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ABSTRACT

A new method for measuring values of the multiplication fac=-
tor for an infinite medium, ko,, has been developed; the method
involves addition of neutron absorbers to subcritical assemblies.
Measurements of the values of k.., for three lattices of uranium
metal rods in heayy water have 8gen made; solid copper rods were
used as absorbers. Two of the lattices consisted of 0.25-inch-
diameter rods of 1.143% enriched uranium on triangular spacings of
2.50 inches and 1.75 inches; a third lattice consisted of 0.75-=
inch-diameter rods of 0.947% enriched uranium on a triangular
spacing of 2.50 inches. The values of ko, were found to be
1.429 + Q.007, 1.416 + 0.011, and 1.187 + 0.027, respectively;
they were in agreement, within experimental uncertainties, with
values obtained with the four-factor formula.,

The method used is closely related to the Hanford (PCTR) tech-
nique for measuring K., which requires a critical reactor. .Since
it is nearly a measurement of (koo’l)s and because the measured
values are independent of a number of sources of error in the four-
factor formula, the uncertainties in the measured values should be
smaller than those obtained with- the féur-factor formula. The
work shows>that a 3% uncertainty in (kgo-1) may be obtained with
the method, comparable with the uncertainty in PCTR measurements.

Measured values of the neutron regeneration factor,q » which
are independent of the values of Y o5 and the fission cross section
of the fuel, and nearly independent of the absorption cross sectlion
of the fuel, have also been determined; for the lattices of 0.25-
inch rods, they are 1.525 + 0.014 and 1.555 + 0.008, respectively;
they agree well with values computed with the THERMOS code.

The results of exploratory experiments indicateithat it may
be possible to do the measurements in two-region subcritical
assemblies., -
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CHAPTER 1

INTRODUCTION

The neutron multiplication factor for an infinite medium, k_, is a
parameter central to reactor physics and reactor analysis. Consider-
able effort has been expended in the past in the development of techniques
for its experimental measurement and its theoretical calculation. The
purpose is to determine reliable values of k_, for use in the construction
of reactors for research, power, and other applications.

Although theoretical calculations, generally requiring the use of
digital computers, are in wide use in the design of reactors, experi-
mental measurements of the values of important parameters in
assemblies similar, or nearly identical, to the proposed design are
usually still required before construction can proceed with confidence.
Because of the expense of nuclear fuels and of the experiments, it is
important to obtain accurate experimental values with assemblies uti-
lizing the minimum amount of fuel. Thus, in addition to measurements
in single-region critical assemblies, a variety of alternatives have been,
and are being, investigated. These include substitution measurements
in critical and subcritical assemblies, single-region subcritical experi-
ments, and measurements in miniature assemblies, and on single rods
(CR1).

The purpose of the present study is to explore another, as yet
untried, approach to the problem. It is closely related to one of the
critical substitution measurement methods, the technique for the
measurement of k_ used at Hanford in the Physical Constants Testing
Reactor (DO 2).

In the remaining sections of this chapter, k  will be defined and
formulated in terms of the familiar four factors, and the Hanford tech-
nique will be described. The objectives of the present study will then

be described in detail.



1,1 THE NEUTRON MULTIPLICATION FACTOR IN AN INFINITE

MEDIUM (k)

Although a number of different definitions of k are in use, k is
here taken to be equal to the ratio of the total number of neutrons pro-
duced to the total number destroyed, per unit time, in an assembly so
large that neutron leakage may be ignored. In terms of the neutron life
cycle in an infinitely large, predominantly thermal reactor, k, can be

defined as

k,, = nepf . (1.1)

Here, ne is the total number of (fast) neutrons produced for one thermal
neutron absorbed in the fuel; n is the number of neutrons produced by
fission for one thermal neutron absorbed, and € is the total number of
(fast) neutrons produced for each neutron resulting from thermal
fission; p is the probability that a fast neutron escapes absorption
while slowing down to thermal energies, and f is the probability that
a neutron, once thermal, is captured in the fuel. It is important that
the various factors be defined consistently and that each process be
counted once and only once in the neutron cycle. |

The multiplication factor k _ is most commonly determined by a
combination of measurements and calculations which result in a value
for each of the four factors on the right-hand side of Eq. (1.1), although
other formulations exist (WE 2). The uncertainty in such a determination
is in the neighborhood of 1% or 2%, sometimes more, generally
attributable to uncertainties in the values of neutron cross sections and
in the average number of neutrons produced per fission. The Hanford
method, developed at the Hanford Laboratories and based on the use
of the Physical Constants Testing Reactor (PCTR) (DO 2), results in

considerably smaller uncertainties in the values of k.

1.2 THE HANFORD TECHNIQUE

Consider an infinite, homogeneous, neutron-multiplying medium,
with k greater than unity. Consider also the addition, to a sample of
this medium, of a quantity of a homogeneous absorber (which absorbs
only thermal neutrons and causes no spectral perturbation) sufficient

to reduce k_, to unity. Then Eq. (1.1) may be written:



1 = nept’ . (1.2)

Under the conditions that have been defined, the thermal utilization
has been changed from { to £°, in such a way that the valueof k is
reduced to unity; the other factors are unchanged. If we assume, for
simplicity, that the assembly is homogeneous, the thermal utilization

for the two cases may be written:

a
>
P=— el , (1.3)
Efuel + 21’moolerr¢1tor
a
2
O - - fuel - ) (1.4)
quel + Emoderator + Z‘absorber

a . . . . .
where Zi indicates the macroscopic neutron absorption cross section

for material i. Then, we may write:

z;a
koo=_f6 -1+ . abszrber ) (1.5)
f > + 2z
fuel moderator
a
>
k,-1-= - abszrber ) (1.6)
z:fuel + Zmoderator

The Physical Constants Testing Reactor is a cube of graphite,
7 feet on a side, with a cavity, 2 by 2 by 7 feet, located at its center.
It is made critical by enriched uranium distributed outside the
boundary of the central cavity. Several cells of the lattice to be tested
are placed in the cavity, together with a quantity of a distributed
neutron absorber sufficient to make the reactivity of the resulting
assembly the same as that of the reactor with the cavity. Such a
sample is held to have a value of k_ equal to unity. An attempt is
made to ensure that the energy spectrum of the neutrons incident on
the test sample, as defined by some suitable spectral index, is the
same as the spectrum that would exist in an infinitely large sample of
the medium.

The Hanford technique thus consists basically of a determination

of the amount of added absorber necessary for Eq. (1.2) to be satisfied.



a th
absorber us
determined, Eq. (1.6) may be solved for k_, with the aid of the known

With the amount of absorber to be used in calculating Z

cross sections. Equation (1.6) has been written for (k_-1) rather than
k., to emphasize the major attraction of the method: the over-all
uncertainty in the right-hand side due to cross-section uncertainties
is proportional to the uncertainty in (k-1), rather than in k.. This
result is especially important in most practical cases, where k is
near unity. In addition, this method avoids the need for a calculated
or measured value of n, one source of uncertainty in four-factor
determinations of k. Finally, no particular '"'model" or form of
reactor theory is necessary for the interpretation of the experiment.

Thus, the method offers several important advantages.

1.3 OBJECTIVES OF THE PRESENT WORK

The first objective of the present work is to synthesize from
known techniques a new method for the measurement of k_,, which
retains the major advantages just ascribed to the Hanford technique,
but which employs not a critical but a subcritical facility; the
absorber is to be added uniformly, though not necessarily homo-
geneously, to the entire lattice. The amount of added absorber
which reduces the measured material buckling of the assembly to zero
is to be taken as the amount which exactly reduces k_ to unity.

:I‘he second objective is to explore the use of the method in heavy
water moderated assemblies of slightly enriched uranium metal rods,
by using it to measure k_ in three different subcritical lattices, with
markedly different moderator-to-fuel ratios. The results of this work
will be compared with results of activation measurements of ratios
related to the factors in the four-factor formula (Eq. (1.1)), and to
results of PCTR-type measurements on similar lattices.

It is possible that values of k, can be determined by adding
absorber only to a portion of the subcritical assembly. One of the
objectives of this work is to conduct a limited experiment with the
purpose of exploring the feasibility of this technique.

The final objective of this work is to use the data, where possible,
to determine quantities related to neutron leakage, such as the Fermi

age and the diffusion length.



