COF (1K) ¥ (P-N)
AVCT(IY=AVCT(1Y/(T2~-T1)
RMS( 1y =ERMS
OMEGA ( 1)=0OMEG
NCOE(1)=NCOF
408 DEVE=DFVE+RMS( 1)
404 PRINT 138
PRINT 39, (HOLR(T)eTx1,16)
PRINT 82
82 FORMAT(10Xe10H 1 NOG»TXs14HAVFERAGE CTRATE,10H RMS FRROR(SX&4HNC
10F)
PRINT 83,3 (ToND(T)sAVCTIT)sRMSCIT)oNCOF(T)gTm] NMAX)
83 FORMAT(100/(10Xe215+5X91P2E144543X13))
311 CONTINUF
DEVER1N0NANFVF/FLOATFINPASS)
PTDEVE=100,0/SORTF(B)
PRINT 85,DEVF+PTDFVF
85 FORMAT(1HO926X38HTHF GRAND AVFRAGF OF THF DFVIATIONS 1SsF9,59+9H PE
1RCENT ¢ /727TX39HTHE INVERSE SQRT OF THE TOTAL COUNTS 1S4F9.549H PERCE
2NT,)
10 FORMAT(215,7E10,5%)
12 FORMAT(1415)
14 FORMAT(TF10,5%)
17 FORMAT(215,6F14,7)
19 FORMAT(IOHO T ND(I)eb(TXeSHCT(191297HYY)
38 FORMAT(22HIANALYSIS OF FOTL NATA)
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39 FORMAT({1H0,16A5)
40 FORMAT(5HO 195H LeOXySHWTIL) 93 (10X94HTIMEB8Xs6HCTRATF) )
42 FORMAT(215,0PF14,593(0PF1l4e241PE14453))
60 FORMAT(1B8HORACKGROUND RATF = 1PF12,543H + 1PF12,54 SH®TIMF/
111H DEAD TIMF=1PF12,543H + 1PF1245 THRCTRATF/
217TH DECAY CONSTANT =,1PFl12,5,/304 GAMMA SFLF-ARSORPTION FACTOP=,1P

3€12,%)
62 FORMAT(TE10,.%)
80 FORMAT(10Xe10H 1 NOGoTXs14HAVFRARE CTRATF gSX g GHSUMSN®R% (545X 46 (

13Xe&HDIF(IT91H) )Y
81 FORMAT(10X92715e5Xs1PF14454TXs0PFO,545Xe0PEF1N4B)
402 FORMAT(24Xe3(5Xs9HCOUNTS = 1PE14,51))
405 IF(NOHITS)&0T 4074406
406 CALL MICRO
407 CONTINUE
999 RETURN
END
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* LISTS

* LABEL

CLSP-1D PROGRAM BY W, He DARNFNNF, 9/2/63
* SYMBOL TABLE

SUBROUTINE LSP(XeYsNpsAgMeRMS yOMFGoAUNCY
DIMENSTONOMFGA (10)9AALIN0TIT) s XCINN)4YITIONY sSUMI21YoVI1V )48 (11),0¢
11101219CC100)sF(119100)4CM{179711)9CX( 11911 9COFLINSIN)¢NCE(11) 400
20100)+FPSA(11910)eRSO(IN0),FRMS(10)9AUNC(1])
IF(N-10)2+924¢3
2 MAX=N-1
GO TO 12
3 MAX=10
12 DO 200 M=) ,MAX
LS=2%#M+]
LR=M42
LV=Me)
DO 8 Ju2,LS
S SUM (J)=0,0
SUMt1)=N
DO & J=l,lV
6 V(Jy=0,0
DO 16 I=1,NM
P=1,0
V1)=v(1)+Y(T])
NO 13 J=2,LV
PaX(1)#P
SUM(Jy=SUM( V) 4P
13 V(J)=VIJI+Y(TY#P
DO 16 J=LB,LS
PeX(1)%P
16 SUM{J)Y=SUM(J)+P
17 DO 20 I=1l,LV
NO 20 K=1,LV
J=K+1
20 B(Ke1)=SUM(J~1)
DO 22 K=1,sLV
22 B(KoLBY=V(K)
23 DO 31 L=l,lV
DIVB=B(LoL)
DO 26 J=L,LAB
26 B(LyJY=BlLsJ)Y/DIVR
11=L+1
TF(T1-LRY284+33,33
28 DO 31 1=11,LV
FMULTB=B(T,4L)
DO 31 J=L,LB ‘
31 B(leJ)=B(IoJ)=B(LsJ)RFMULTR
33 A(LVI=R(LV,.LA)
t=LV
38 SIGMA=NN
NO 37 J=1,LV
37 SIGMA = SIGMA +R(T1=1,J)%A(J)
1=1-1
A(T)=R(THLRYI-STIGMA
40 1F(1-1162,42,35
42 DO 41 1=1,LV
41 AA(TMYI=ALT)
NO 60 K=l,eN
1=1
FF'I.O
Fl1sK)=FF