1.4 NOMENCLATURE

A number of the terms here used in a specific way have alternative
meanings elsewhere in the literature. They are defined as they occur,
but the more important ones are here recorded for convenience.
"Lattice" is here used to mean one of the three arrangements of
uranium fuel rods in heavy water to which varying amounts of neutron
absorber were added. '""Assembly," on the other hand, refers to a par-
ticular assembly of fuel, heavy water, and neutron absorber. These

"modified" lattices. Two or more

are also referred to as ''mixed" or
assemblies, each having a different amount of added neutron absorber,
have been investigated in the course of the work on each lattice.

In the discussion so far, the term often used for extraneous
absorbers introduced into neutron-multiplying assemblies — '"poison' —

1"

has been avoided. The term '"absorber,'" while less dramatic, is

certainly more descriptive. Although all materials are to some extent

"absorbers'"

neutron absorbers, no confusion should arise if the term
is here considered to mean those materials temporarily introduced
into a lattice, to increase its thermal neutron absorption cross
section for the purpose of specific experiments. |

The thermal energy region includes energies less than or equal to
0.415 ev. The epithermal energy region is divided into the resonance
region, which includes energies greater than 0.415 ev but less than
1.0 Mev; the high energy region includes energies equal to or greater
than 1.0 Mev.

The slowing-down areas L? and Li, and the diffusion area Lz,
relate to the high, resonance, and the thermal energy regions, re-
spectively. They are related to the nonleakage probabilities ﬁf, ﬂr’
and 2 by equations analogous to Eq. (2.9).

The multiplication factor k_, as well as the factors generally
defined in Sec. 1.1, are given precise definitions in Sec. 2.2 and related
to measurable quantities in Sec. 2.3.

38

The capture-to-fission ratio Aog relates to fission of U2 in the

high energy region; a,c¢ relates to fission of U235 in the epithermal

energy region. The ratio a is used only in Sec. 2.1.4 and denotes the
C o 235 .

capture-to-fission ratio in U , averaged over all energies.

A "unit cell" of a lattice (or an assembly) consists of a single fuel



rod, as well as the moderator (and added absorber) associated

with it. All unit cells are identical; thus, the neutron distribution
throughout an infinite lattice (or assembly) is known if the distribution
in one unit cell is known. Knowledge of the neutron distribution over
some segment of the unit cell is often sufficient for the specification
of the distribution throughout the unit cell, from considerations of
symmetry. The smallest such segment is here referred to as the

""smallest repeating cell segment."

1.5 CONTENTS OF THE REPORT

In Chap. II, the detailed theoretical treatment of the measure-
ment of k_ is presented; the experimental equipment and procedures
are discussed in Chap. IIl. Chapter IV deals with the analysis of data,
and Chap. V consists of the results of the work. Chapter VI summa-

rizes and concludes the main body of this report.



CHAPTER 11

THEORY OF THE MEASUREMENT

The theoretical basis of the method will be discussed in this
chapter. The material buckling, the neutron multiplication factor in
an infinite medium (koo), and the relation of the two will be discussed
first; the factors comprising k_  will then be defined.

Next, the many modifications necessary to adapt the simplified
version of the Hanford technique presented in Chap. I to cases of
interest here will be discussed.

The determination of lattice parameters other than k  is dis-

cussed in the final sections of this chapter

2.1 THE MATERIAL BUCKLING, THE INFINITE MEDIUM MULTI-
PLICATION FACTOR, AND THE SUBCRITICAL EXPERIMENT

2.1.1 Buckling
The spatial distribution of the neutron flux, d)(’f'), in a bare, homo-
geneous, critical reactor is given by the fundamental mode solution of

the Helmholtz equation,

V2e() + BZ¢(T) = 0, (2.1)

under the assumption that the flux goes to zero at the extrapolated
boundaries of the system, assumed independent of neutron energy
(WE 1). Here, the constant B2 may be identified with the geometric
buckling (B;); it is a function only of the extrapolated dimensions of
the critical reactor. Derivations of the expressions for the geometric
buckling in reactors of various shapes are readily available (GL 1).
For a right circular cylinder of extrapolated height HO and extrapo-

lated radius RO, the buckling is:

2 2
B2 - (————2°1‘§248) + (H—”O) , (2.2)

The material buckling (Brzn) is a characteristic of a given neutron-

multiplying medium; in the absence of pronounced anisotropies, such



as those caused by voids, it is a function only of the materials involved
and not of the size of the assembly (CR 1). It is defined to be equal to
the geometric buckling of a critical reactor composed of the given
material. It may thus be measured by constructing such a reactor,
determining its extrapolated boundaries, and using the appropriate
expression for the geometric buckling (cf. Eq. (2.2)). Clearly, the
larger the material buckling, the smaller the critical reactor. Intui-
tively, it may be seen that k_ and Bfn are related, a large value of k

implying a large value of the material buckling, and vice versa.

2.1.2 Relation of the Buckling to the Infinite Medium Multiplication
Factor

There are a number of ways to relate k_ to Bfn mathematically,
varying from simple to relatively complex, depending on the assump-
tions made in representing the processes by which neutrons are pro-
duced and destroyed in the reactor. Several of these will be discussed
in Sec. 2.6.2. Common to all such relationships, however, is the
association of the value of unity for k_ with a zero material buckling.
This follows from definitions already stated, upon noting that a reactor
with a multiplication constant equal to unity is just critical by defi-
nition, since a steady-state chain reaction can then be maintained with-
out external neutron sources. If the value of k_ for a given medium is
equal to unity, a reactor composed of the medium, infinite in extent,
would be just critical. The value of the geometric buckling of such a
reactor would be zero, and it follows from the equivalence of geometric
and material buckling for a critical reactor that the material buckling

would also be zero.

2.1.3 Measurement of the Material Buckling

Although construction of a critical assembly is a straightforward
way of measuring Brzn’ there is another way, particularly applicable
in systems of relatively low buckling. It is based on the fact that the
fundamental mode solution to Eq. (2.1), with B2 now associated with
the material buckling, governs the spatial distribution of the neutron
flux, far from sources and boundaries, in a subcritical assembly
(WE 1). This holds, provided that an equilibrium neutron energy

spectrum (characteristic of the critical reactor) exists throughout a



considerable volume of the assembly.
The fundamental mode spatial distribution obtained from Eq.(2.1)
for positive and negative values of Bfn, for a cylindrically symmetric

assembly of extrapolated height HO and extrapolated radius Ro’ is:
olr) = d)OJO(ar) sinh 'Y(HO-Z) . (2.3)

Here, JO(X) is the zeroth order Bessel function of the first kind of x,
sinh x is the hyperbolic sine of x,

a = 2.4048/Ro

2

r and z are the radial and axial position coordinates,
respectively, with the origin at the center of the source

plane of the assembly,
¢0 is an arbitrary constant of proportionality.
This solution holds, subject only to the requirement,

cg2 = Br2n , (2.4)

a condition usually satisfied; the material buckling is then related to

the flux distribution by the relation:
B =a" -7v". (2.5)

The details of the development just summarized are available in basic
reactor physics texts (GL 1). The various assumptions involved are
also discussed in theses by Palmedo (PA 1) and Harrington (HA 1).
To measure the material buckling, it is necessary to determine
the relative spatial distribution of the neutron flux within the region
where the equilibrium spectrum exists, in the radial and axial
directions. The values of a and v which yield the '"best fit'" of the
theoretically predicted distribution to the observed distribution then
are used to determine the material buckling by means of Eq. (2.5).
The material buckling (and other reactor physics parameters
which characterize the critical reactor) may thus be measured in a
subcritical assembly of sufficient size. The extent of the region
throughout which the equilibrium spectrum holds may be determined
experimentally by measuring neutron flux distributions with appro-

priate detectors.
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The cadmium ratio RCd for a neutron detector at a given point is
defined as the ratio of the observed activities, at the point in question,
of detector foils without and with cadmium shields. It is a spectral
index, large cadmium ratios typifying well-thermalized spectra.
Constancy of the cadmium ratio over a given region of an assembly is
taken as an indication that the neutron energy spectrum is invariant
with position over the region.

The foregoing development, strictly speaking, applies only to
large, bare, homogeneous reactors. Experiments have shown, how-
ever, that it also applies to bare, heterogeneous uranium-heavy water
assemblies, among others (CO 1, PA 1). Thus, a practical and
commonly-used approach to the determination of the lattice physics
parameters characterizing critical reactors of this type involves the
use of a subcritical assembly. With this experience in mind, exten-

sive use of the foregoing ideas will be made here.

2.1.4 Use of the Four-Factor Formula for k_

As noted in the introduction, the four-factor formula is not the
only one which can be used in the experimental determination of k.
Weitzberg (WE 2) has formulated k_ directly in terms of nuclear data
and experimentally measurable activation ratios:

v +(vao,-1)6
k= 25 28 28 : (2.6)
* - 1 - 1
¢+ () + (E- 1>(1+a) (——1_G>

Here, C is the measured conversion ratio, a is the average capture-

to-fission ratio of U235, G 1is the ratio of thermal absorptions in U238

to thermal absorptions in the fuel, and the other quantities have their
usual definitions (see Sec. 2.3).

1

Although independent of the four-factor or "neutron life cycle"
approach to the formulation of k_, this definition is equivalent to it,

as Weitzberg has pointed out, provided that:

1) the basic definition of the multiplication factor is the same in

each case, and

2) both account for the same neutron production and absorption

processes,
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D'Ardenne (DA 1) has evaluated k for three lattices similar to those
studied in the present work; he used both Eqgs. (1.1) and (2.6). The
results obtained agreed within the uncertainties of the measurements.

There is, then, no fundamental objection to the use of the four-
factor formula. For the present work, it is particularly appropriate
to use this formulation because the thermal utilization is the only factor
which undergoes large changes when the neutron absorbers used are
introduced into the lattices. Corrections are made for changes in
other parameters, but, as will be seen, they are small.

For precise work, it is vital that the factors in Eq. (1.1) be defined
consistently and take into account all processes of importance in the
neutron life cycle. In this connection, it should be noted that various
processes in the epithermal energy range have been neglected in the
simplified discussion of Chap. I. These include fission and absorption
in U235, as well as absorption in non-fuel materials. The definitions
of e, p, n, and f, and modification of the four-factor formula to take
into account the epithermal fissions in U235, will be discussed in the

next section.

2.2 DEFINITIONS EMPLOYED

The multiplication factor k_  has been defined in Chap. I as the
ratio of the number of neutrons produced, per unit time in an infinitely
large assembly, to the number of neutrons absorbed. Neutron leakage
is not considered at this point because the assumption of infinite size
automatically eliminates leakage as a neutron-removing process. The
effect of leakage on measurements made in finite assemblies is con-
sidered in Sec. 2.3.

The lattices studied consisted of slightly enriched uranium metal
rods, clad in aluminum and immersed in heavy water moderator. To
these lattices have been added pure copper rods, clad with nickel.

The neutron-producing processes to be considered are thus fission of
U235 238 at high

energy. The absorption processes include absorption at all energies

at thermal and epithermal energies, and fission of U

in uranium, copper, cladding material, and moderator. Absorption in
the narrow air gap between the fuel and the cladding, in the small light

_water contaminant inevitably present in the moderator, and in the
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nickel cladding on the copper rods, will be neglected, although all were
taken into account in the detailed calculations. No loss of generality is
involved.

The neutron life cycle in a typical lattice of this sort is shown sche-
matically in Fig. 2.1. From one U235
235 238

and U

threshold, here taken as 1 Mev. A fraction p of these neutrons

fission neutron, a total of €

238 .. .
fission

fission neutrons from U slow down past the U
escapes capture in the resonance energy region, here taken as the

region between 0.415 ev and 1 Mev. Of the ep neutrons reaching the
thermal energy region, a fraction f is absorbed at thermal energies
in the fuel (U235 and U238

resulting from one thermal neutron absorbed in fuel is n. Thus, for

). The number of U235 fission neutrons

one U235 fission neutron starting out (in the upper left-hand corner of

Fig. 2.1), a total of enpf U235 fission neutrons from thermal fission of
235
U

by epithermal fission of U

are created. To these must be added the fission neutrons created

235. The parameter 625 is defined as the

235 to thermal fissions in U235. The

ratio of epithermal fissions in U
total number of U235 fission neutrons produced, per U235 fission
neutron absorbed, is by definition just equal to k_,. We may therefore
write:

koo = (146 45) €npf . (2.7)

The fast fission factor accounts for fast neutron absorption in
U238, as well as production of neutrons by fast fission in U238. The
resonance escape probability, as here defined, takes into account all
epithermal absorptions in uranium and copper, whether in resonances
or in the 1/v component of the cross section, as well as epithermal
capture in cladding or moderator.

It should be realized that the foregoing set of definitions, while
complete and self-consistent, is not the only set that could be used.
The most convenient definition of the factors depends, in general, on
the type of assembly under investigation and the measurements to be
made in it. The relation of the factors just defined to ratios which can

be measured experimentally is the subject of the next section.
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2.3 RELATION OF FACTORS TO MEASURABLE QUANTITIES

Much has been written on the subject of relating the several factors
to experimentally observable quantities. The formulations to be used
here have been selected on the basis of experience in heavy water lattice

physics at M.I. T. and elsewhere.

2.3.1 Fast Fission Factor (e)

The experimentally measurable quantity associated with the fast
fission effect is 628’ defined as the ratio of fissions in U238 to fissions
in U235, averaged over the fuel. It is related to € by the following

equation (KO 1):

2.2 \{
vog - (1+ayg) (1+L2B2 )

1+56
28 v25
€ = ” . (2.8)
1- ﬁzngBfn v"28‘
25

Here, Vog is the number of neutrons emitted per U238

fission, v is
235 25

the same parameter for U

fission, a,, is the capture-to-fission
238 28

ratio in U above 1 Mev, Brzn is the material buckling, and L? is a
parameter relating to fast neutron leakage. The nonleakage probability
while slowing down to 1 Mev is taken to be:
2.2V}
zf = (1+Lme) . (2.9)

The values of the paraﬁleters used in the evaluation of Eq. (2.8) are
given in Table 2.1.

The effect of neutron leakage from the finite assembly on the
value of € is accounted for by the terms involving the buckling. In the
present work, they are very small, since the material buckling in
each lattice is less than 0.0015 cm_z. The magnitude of the uncertainty
in Vag alone renders the application of the correction factor in the
numerator of Eq. (2.8) useless, and the factor is not included here.

The measurement of og has been treated in detail in Refs. WO 1
and BL 1.
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TABLE 2.1

Constants Used

Constant Value Source of Data
Vos 2.43 £ 0.02 SA 1
Vog 2.82 + 0.05 BO 1
asg 0.107 + 0.010 KO1
asg 0.63+ 0.10 SA 3
9 9 Estimate based
Lf 7 cm on information
in Ref. PA 2.
9 5 Estimate based
Lr 113 cm on information
in Ref. DA 1.

2.3.2 Neutron Regeneration Factor (n)

The number of neutrons liberated per U235 fission, is here

v
25’
taken to be constant as a function of incident neutron energy (see

Table 2.1). The observed energy dependence of this quantity is (AN 1):

Vog = 2.43 + 0,145 E , (2.10)

the units of E being Mev. Thus, only for fissions induced by neutrons
with energies greater than about 0.1 Mev does the variation of Vog with
energy become important. Since the lattices studied are well-
moderated, and even the small amount of resonance fission occurs
near or below 100 ev, constance of Vog with energy is an excellent
assumption.

The factor n has been defined in Sec. 2.2. If ff(25) is taken to be
the average macroscopic thermal fission cross section for U235, and
fa(25) and X _(28) the average macroscopic thermal absorption cross

a 935 238

sections for U and U , respectively, then the neutron regener-

ation factor is defined as follows:

Vasg Zf(25)

n = (2.11)

53(25) + 53(28)
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Provided that the cross sections are averaged over the thermal neutron
energy spectrum which would be present in an infinitely large reactor,
the value of n defined above is appropriate for use in the four-factor
formula for k. This spectrum is taken to be the same as the equi-
librium spectrum in the finite reactor (see Sec. 4.3.1). No corrections
for leakage need be applied, since all cross sections pertain to the same

energy group.

2.3.3 Thermal Utilization (f)

The thermal neutron absorption rate a; in material i is:
Ve N N
a, = fi fo vn(T,v) Z(v) dv dr | (2.12)

where n(T, v) is the density of neutrons with speeds between v and
v+dv in the element of volume dr at r, and Ei(v) is the macroscopic
neutron absorption cross section for neutrons of speed v. The ab-
sorption cross section is assumed to have no spatial dependence with-
in the material. The thermal neutron energy range is taken to include
neutrons with speeds up to A the speed corresponding to the cadmium
cutoff energy.