55

60

65

T0

80

85

103

104
105
110

115

117

118

120

140

150

1860

170

180

T=1+1

FFafFFR#X(K)

F(1+sK)=FF
1F(1-M-1)55460,460
CONT INUE

DO 70 KX=1oN

=1

CIKI=ACTIRF(TeK)
I=1+1
CIKI=C(KY+A(T)RF(T14K)
IF(1-M=1165,70,70
CONTINUE

LV=M4+]

DO8S Is=l,LV

D085 Usml,elLV

K=1

CMT o )=F(ToR)RF(J9K)
K=K+1

CMET 2 Y=CMET s JISF (T4 KYRFLEIHK)
TF(K=N)BN+85,85
CONTINUE

DO 140 L=1,LYV

11=1

I=]

JJI=1

Js1
1F(TI=-L)1104,118,104
1FtJ=-L11054115,108
1F(U=LV)110+1100117
COF(1T19J0)mCM{TJ)
J=J+1

JI=sJgJ+1

GO TO 104

J=J+1

GO TO 104

I=1+1

T1=11+1
TF(1-LVI103,103,120
I=1+1
TF(T-LV)104,104,120
LVV=iV<l

CF.I .0

MMaXDETRMF (104LVVCOF,CF)
DCF(L)=CF

CONT INUE

DCM=1,0
MM=XDETRMF(119sLVeCMyDCM)
DO 150 I=1,4N
RSQ(I)=(C(I)=Y(TIIIRICITIY=YLT))
1=1

SRSN=RSO(T)

T=1+1
SRSO=SRSO+RSO( 1Y
IF(T1=NY16041704170
WeSRSO/(FLOATF(N-M=131%#{NCM})}
DO 180 L=1,LV
WW=DCF (L) *W

WW=ABSF (WW)
EPSA(LsM)=SQRTF (WW)
BV=SRSQ/FLOATF (N)
ERMS (M)=SQRTF (RV)

192



2060
189

191
192
193

194

198
201
999

OMEGA(MéSSRSO/FLOATF(N-M—I,
CONTINU

M=2

MM=3

IF(OMEGA (MM)-OMFGA(M))102,193,193
M=MM

MM=MM4 1

TF(MAX=MM) 194,194,191
CONTINUE
OMEG=OMFEGA (M)
RMS=ERMS (M)

MM=aMa 1 :

DO 198 I=]1,MM
AUNC(TYI=EPSA(T M)
A(T)sAA(T oM

CONTINUE

RETURN.