Equation (2.12) may be replaced by the expression:

a, =nv,Z V., " (2.13)

<1

n.v.
1 111

where the bars denote averages in space and velocity, defined as

follows:
V —
'[ ¢ va(r, v) Zi(v) dv dr
T, = 0 - , (2.14)
f f ¢ vn(?, v) dv dr
i 0
V — —
f f ¢ n(r, v) dv dr
o, = 10 — (2.15)
f dr
i
and
V — —ts
I f ¢ vn(r, v) dv dr
v, = 10 . (2.16)

ffvc n(;, v) dv dr
i0
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The parameter Vi is the volume of the material i in a unit cell of the
infinite reactor under consideration. More will be said about the cell
concept in Sec. 4.3.1; for the present, a unit cell may be regarded as
being composed of a single fuel rod and the moderator and added

absorber associated with it. Table 2.2 indicates the index i for each

TABLE 2.2

Index i Assigned to Materials in Cell

i Material
0 Fuel
1 Moderator
2 Cladding
3 Added absorber

material used in the experiments to be discussed. The thermal
neutron absorption in material i relative to the thermal neutron

absorption in the fuel is denoted by Ai:

HiViEiVi
=t (2.17)
o nvxV

A = .
o0 0 o0

1

$D|'_‘§D

The thermal utilization in the definition of Sec. 2.2 may then be

expressed in terms of the a; or Ai as follows:

a
£ = 0 1

ao+al+a2+a3 1+A1+A2+A3 :

(2.18)

The various factors appearing in the above equation may be evalu-
ated by a combination of calculations and experiments. In the present
work, the ratios of cross section in the Ai terms are calculated with
the aid of a multigroup transport theory computer code (see Sec. 4.3.1),
and the flux disadvantage factors are measured in activation experi-
ments at the center of the subcritical assembly. Correction-for the
spatial variation of the neutron flux due to leakage from the assembly

is readily made, in a manner described in detail in Sec. 4.3.2.
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2.3.4 The Resonance Escape Probability (p)

The derivation of the expression for p in terms of experimentally
measurable ratios is based on the corresponding derivation in Ref. KO 1.
That treatment is modified in the present work to take into account epi-
thermal absorption in copper, U235, cladding, and moderator, and
includes all absorptions, rather than just those occuring in resonances.

The epithermal neutron absorption rate in material i, relative to
the thermal neutron absorption, is denoted by p;- The same ratio for
U238 is denoted by Pog: The epithermal neutron fission rate in U235,
relative to the thermal neutron fission rate, is defined as 625.

These will now be related to the resonance escape probability
through consideration of the relevant portion of the neutron life cycle
in a finite reactor.

It is shown in Ref. KO 1 that if € is defined as in Sec. 2.3.1, then

the number of fast captures in U238 per virgin U235 fission neutron
is Nf:
(e-1)a
N, = o . (2.19)
28 28

If ﬂf is the nonleakage probability in the high energy region, eﬂf neutrons
reach the resonance energy region. Of these, eﬂfp avoid resonance
capture, and df(l—p) are captured. The nonleakage probabilities in the
resonance and thermal energy regions are ﬂr and ﬂs, respectively; they
are defined by equations analogous to Eq. (2.9). Then, eﬂflrﬁspf
neutrons are absorbed in uranium at thermal energies.

238

If G is defined as the ratio of absorptions in U to total absorp-

tions in fuel, at thermal energies, and Gog is the capture-to-fission

ratio for Uz35

in the epithermal energy region, then the absorptions in
the resonance region may be related to the thermal absorptions. We

note that:

p28G = ratio of epithermal U238 absorptions to thermal
absorption in fuel, (2.20)

piAi = ratio of epithermal absorption in material i to

thermal absorption in fuel, (2.21)
66(14as) N(1-G)
25 v25 = ratio of epithermal U235 absorption
25

~to thermal absorption in fuel. (2.22)
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Then, equating the total number of epithermal absorptions (relative to
the thermal absorption in the fuel) to the expression for this quantity

based on the neutron life cycle considerations above yields the following

equation: (6—1)0.28
3 §oc(1+as) N(1-G) €'Qf(l_p)'*- Voo -1-a

ppgC + Y piA, + 25 25 - 3 ig —22 . (223
i=1 vl Va5 €EpfrtgP

When this equation is solved for p, the result is:

{4 €-1 “28 1
€ Vv -1-a £
b= 28 28 “f ' (2.24)
3 6,(1+a, ) n(1-G)
142 0 £ p,oG+ ) p.A +—22 2
r°s 28 . i v
1:1 25

This is the desired expression for the resonance escape probability in
an infinite assembly, based on parameters measured in a finite
assembly. The measured quantities are R28’ RB’ 625, and 628’ and
the disadvantage factor implicit in the Ai terms. Where measured
values of the first three quantities were unavailable, they have been
calculated from measurements in similar assemblies, in a manner
explained in Sec. 4.4. The constants used in the evaluation of

Eq. (2.24) are presented in Table 2.1. The calculation of n, G, and Lz
is discussed in Sec. 4.3.

2.3.5 The Ratio of Epithermal to Thermal Fissions of U%>° (5,,)

Values of 6o measured in finite assemblies will be higher than
those that would be observed in equivalent infinite assemblies, owing
to neutron leakage in the resonance and thermal energy regions. The
following derivation of the appropriate correction factor is based on a
similar derivation in Ref. EN 1.

The treatment is similar to that of the preceding section. For the
purposes of this discussion only, the resonance escape probability p
will be replaced by ét:\SNé) factorzsé,8 Pog and Pog: defined as the proba-
bility of escaping U and U resonance absorption, respectively.
For one virgin U235 fission neutron, eﬂf neutrons slow down into the

. . 235 .
resonance region. The number captured in U resonances 1is

€l (1-pye) Portp
—f—‘2—_25_‘, while e£f2r£8f<—2-§-2—28> slow down to thermal energies
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and are absorbed in the fuel. Let nr/v25 be the number of resonance

235

fissions per resonance absorption in U , and n/v25 the corresponding

quantity for thermal fission. Then the finite medium value of 625 is:

n., 1-p
. _r 25
625(f1n1te) =0

1
FT71 71 - (2.25)

The infinite medium value of 695 is given by the same expression with
the nonleakage probabilities set equal to unity; accordingly, it may be

derived from the measured value as

625 = £r£8625(finite) . (2.26)

2.4 EXPERIMENTAL DETERMINATION OF k_: ONE-REGION
ASSEMBLY

The broad outline of the method devised for the measurement of
Koo has been given in Secs. 1.2 and 1.3, under a set of restrictive
assumptions. These restrictions will now be removed, and the corre-
sponding expression for k_, will be derived for cases of practical
interest.

Consider a subcritical, heterogeneous assembly of fuel and
moderator, of sufficient size that an equilibrium spectrum exists
everywhere except in regions near sources and boundaries, and let
k , be greater than unity. Consider also the introduction into the
moderator of a uniformly distributed neutron absorber. Such an
absorber will absorb thermal and epithermal neutrons. If the assembly
is heterogeneous and the absorber is solid, some of the moderator will
be expelled from the assembly. The neutron-multiplying character-
istics of the medium, as summarized by Eq. (2.7), will be altered, to
an extent depending on the amount and type of absorber added. If the
absorber is selected properly, the value of k_ may be reduced to unity.
As noted previously, this implies a null material buckling. For an
assembly with null material buckling, Eq. (2.7) may be replaced by the
equation, '

1= €°p°n°f°(1+5c2’5> ) (2.27)

Superscript zeroes (°) refer to parameters characterizing such an
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assembly. Division of Eq. (2.7) by Eq. (2.27) and use of Eq. (2.18) gives

the result:

1 2
k, = (€) (;%) <n_?°> ;—6—(2-)5 [1+ng+£ 121 (a0 —Aiﬂ . (2.28)

€ +625

Y

This equation is analogous to Eq. (1.5) but contains the necessary cor-
rection factors.

If the added absorber displaces little or no moderator, if it is
predominantly a thermal neutron absorber, and if it is carefully placed
within the assembly, the first four factors in parentheses on the right-
hand side of Eq. (2.28) will all be near unity. Furthermore, the differ-
ence between A? and Ai for the cladding and moderator can be made
small. In the approximation that the former correction terms are
indeed equal to unity, and the latter may be neglected, the similarity
to Eq. (1.6) is more apparent:

e
3

— O_
koo—l—fAS—aO+a1+a2. (2.29)

The factors entering the exact formulation of Eq. (2.28) account
for spectral perturbations, epithermal absorptions in the added
absorber, and effects of the heterogeneity of the lattice. In the present
work, the values of the individual correction factors for spectral per-
turbations and epithermal absorptions differed from unity by no more

than 3%; their product deviated from unity by less than 1.5%. The
value of the correction factor f Z <A(i)-Ai> was from 0.15% to 0.4% of
i=1

the bracketed term in which it appears in Eq. (2.28).

Although the correction factors are small, their nature is such
that they are dependent on the moderator-to-fuel ratio of the lattice.
To test the efficacy of the method, lattices spanning a wide range of
moderator-to-fuel ratios of practical interest have been investigated.

Furthermore, it is to be noted that it is ratios of factors, not the
factors themselves, which appear in Eq. (2.28). Thus, any systematic
errors will tend to cancel; one obvious example of this is afforded by
the factor (n/no). The final value of k_ is independent of the value
used for Vog, a8 well as that used for the-macroscopic cross sections
of the fuel.
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Zero material buckling values are not attained experimentally.
Varying amounts of absorber are added to the lattices, resulting in
both positive and negative bucklings. In each assembly, the buckling,

ag: and 8yg

are measured. The ratio 625 is measured in the unmodified lattice,

and R3 in one or more of the assemblies. The correction factors of

the fine structure of the thermal neutron distribution, R

Eq. (2.28) and the ratio A3 are derived from these measurements, in
a manner to be described in Sec. 4.3 and 4.4. These correction factors
are plotted individually, with the measured material buckling as
abcissa, and least squares fits employing low-order polynomials are
made. (See Sec. 4.5.) The best estimate of the value of each parame-
ter for an assembly with null material buckling is taken to be the
y-intercept of the least squares line at zero buckling. These values
are used in Eq. (2.28) to obtain an experimental value of k. The
results are given in Sec. 5.4.

The values of k_ for each assembly may be derived from a
formula analogous to Eq. (2.28). Quantities with superscript (') relate
to an assembly containing added absorbers; those with superscript (°)

relate to an assembly with null material buckling. The equation for

k! = €\ (pl)[(n. 1+5§5 1+f'(AO A'>+f' i(AO A') (2.30)
™ { o o no 0 373 R A :
1 4

2.5 POSSIBLE APPLICATION OF THE METHOD TO A TWO-REGION
ASSEMBLY

Many reactor physics parameters, including the material buck-
ling, can be measured under appropriate experimental conditions in
two-region subcritical assemblies (PE 2, RO 2, GO 1). Such assem-
blies consist of a central (or test) region, containing the mixture of
fuel and moderator to be investigated, and an outer (or reference)
region, containing a mixture of fuel and moderator whose properties
are known. The measurements have the greatest chance of success
when the differences between the test and reference regions are small.

It is of interest to consider the possibility of determining k_ in
a two-region experiment. Combination of the high precision inherent

in the Hanford technique (and attributed to the one-region subcritical
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experiment described in the preceding section) with the minimal fuel
requirements characterizing subcritical substitution measurements
would be useful in experimental reactor physics.

The present study is aimed primarily at establishing the validity
of the one-region subcritical technique for the measurement of k_; a
simultaneous effort is under way to explore the limitations of sub-
critical substitution measurements of the buckling and other parame-
ters in DZO lattices (GO 1). The test of the possibility of combining
the two methods must await completion of both projects, but one two-
region assembly has been investigated as part of the present work. No
attempt is made to determine a value of k_ on the basis of the measure-
ments on this assembly, but exploratory measurements have been
undertaken, in an attempt to investigate the feasibility of combining
the two methods.

As indicated above, the two-region measurements are best-suited
to situations where test and reference regions are not markedly differ-
ent. Although other configurations are possible in two-region measure-
ments of k  (see Chap. VI), imbedding a test lattice modified by the
addition of absorbers in a non-modified reference lattice presents the
maximum possible economy in test fuel and absorber material. But
the differences between the test and reference regions (in terms of
material buckling, diffusion length, etc.) would, in this case, be very
large, since the success of the determination of k_ depends on
obtaining at least one modified lattice with a value of the material
buckling at or near zero.

It was therefore deemed of interest to investigate a two-region
assembly with a large difference between the test and reference
regions. The flux distribution in the radial direction, and in the axial
direction at three different radii, were investigated with bare and
cadmium-covered foils. These measurements yield information about
the regions of the assembly where an equilibrium spectrum may be
expected and allow a comparison with the cadmium ratio values deter-
mined in the single-region measurements on the test and reference
lattices. The assumption that the axial buckling 'yz is independent of
radial position in a two-region assembly is important in most two-
region determinations of test lattice bucklings. The above-mentioned

measurements allow a test of the validity of this assumption in an
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assembly where test and reference regions differ widely. The results

of the measurements are discussed in Sec. 5.7.

2.6 DETERMINATION OF LATTICE PARAMETERS OTHER THAN k_
2.6.1 Parameters Appearing in the Four-Factor Formula

While the method to be developed has been presented as a measure-

ment of k it may, with equal validity, be treated as a measurement

00’

of n, p, f, or (1+6 Since these parameters appear in Eq. (2.28) in

).
ratios, the experizri)lental value of k  derived is independent of their
absolute value, as discussed in Sec. 2.4. By solving Eq. (2.7) for the
desired factor in terms of k_ and the other factors, and using the experi-
mental values for them, an experimental value of the desired factor may
be obtained. Such a procedure will be useful in cases where the per-
centage uncertainty in one of the factors is markedly greater than that

in any of the others. The matter is further discussed in Sec. 5.5.

2.6.2 Parameters Relating to Neutron Leakage (Lz, T)

The discussion to this point has centered on the neutron economy
in an assembly so large that neutron leakage may be ignored. The
parameter characterizing such an assembly is, of course, the neutron
multiplication factor for an infinite medium, k. As indicated in
Sec. 2.1.2, it may be related in a variety of ways to the material buck-
ling. The equation stating this relationship is the so-called "'criticality
equation,' the complexity of which is governed by the nature of the
assumptions made concerning the slowing-down process. Detailed
models have been evolved, but comparatively simple criticality
equations, derived from elementary reactor theory, have been found
adequate for correlating the available experimental data. References
CR 3 and HE 7, which are critical evaluations of investigations of the
physics of D,O-moderated assemblies, have demonstrated the efficacy
of such equations for parametric studies and correlation and intercom-

parison of data. Thus, the following equations have been used widely:

k, = (1+L2B3n> (1+7Br2n>, (2.30)

=
|

- <1+L2B2 ) (eTBIzn) (2.31)
[~ o] m ° -
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In these equations, L2 is the thermal neutron diffusion area, and 7T is
the Fermi age of neutrons. Equation (2.30) is derived from two-group
theory; Eq. (2.31) is derived from age-diffusion theory.

The expression for the fast nonleakage probability derived from

age theory, e~ B

, has been compared with a more precise expression
calculated with the Greuling-Goertzel approximation, which does not
involve the assumption of continuous slowing down basic to age theory
(LE1). The comparison was made for reactors moderated with
deuterium. Although no single value of 7 was found for which the age
theory expression gave results in agreement with those of the Greuling-
Goertzel treatment for all values of B2, for practical reactors
(B2 < 0.01 cm_z) the range of values was found to be small (101.6 cm2
to 107.2 cm2 for the age from 2 Mev to 1.4 ev). The largest buckling
encountered in this work is 0.0014 cm-z; for bucklings of this magni-
tude or less, the age theory value of the nonleakage probability should
not differ greatly from the value derived under the Greuling-Goertzel
approximation.

Other workers have made experimental measurements of L2 and
T by adding neutron absorbers to lattices, observing the change in the
buckling and relating this to changes in k (see Appendix A). Under
certain conditions, it is possible that both L2 and 7 can be simultane-
ously measured in experiments similar to those done here. The
method proposed involves calculating the change in both 1.2 and 7
caused by the addition of the absorber, and leaving as unknowns the
values of these two parameters for the unmodified lattice. The method
is discussed in Appendix G. It is pointed out there that an assembly
with zero material buckling contributes no information about L2 and T;
assemblies with low material buckling contribute very little information.
s 1N the

manner described in Secs. 2.1 to 2.4. For this work, assemblies with

The main purpose of this study is the determination of k

zero material buckling are ideal; an effort was made to obtain buck-
ling values near zero wherever possible. Thus, the available experi-
mental data is not well-suited for the determination of L2 and 7.
"Experimental" values of L2 may, however, be obtained from
Egs. (2.30) or (2.31), if calculated values of the Fermi age are used in

conjunction with the measured values of k_ and the material buckling.
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H. E. Bliss has calculated values of the age for the lattices studied
(BL 2), using formulas given by A. D. Galanin (GA 1). Values of 1.2

calculated for the unmodified lattices in this way are given in Sec. 5.6.
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CHAPTER III1

EXPERIMENTAL APPARATUS

In this chapter, the apparatus used in these experiments is
described. Where detailed descriptions of equipment used are readily
available (e. g., the lattice facility), only a brief description will be
given, together with the pertinent references. In addition, some
details have been relegated to the appendices. The chapter closes

with a listing of the experiments.