END

193
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LISTS
LABEL

CMIC-1D PROGRAM BY R, SIMMS, RFVISED BY We He DARDENNF

*

[aXaXaXaXaZa)

20
18
22

SYMBOL TABLE

SUBROUTINE MICRO

DIMENSION WT(1000)sND(100),CT(100+24)sSATCTI1NAN24),RFLTM(1NN,24)
DIMFNSTON DELAY(24) sCOUNTS(24) ¢DTF(24)sAVCTIINA) 4MN(1NO)
DIMENSTION HOLR(16)9sADFNT(06)1sCOF(100,11)9X(24)0Y(24)9F(6),ULL1NO0)
DIMENSTION DIVI1NO)sRMS(10M) OMFGAL10N)

DIMENSTON FW(1000) sWORD(4)sIWD(4)

COMMON WT oNDoCT 9 SATCT 4RELTMGDELAY sCOUNTS$DIF4AVCT yMDyHOLR4ADFNT
COMMON DKAY sLMAXsNMAX gNPASSsF yNOHITS, TMCFR

READ 10sNCARDS

NCARDS 1S THE NUMPER OF CARDS OF CORRECTIONS TO BF RFAD IN
TMCFR 1S THE TIME CORRECTION FACTOR

PRINT 11

PRINT 12+(ADENT(1)97=1,96)

PRINT 134(HOLR(1),1=1416)

PRINT 14,,THCFR

PRINT 16

DO 200 1=14NCARDS

READ 1BsHTFRGRIOFRINW (MD(J) 9=l NW)

HTFR 1S THE HFEIGHT CORRFCTION FACTOR

BJOFR 1S THF J=2ZFRO CORRECTION FACTOP

NW 1S THE NUMBER OF FOILS HAVING THIS SFET OF CORRFCTIONS
MD(J) 1S THE COUNTING POSITION TO WHICH THE CORRECTIONS APPLY
MD(J) 1S THE COUNTING POSITION TO WHICH THE CORRECTIONS APPLY
A 2ERO COUNTING POSITION SKIPS A LINF

AsHTFR®BJOFR

DO 140 J=1NW

L=MD(J)

TFILYI1INS,105,4110

PRINT 20

GO TO 140

CONTINUE

CTRATE = A#AVCT(L)

PRINT 224sND(L) sAVCTIL) sHTFRIBIOFRICTRATF

CONTINUE

CONTINUE

FORMAT(I5,E10,5)

FORMAT(1H1 910X921HANALYSIS OF FOIL DATA)
FORMAT(1HO416A59/45(1X16A54/))

FORMAT (1HO,16A5)

FORMAT({1HN 410X ¢30HTHE TIMF CORRFCTION FACTOR IS F104%)
FORMAT(1HO 310X s8HFOTL NOesSX1B8HAVERAGE COUNT RATE,5X,9HHT FACTOR,
18X 910HJ-0 FACTORs%X913HCORR, CT RATE)

FORMAT(1H )

FORMAT(2E1064%591015)

FORMAT (14X s T599Xs1PEL12459TXs0PFI¢595Xs0PF10,5+6Xs1PF12,45)

999 RETURN

END
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*
»
*

TABLE Co3

COMPUTER PROGRAM AVNDFL

XEQ
LISTS
LABEL

CAVNDFL

»

SYMBOL TABLE

195

AVNDFL

DIMENSTON DEN(30+20)sVK(20)sVI(30)9sA1(16)9A2(16)9A3(16)sNK(S)

DIMENSION VLI30:6)sDVI3096)sN{3006)9F(3046)
DIMENSTION U(30)9F(30)FU(3046)
FORMAT(16A%)

FORMAT(1615)

FORMAT(6E12,5)

VIt1)=0,1

DO & I=2,415

1i=f-1

VI(I)=VI(11)140,1

VIit16)=1,605

VI(17y=1,72

VI(18)=1,845

VI(19)=1,98

VI(20)=2,1225

V1(21)m2,2775

VIt22)=2,48%

VI(23)%2,66

VI(24)=2,897%

V1(259)=3,172%

V1t26)=3,49

VI(27)=3,8%%

V1(28)y=4&e272%

V1(291=4,7575

VI(30)=5,285

READ 1,Al

READ 2, (NK(L)yL=145)sMORE
NT=NR(1)4+NK(2)+NK {3 )+NK(&)4NK (%)
1FINT)1941946

READ 1,A2

READ 39 ((DEN(TsK)s1m14930)9Kxl1oNT;
READ 1,A3

READ 32 (VKIK)eK=1,4NTY

DO 11 121,30
E(11=20,0253#VI(1)%n2
U(1)129,0%LOGF{104,0)=LOGF(2,53)=2,0#LOGF(VI(T))
DO 7 L=1,y6

VL(IsL)I=0e0

DV( ! ’L§80.0

D (19sL)=0,0

Kl=}

K2=NK (1)