3.1 SUBCRITICAL FACILITY AND M.I.T. REACTOR

The experiments took the form of foil irradiations in the M.I. T.
Heavy Water Lattice Facility (HE 1). Its neutron source is the M.I.T.
Research Reactor, a heavy water cooled and moderated, enriched
uranium fueled, tank-type reactor, which was operated at a power
level of 2 MW throughout the course of the experiments. Neutrons
passing out of the reactor through the graphite thermal column enter
the lattice tank from the bottom after making a 90° turn in the cavity
which is situated as shown in Figs. 3.1 and 3.2. The neutron source is
highly thermalized, having a gold-cadmium ratio of 3000-4000; the
source strength is approximately 1010n/crn2 sec at the bottom of the
tank, when the reactor is operating at 2 MW. Because the subcritical
facility is not on a direct ''line-of-sight'" with the reactor core, gamma
rays from the core do not produce sufficient numbers of photoneutrons
in the heavy water in the lattice to affect the measurements appreci-
ably (PA 1).

The lattice facility consists of a cylindrical aluminum tank, three
feet in diameter, covered on its sides with cadmium 0.020 inch thick.
The subcritical lattices are made up by hanging the fuel rods on sets
of parallel girders, which are notched to accept the rod top adapters.
The rod bottom adapters notch into a grid plate, thus insuring accurate
rod spacing. Lattices are assembled on the floor of the reactor
building, then lifted into place with the overhead crane. The system is

sealed and dried before heavy water is admitted. A cover gas of dry
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nitrogen blankets all exposed D20 surfaces, to prevent contamination
from atmospheric moisture. The lattice can be reached, after sealing,
only through the glove box mounted on the upper lid of the tank. By
means of a set of eccentrically-mounted circular lids, this glove box

may (with some effort) be positioned over any point in the lattice.

3.2 LATTICES STUDIED

All the lattices studied were made up of slightly enriched uranium
metal rods, clad in aluminum, and arranged on a triangular spacing in
heavy water moderator. The lattices were approximately 35 inches in
diameter; the active fuel zone was 48 inches high. An arbitrary desig-
nator (based on the spacing) has been assigned to each lattice, for con-
venience of reference. The designators, and pertinent details, are
listed in Table 3.1.

The latticeé studied are the 250, 175, and 253 lattices. The 125
lattice is included in Table 3.1, even though it was not investigated by
means of added absorbers. The results of independent investigations
(HE 4, HE 5) on this lattice will be presented in Chap. V, for compari-
son with the results from the 250 and 175 lattices.

3.3 THERMAL NEUTRON ABSORBERS

Varying amounts of thermal neutron absorber had to be added to
each of the lattices studied. The neutron absorber could have taken a
number of different forms. The reasons for choosing the absorber used
are given here.

The basic choice is between a homogeneous absorber dispersed
uniformly in the moderator, and lumped absorbers placed at regular
intervals through the assembly. The advantages and disadvantages of
each are considered at greater length in Appendix B. The decision
was in favor of lumped absorbers, for the reasons discussed there,.

It was clear from the outset that the absorbers placed in the
lattices ought to be continuous axially, to simplify interpretation of the
results of the axial buckling measurements. Consideration was given
to sheets, strips, rods, tubes, and bundles of rods or tubes. The
following conclusions were reached: sheets would be very difficult to
insert and remove from the lattices; they might buckle or ripple, and

thus introduce positioning uncertainties; and they would severely limit



TABLE 3.1

Description of Lattices Studied

Lattice  Lattice Fuel Slug Air Gap Clad Fuel Rod  Uranium D90 Moderator Number
Designator Spacing Diameter (inches) Thickness Outer Enrichment Purity to Fuel of
(inches) (inches) (inches) Diameter (weight%) (mole%) Volume Rods
(inches) Ratio

250 2.50 0.250 0.006 0.028 0.318 1.143 99.56 108.60 169
175 1.75 0.250 0.006 0.028 0.318 1.143 99.53 52.40 361
125 1.25 0.250 0.006 0.028 0.318 1.143 99.60 25.93 691
253 2.50 0.750 0.004 0.028 0.814 0.947 99.51 11.07 169

1€
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the already poor visibility in the lattice assembly. Strips would be
easier to insert and remove, but retain the other disadvantages of
sheets. Tubes offer considerably more rigidity than rods of the same
cross-sectional area, but would be larger and more difficult to remove
and insert. Bundles of rods or tubes had the disadvantage that the cal-
culation of the disadvantage factors becomes unduly complicated.
Finally, solid cylindrical rods were chosen for the lumped absorbers
because of their simple shape, satisfactory rigidity, and because they
do not substantially interfere with visibility in the assembly.
Desirable attributes for the absorber material include:
a well-known thermal neutron cross section, of such a
magnitude that the lumped absorbers used have convenient

sizes;

a thermal neutron cross section which varies with incident

neutron velocity (v) as 1/v;

availability at moderate or low cost in the form and purity

desired;

moderate or low specific activation in neutron fluxes;

short half life if possible;
small resonance neutron absorption integral; and
inertness to corrosion in the moderator.

Aluminum would be ideal except for its thermal neutron cross
section, which is too small. Stainless steel and copper would both be
acceptable. Copper was chosen because its macroscopic thermal
neutron cross section is 50% larger than that of steel.

Copper, as it occurs naturally, has a thermal neutron cross section
which varies as 1/v; its value for 2200 m/sec neutrons is 3.79+0.04 barns
(DO 1); this cross section permits convenient rod sizes in the lattices
studied. The rods used were thick enough to be readily manipulable,
but, as will be seen, did not expel more than 1.71% of the moderator
from any of the lattices studied.

The longest half life involved, when copper undergoes neutron
irradiation, is 12.5 hours; the radioactive decay is mostly by electron
or positron emission, with relatively little (3.5%) accompanying gamma

emission, except for the annihilation gammas produced as a consequence
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of the positron decay. An indication of the modest radiation levels
involved is obtained from Table 3.2. The radiation level above back-
ground was measured with a portable radiation survey meter (Geiger

tube) as a function of the distance of the tube face from the center of

TABLE 3.2

Radiation Level as a Function of Distance from Irradiated Rod

Distance Radiation Level
(inches) (mr/hr)
18.0 1.0
9.0 3.0
4.5 9.0
2.5 16.5

a single, 0.188-inch-diameter, copper rod, 1.3 hours after the shut-
down of the last run of a three-week series of experiments. Three
irradiations totaling 31.5 hours were made in the 44 hours prior to the
radiation level measurement; the last run lasted 5.7 hours. The rod
came from the center of the assembly.

The resonance absorption integral at infinite dilution, defined as,

[ o (B) &, (3.1)
0.415ev
is 3.12 barns for copper (BE 1); over half of this may be assigned to

the 1/v component of the cross section.

3.4 ABSORBER RODS USED

Two sets of rods were purchased, with nominal diameters of
0.188 inch and 0.144 inch, at a price of $1.50 to $2.00 per pound.
These two types of rods are here designated "A' and ''B," respect-
ively. While cladding is apparently not strictly necessary when
dealing with copper and D20 of the purities involved (CR 2), all
exposed surfaces were coated with 0.0005 inch of KANIGEN to remove
any slight possibility of the copper causing corrosion of the aluminum

tank and fuel cladding. KANIGEN, or "electroless nickel," consists of
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nickel containing 1% to 15% phosphorus and is deposited chemically,
without the use of externally applied voltages. The resulting coating
is more nearly uniform in thickness than, for example, electroplated
nickel or chromium. It is non-crystalline, non-porous, hard, and has
corrosion properties equal or superior to those of pure electroplated
nickel, as shown in a variety of cases tested by the Armour Research
Foundation of the Illinois Institute of Technology (AR 1). The cost is
comparable to that of equivalent thicknesses of less satisfactory
electroplated coatings.

The 0.0005-inch cladding thickness of the KANIGEN was chosen
with reference to experience with the control rod magnets in the MITR.
The cladding, while it discolored during the course of the experiments,
appeared to function satisfactorily, in that the conductivity of the lattice
DZO did not deviate appreciably from its normal value of 0.4 mhos/cm.
Chemical analyses of the coating on the rods placed the weight percent-
age of phosphorous at 11.5% for the A rods and 9.2% for the B rods.

Qualitative spectrographic analysis of two samples of the copper
used indicated that the only impurity present in an amount sufficient to
alter the macroscopic thermal neutron absorption cross section by
more than 0.002% was silver; the 0.01% (by weight) of this element
increases the cross section by only 0.04%. Table 3.3 shows the major
impurities present. The resonance absorption integral for the rod
material should be very slightly (~0.5%) larger than that for pure copper,
owing to the silver impurity. The resonance escape probability would be

decreased by 0.2% at most.

3.5 POSITIONING AND SUPPORT OF ABSORBER RODS
The pattern in which the absorbing rods were placed in the lattice

was chosen for two reasons. First, it was thought that the rods should
be placed at regular intervals throughout the lattice, the interval being
equal to, or an integral fraction of, the lattice spacing. If this is done,
the "unit cell" associated with each fuel rod is identical throughout the
lattice (see Sec. 4.3.2). This simplifies the interpretation of the radial
buckling measurement; the material buckling of the lattices with added
absorbers is then measured in the same way as the buckling of the

normal lattices. Second, it was considered desirable to place each
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TABLE 3.3

Impurities Present in Copper Used in Experiments*

(Based on qualitative spectrographic analysis of two samples)

Impurity Weight Percentage (Max.)
Pb 0.01
Ag 0.01
Ni 0.01-0.001
Na 0.001
Si 0.001
Mg 0.001-0.0001
Ca 0.0001
Fe 0.0001

* So-called OFHC (oxygen-free, high conductivity) copper.

o Subsequent quantitative analysis placed the actual amount
of silver present at 0.0020%+0.0003%.

absorber rod in a region of the cell where the neutron flux gradient is
small. In this way, slight errors in absorber rod positioning should
introduce only small perturbations in the results. The errors intro-
duced in this fashion are thought to be negligible; they will be discussed
further below.

These two requirements, together with mechanical limitations,
served largely to define the positions of the absorbing rods in the
lattices studied. In addition, the measurement of the thermal utili-
zation is somewhat simplified if each absorber rod of a given size is
located at the same position in the unit cell; this was found to be possi-
ble. The arrangement of the fuel rods and absorbing rods in the
lattices studied is shown in Figs. 3.3 to 3.11. (See also Sec. 3.10.)

The leading requirement to be met by the mechanism for the
support of the absorber rods was, of course, that of adequate mechani-
cal strength. Furthermore, the supports had to be compatible with the
equipment already in use in the subcritical assembly; no modifications
were made to accommodate the new lattice elements. Simplicity in

design was also held to be desirable. Finally, the mechanism had to
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guarantee, insofar as possible, that the absorber rods were parallel
to the fuel rods in the vertical direction.

In the 250 and 175 assemblies, the fuel support girders were
spaced widely enough so that there was room between them for the
absorber supports. The latter took the form of 1.25-inch by 1.25-inch
aluminum channel with a wall thickness of 0.125 inch in the 250
assemblies, and of 1.25-inch by 0.625-inch aluminum bar stock in the
175 assemblies. The dimensions of the fuel support girders are such
that, in each case, the absorber rod support elements described above
fit tightly (press fit) between them. The support elements were wedged
into place, carefully positioned, and checked at intervals during the
work on each lattice, as well as after all work was complete. In no
case was any lateral shift in the direction of motion parallel to the fuel
girders detected.

In the 253 assemblies, space limitations precluded placing
absorber rod supports between the rows of fuel. Instead, strips of
0.75-inch by 0.125-inch aluminum bar stock were laid on the top of the
fuel support girders, parallel to the rows of fuel; they were held in
place, in the direction transverse to the girders, by the fuel top
adapters, against which they fit snugly. Absorber rods were also
positioned within the rows of fuel rods in two of the assemblies
studied in this lattice. A set of 1.25-inch by 1.375-inch by 0.125-inch
rectangular aluminum coupons was fabricated; these fit snugly between
the fuel top adapters within the rows. They were fabricated with
special tabs, which fit into notches cut in the aluminum strips described
above. This arrangement prevented the strips from sliding out of
position along the direction of motion parallel to the fuel girders (see
Fig. 3.12).

Each copper rod was fitted out with a top adapter (Fig. 3.13). The
lower end of the adapter is spherical, as shown. The supports for the
copper rods were made by machining 0.125-inch-deep depressions
with a 0.5-inch ball end mill at the appropriate points on the channels,
bars, strips, or coupons, and then boring through the support member
with a 0.25-inch drill. The copper rods, when fitted with the top
adapters, hung through the support members and were positioned at

the center of the oversize hole by the spherical end of the adapter,
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resting in the spherical depression. As described above, this proved
to be a satisfactory means of supporting and positioning the absorber
rods and guaranteeing their proper alignment. Rods were readily
removable from, or replaceable in, the lattice throughout the series
of experiments on any given assembly.

It was decided at the outset that a new grid plate would not be
fabricated, and that the one normally in use would not be drilled to
accept the copper rods. The rods hung free, from the top supports,
with only those rods in the area where measurements were made (the
central rows) held in place by a bottom aligner affixed to the grid
plate. The rods used were carefully inspected for straightness before
insertion in the lattice. After all rods had been inserted, and before
the lattice was placed in the tank, careful inspections were made from
all angles, by sighting down the rows of rods. Bent rods, or those
which were out of line for any reason, were readily identifiable; they
were replaced with.straight rods.

Figure 3.14 shows the device used in the 250 assemblies to align
the absorber rods in the central rows; it was constructed of 1.25-inch
O.D., square aluminum tubing with a wall thickness of 0.125 inch, and
securely affixed to the grid plate as shown. The location of the aligners
is shown in Figs. 3.3 to 3.6. Because of the size of the device, experi-
ments were made to determine its effect on the neutron flux distribu-
tion in the lattice. In the first and last of the assemblies investigated,
axial distribution measurements with bare gold foils were made at
points equidistant from the center of the lattice, one far from the
aligner and one in the central row of fuel rods, as shown in Figs. 3.3
and 3.6. The results are given in Fig. 3.15. The ratio of foil activi-
ties in each of the two traverses does not differ from unity by a statis-
tically significant amount (twice the S.D. of a single observation) for
points above 35 cm. The axial buckling determinations are not based
on any points below 35 cm (see Sec. 4.2), so the absorber rod aligner
should have no effect on these results.

All radial and axial buckling measurements done with gold foils,
with the exception of the axial measurements mentioned immediately
above, and all microscopic traverses, were made in the region where

the rods were positioned at the bottom by the aligners.



FIG. 3.14 ABSORBER ROD ALIGNER IN 250B2 ASSEMBLY
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Aligners with a similar function were also used in the 175 and 253
assemblies (see Figs. 3.7 to 3.11), but were much smaller, consisting
of 0.5-inch by 0.5-inch aluminum channel with a wall thickness of
0.0938 inch. No experiments to check for their effects were considered

necessary in view of the foregoing results.

3.6 PURPOSE AND METHOD OF THE EXPERIMENTS
As stated at the beginning of this chapter, the experiments under
discussion consisted of foil irradiations, chiefly of two kinds, called

"macroscopic traverses' and "microscopic traverses,"

respectively.
The purpose of the former is to establish the relative neutron flux dis-
tribution throughout the assembly, away from sources and boundaries;
in practice, this involved mapping the activation distribution in the
direction parallel to the axis of the cylindrical assembly, as well as
perpendicular to it, with both bare and cadmium-covered gold foils.
From such measurements, the material buckling may be derived, in
the manner explained in Secs. 2.1 and 4.2. The second type of foil
irradiation, the microscopic traverse, had as its purpose the determi-
nation of the relative thermal neutron activation distribution in the fuel,
cladding, moderator, and copper absorber rods. Again, bare and
cadmium-covered gold foils were irradiated; the way in which the
thermal utilization may be derived from such experiments will be dis-
cussed in Sec. 4.3. The remainder of this section will be devoted to
describing the foils, foil holders, and cadmium covers used in the
experiments. Details concerning the irradiation and counting of the
foils will be found in Appendix C.