DO 9 L=1,y5

NO 8 K=K1l,eK2
VLETsLIsVL{T 4L )+VKIK)
DVITsLI=DVITILLISDFN( T oK) ¥VK(K)
DETsLI=DVIToLI/VL(IsL)
FUCToLI=D(ToLIRVI(T)®R2
FlloL)mD(I L )®VI(])

K1=K14+NK(L)
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LL=L+]1
9 K2=NK(LL)
DO 10 Lsleb
VL(16)sVLETs6)+VLITeL)
10 DVIT+6)=DVLT46)4DVITHL)
D(1+64aDV(T46)/VLIT,6)
FUCT+8)aD(T,6)8VI(1)%n2
11 F(l1s69=D(1,6)%VI(])Y
PRINT 124A1
12 FORMAT(1H1,16A5)
PRINT 13
13 FORMAT{51H-VALUES OF THF SPACIALLY AVERAGED NDEN({V) OR PHI(F))
PRINT 14
14 FORMAT(3HO 1+3XOHNDEN(ROD) §3XOHNDFEN(RAP) 3 2X1OHNNDFN(CLANY ¢ 3XOHNNFEN(
IMOD”ZXIOHNDEN(SCAT’OZXIOHNDFN(CELL),BXkHV(I)oBXBHE(!’oBX#HU(T)O/’
PRINT Y8500 TotD(ToL)olmlsb)sVI(TIoF(T)sU(T)sT=1430)
1% FORMAT(13,9F12,5)
PRINT 12,A1
PRINT 16
16 FORMAT(46H~VALUES OF THF SPACTIALLY AVERAGED NFUTRON FLUX)
PRINT 17
17 FORMAT(3HO 193XOHFLUX(ROD) 33XOHFLUX(GAP) ¢42X10HFLUXI(CLADY ¢ 3X9HFLUX(
1MOD) 9 2X10HFLUX(SCAT) 9 2X10HFLUX(CELL ) ¢ BXAHV(T) 9 BX4HF (T 98X4HU(T) /)
PRINT 150 (To(F{ToL)ol=196)sVI(TIIsE(TI)sUlT)eT=1,30)
PRINT 12,A1
PRINT 20
20 FORMAT(4NH=VALUES OF THF SPACIALLY AVFRAGFN PHT (U}
PRINT 21
21 FORMAT(3HO 1 93XOHPHIU(ROD) y 3XOHPHIU(GAP) s 2X1OHPHTIUICLANY s 3XGHPHTIU
IMOD) s 2X10HPHIU(SCAT) ¢ 2X10HPHIU(CELL ) 4 8XAHVIT) 9 8X4HE(T) 9 8X4HU(T) /)
PRINT 159 (TotFUIT oL)olxlyeb6)sVIII)sE(TIstU(T)s1=1430)
IF(MORE)19,19,18 » :
18 MORE=MORE=1
GO TO &
19 CALL EXIT
END
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APPENDIX D
INPUT DATA FOR THERMOS AND GAM-I

The computer codes THERMOS and GAM-I, which were used to
obtain analytical results to aid in the analysis and interpretation of the
experimental data, are described and discussed in Chapter V. The
input data for THERMOS for the three lattices studied during the present
work and for a simulated graphite-lined cavity calculation are listed in
Tables D.1 and D.2. The GAM-I input for the three lattices studied are
listed in Table D.3. Three additional GAM-I calculations were made
with the values of the bucklings reduced by a factor of 103 to simulate
an infinite system. The spatially averaged asymptotic spectrum obtained
from the calculations based on a critical assembly for the 1.25-inch

lattice is shown in Fig. D.1.

TABLE D.1
Input Data for THERMOS Calculations of the Three Lattices Studied

1. Nuclide Concentrations:

S

Region Nuclide Concentration (barn cm)—1
Fuel rods . y2s3s 0.0004976
U 0.04735
. 16
Air gap o 0.0000538
o (for ) 0.00024
14
Ga,l/v (for N™ ) 0.00008
Clad A127 0.060275
. Moderator D2 0.06611
(99.6 a/o D,0) .
H 0.0002655
olb 0.033188
Isotropic reflector o 200.0



198

TABLE D.1 (continued)

2. Slowing-down source data:
a. Spatially flat source throughout cell excluding reflector.

b. High energy scattering cross sections:

Mass of Cross
Scattering Concentration Section Reduced
Region Nuclide (barn cm)-1 (barns) Temperature

1) Fuel Rod 235 0.0004976 10.0 1.0
238 0.04735 8.5 1.0
2) Air Gap 14 0.0001 9.9 1.0
16 0.0000538 3.75 1.0
3) Clad 27 0.060275 1.4 1.0
4) Moderator 0.0002655 20.4 1.0
2 0.06611 3.4 1.0
16 0.033188 3.75 1.0

3. Arrangement (cylindrical geometry with reflecting boundary):

Region Space Points Thickness (cm)

a. Fuel 3 0.318
b. Air Gap 1 0.015
c. Clad 1 0.071
d. Moderator

1) 1.25-inch lattice 6 1.262

2) 1.75-inch lattice 6 1.928

3) 2.50-inch lattice 6 2.931
e. Isotropic Reflector 5 0.01

4. All cross section data used in the thermal energy region are tabulated
in BNL 5826 (HS6).

5. The Nelkin kernel for bound hydrogen was used for hydrogen (N1) and
the Nelkin-Honeck kernel for bound deuterium was used for deuterium
(H9). The diagonal elements of these two kernels were multiplied by
(1—;30) where ﬁo is the average cosine of the scattering angle (B2, S1).

The free gas kernel was used for all other nuclides.
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TABLE D.2

Input Data for THERMOS Calculation of
Simulated Graphite-Lined Cavity

. Nuclide Concentrations:

Region ~Nuclide Concentration (barn cm)—'1
a. Cavity ol6 0.0000538
o (for N14) 0.00024
o, 1/y (for N14) 0.00008
b. Lining clz2 0.0803
c. Source cl? 0.0803

Slowing-down source data: *
a. Spatially flat source is source region.

b. High energy scattering cross section:

Mass of Cross
Scattering Concentration Section Reduced
Region Nuclide (barn cm)-1 (barns) Temperature
Thermal 12 0.0803 4.8 1.0

Column

. Arrangement (cylindrical geometry with reflecting boundary):

Region Space Points Thickness (cm)
a. Cavity 4 10
b. Lining 10 25
c. Source 6 15

. All cross section data used in the thermal energy region are tabulated

in BNL 5826 (HS6).

. Park's graphite kernel was used for carbon. The free gas kernel was

used for all other nuclides.
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TABLE D.3

Input Data for GAM-I Calculations of the Three Lattices Studied

1. Description of problem:
a. Type of solution: B1 approximation
b. Neutron source: U235 figsion spectrum

c.. Broad group structure:

Group Energy Range (ev)
1 108 - 107
2 10° - 105
3 10% - 109
4 0.414 - 10°

d. Nuclide flux weighting factors are tabulated in Table 5.2.1.

2. Nuclide Concentrations:

Concentration (barn cm)-1

1.25-Inch 1.75-Inch 2.50-Inch
a. Nuclide Lattice Lattice Lattice

ik 0.0002499 0.0002575 0.0002616
D2 0.06223 0.06413 0.06514
y23% 0.00001807 0.000009216 0.000004516
y238 0.001719 0.0008769 0.0004297
ol6 0.03120 0.03219 0.03270
A127 0.001137 0.0005803 0.0002843

3. Resonance Data

a. Geometry: cylinder

b. Resonance integral parameters: om=0; o _=8.5 barns; om(eff)=

238

29.8 barns; lumped U atom concentration = 0.04785(barn,cm~)—1;

£ =0.635 cm; temperature = 293°K.
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APPENDIX E

FRACTIONS OF THE ACTIVITIES OF CADMIUM-COVERED FOILS
CAUSED BY FAST NEUTRON REACTIONS

Introduction

To determine the effect of the depression of the fast flux within the
cadmium-covered foils on the total activities of those foils, the fraction

FN of the epicadmium Np239

activity and the fraction FF of the epicad-
mium U235 fission product activity caused by fast neutron reactions
were calculated. These fractions were calculated with two independent
methods: the first involved the use of experimental ratios measured in
the lattices studied; the second involved the use of spectrum averaged
cross sections and neutron fluxes of the GAM-I output (see Chapter V).
The calculation of FN and FF from the GAM-I output is simple and
straightforward and will not be discussed further. The remainder of

this appendix will be devoted to the derivation of F.. and F

N F in terms

of the experimental microscopic parameters.

E.1 Experimental Formulation of FN

The fast fission factor, 628’ can be expressed as follows:

5 _ U238 fission rate

. (E.1.1)
28 U235 fission rate

The definition of A9g is as follows:

_ U238 fast neutron capture rate
28 = 38 , (E.1.2)

a 2
U fission rate

and

238
U 2§gst capture rate ) (E.1.3)

U fission rate

9g%g =

The ratios, C>=< and R28’ can be expressed as follows:
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1 total U®3Y figsion rate
= = 538 s (E.1.4)
C total U capture rate
and
total U2,38 capture rate
Rog = 538 , (E.1.5)
epicadmium U capture rate
Combining Eqs. E.1.3, E.1.4, and E.1.5, the result is:
R28 _ U238 fast neutron capture rate
— %28%8 " 338 ’ (E.1.6)
C epicadmium U capture rate
which is the definition of FN; therefore:
R
_'28
FN = _C* 6280'28 . (E.1.7)

The values of FN calculated from Eq. E.1.7 and those obtained from the
output of GAM-I, which are listed in Table E.2.1, show good agreement.

E.2 Experimental Formulation of F

F
Again we start with the fast fission ratio 6,4 (Eq. E.1.1) which we
multiply by the following ratio:

25
z:f U235 fast fission rate
58 = 538 s (E.2.1)
Zf U fission rate
FAST
so that
25
Z:‘f U235 fast fission rate
28| 228 = 535 ' (E.2.2)
= £ total U fission rate
FAST

Since the ratio 625 is:

_ epicadmium U235 fission rate

235 fission rate

6 (E.2.3)

25 subcadmium U

or
1+56
6

235 .. .
25 _ total U fission rate ) (E.2.4)

25 epicadmium U235 fission rate
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the following result is obtained:

25
1+ 6,5 5 Zg _ 1235 fast neutron fission rate
625 28 228 epicadmium U235 fission rate

£
FAST (E.2.5)

which is the definition of FF; therefore,

1+ 6y, 2
F_ = L I —_ . (E.2.6)
F 625 28 Z?B

FAST

Table E.2.1 also contains values of FF’ and again the results of the ana-
lytical and experimental methods show good agreement except for the
lattice with the 1.25-inch spacing. This difference is most likely due to
the inability of the homogenized treatment used in GAM-I to take proper
account of the effects of lumping the fuel and of the interaction of

neutrons between fuel rods (see Chapter V),

TABLE E.2.1

Fractions of the Epicadmium sz39 and U235

Fission Product Activities Due to Fast Neutron Reactions

Values of FN Values of FF
Rod
Spacing From (a) GF Arl\cilr-r.ll From (a) GFAII'\Z?II
(Inches) Eq. E.1.7 Output Eq. E.2.6 Output
1.25 0.007 0.006 0.015 0.010
1.75 0.011 0.010 0.020 0.019
2.50 0.018 0.018 0.029 0.030
25 28 .
(a) A9 and Z)f Z)f were calculated with the use of cross
FAST
sections from the GAM-I output averaged above 1 Mev. For all

28

. _ 25 _
three lattices, Ggg = 0.093 and (Zf /Z)f = 0.029.

)FAST