A considerable effort has been in progress at the M. 1. T. Heavy
Water Lattice Project on the techniques for determining the material
buckling and thermal utilization of subcritical lattices of uranium
metal rods in heavy water. Reports on the material buckling have
been presented by P. F. Palmedo (PA 1) and J. Harrington (HA 1); the
thermal utilization experiments have been investigated by P. S. Brown
(BR 1) and R. Simms (SI 1). While certain modifications of those tech-
niques were made in the present work, particularly in the microscopic
experiments, the experimental work described here is based, to a

large extent, on the results of the preceding studies. Thus, the reader
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is referred to the above-mentioned reports, or the Annual Reports of
the project, for more detailed discussions. The foil irradiation
experiments in the lattices with added absorbers were made, insofar
as was possible, exactly as in lattices without added absorbers. The
results in the two types of lattices should therefore be directly compa-

rable.

3.7 NEUTRON-DETECTING FOILS

The foil material used was almost exclusively metallic gold. Gold
has a large thermal neutron cross section which has been measured
accurately (96 b. activation cross section for 2200 m/sec neutrons),
and is very nearly a "1/v absorber' in the thermal neutron energy
range (HU 1, WE 3). It is also readily activated by resonance energy
neutrons; thus, activation of gold foils with and without cadmium
covers makes it possible to determine the subcadmium and epicadmium
activation distributions in a clear and relatively simple way. The sig-
nificance of this is discussed in Sec. 2.1.3. Gold of the requisite purity
is readily obtainable in sheets, is comparatively easy to form into satis-
factory foils, and does not react to any appreciable extent with the heavy
water moderator. Its 2.7-day half life and single isotope make it a con-
venient detector in practice; in the present work, for instance, many
sets of foils could be counted twice because of the long half life.

Another possible foil material, the use of which would have facili-
tated some aspects of the analysis, is copper. A number of the proper-
ties of copper which make it an ideal added absorber turn out, however,
to constitute disadvantages for a foil material. Its macroscopic acti-
vation cross section for thermal neutrons is only 4% that of gold, so
that larger foils and longer irradiations are needed to obtain the statis-
tical accuracy possible with gold foils. Furthermore, the small reso-
nance absorption integral of copper means that it is a less efficient
epithermal neutron detector than gold. Finally, the 12-hour half life
of copper, while it does not preclude its use as a detector, would
certainly reduce greatly the flexibility in the scheduling of experiments
possible with gold. (In view of the fact that the addition of absorbers
rendered the main exponential facility useless to most of the other
members of the Project, the experiments had to be completed as quickly
as possible.)
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The foils used were, for the most part, made up from fresh (pre-
viously unirradiated) sheets of gold, although some foils were reused
after a minimum of two months' cooling time. A punch and die press
in standard use on the Project was used in manufacturing the foils;
care was taken to see that all foils used in a given traverse were

1) made with the same punch and die,

2) punched from the same sheet of gold, and

3) as nearly matched in weight as possible.
The foils punched from a given sheet of gold, with a given punch and
die, were made up into "libraries' of 200 to 400 foils, arranged in
order of weight. The foils were weighed on a microgram balance; the
standard deviation for a single measurement with this device has been
determined to be 6 micrograms for an 0.038-gram foil. This consti-
tutes an uncertainty of 0.015% and is negligible in comparison with the
uncertainties due to counting statistics, which were never less than
0.11%. The lightest and heaviest foils in each experiment did not differ
in weight by more than 2% of the mean.

The foils used in the macroscopic traverses were circular,

0.125 inch in diameter and 0.010 inch thick. Those used in the micro-
scopic traverses in the 250 and 175 assemblies were circular,

0.0625 inch in diameter and 0.010 inch thick; 0.0625-inch-diameter,
0.005-inch-thick foils were used for the microscopic measurements
in the 253 assembly. The purity of the gold was in all cases 99.95%

or better.

3.8 FOIL HOLDERS — MACROSCOPIC DISTRIBUTION MEASUREMENT

All foil holders used were constructed of aluminum, the minimum
amount consistent with the objectives of the experiment being used. The
purer alloys of aluminum (1100, 6063, and 6061) were used throughout.
Following general practice on the Project, '"bare' foils were placed in
aluminum pillboxes with an O.D. of 0.25 inch and a height of 0.060 inch;
"cadmium-covered'" foils were placed in similar pillboxes of cadmium.
The thickness of the top, bottom, and wall of one of these pillboxes was
0.020 inch.
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3.8.1 Radial Foil Holders

The radial foil holders were constructed of extruded, rectangular
bar stock, 0.25 inch by 0.375 inch or 0.25 inch by 0.5 inch, and were
positioned in the moderator by suspending them at the ends with alumi-
num bead chain, from carefully positioned support points. Circular
depressions, 0.010 inch deep and capable of accommodating a gold foil
in an aluminum or cadmium pillbox, were milled at intervals corre-
sponding to the spacing of the lattice in which the holder was to be used;
the accuracy of the location of these positioning depressions is about
0.0005 inch. Foils were secured to the holders with mylar tape; previ-
ous work indicates that the perturbation caused by the tape is negligible
(SI 1). The foil holders were positioned in the lattices at heights from
70.6 cm to 71.4 cm above the bottom of the core. Positioning of the
radial foil holders is further discussed in Sec. 4.2.1. As indicated in
Figs. 3.3 to 3.11, they were parallel to the fuel support girders, in the

first or second channel away from the lattice center.

3.8.2 Axial Foil Holders

Axial traverses were made in three different ways. In all
assemblies studied (except the two-region assembly), at least one set
of foils was imbedded in a fuel rod and irradiated. (In the 250 and 175
assemblies, all axial traverses were made in this way.) In the 253
assemblies, axial traverses were made by positioning foils in the
moderator between fuel rods on aluminum foil holders. Finally, to
explore a third alternative for the axial buckling measurement, in the
last two assemblies to be investigated, fresh copper rods were irradi-
ated at positions close to the center of the lattice, removed shortly
after shutdown and sawed into pieces from which foils were cut; the
positions from which foils were to be taken were accurately measured
and marked before the irradiation. The positions of the various axial
traverses are given in Figs., 3.3 to 3.11. Foils were generally placed
at 2-inch intervals, ffom 12 inches to 40 inches above the bottom of
the core.

As noted above, most of the axial distribution measurements were
made with foils imbedded in the fuel. Several "experimental rods,"

consisting of hollow aluminum tubes with positioning tabs corresponding
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to the top adapter of a normal fuel rod, were available for use with each
lattice. Two-inch-long uranium slugs were also available; a total of 24
of these slugs, 15 or more with aluminum- or cadmium-boxed foils
imbedded in one end, were placed in an experimental rod in a typical
experiment of this kind. A fuel rod near the center of the lattice was
withdwaum.to make room for the experimental rod. After irradiation,
the experimental rod was removed and disassembled, and the foils
recovered for counting. The principal drawback in the use of this method
is the high radiation level encountered by personnel while loading and
unloading the experimental rods. Fuel slugs 0.75 inch in diameter,
irradiated near the bottom of the lattice, had contact radiation levels in
excess of 1 R (beta plus gamma). Extreme care was taken during
experimental preparation and breakdown to minimize radiation exposure
to all individuals concerned. There is also another drawback to the
method: the experimental rods occasionally leak. Of the 32 axial
traverses made in the manner described, three were rendered question-
able by waterlogging — leaky gaskets allowed heavy water to seep into
the rgd during the course of the experiment. In all cases where experi-
mental rods were waterlogged, the foils were cleaned with extra care
before ¢counting. More will be said about the results of these experi-
ments in Sec. 4.2.2.

The aluminum foil holders used in the 253 lattice were fabricated
in much the same manner as the radial foil holders previously described.
The cross section of the extruded aluminum was, however, T-shaped
and not rectangular (see Fig. 3.16). The back of the T measured
0.4375 inch, the leg 0.75 inch, and the wall thickness was 0.125 inch.
Foils were secured in place with mylar tape. The holders were
positioned at the top by means of a fuel rod top adapter which was
fastened to the body of the holder. The pointed tip of the holder fitted
into a hole in the fuel rod grid plate, which positioned the bottom of the
holder.

Two traverses were made with the third technique, which involved
the cutting of cross-sectional foils from an irradiated copper rod.. The
results are further discussed in Sec. 4.2.2. Considerably more effort
was necessary to do the experiment with copper foils than it was to do

the gold foil experiment. The drawbacks previously associated with
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copper as foil material (comparatively small cross section and half
life), together with the difficulties involved in machining radioactive
materials in short times, account for most of the additional effort
needed.

A fourth method of measuring the axial buckling, involving the
construction of a wire or rod scanner, was considered but not em-
ployed. It was felt that the measurement could be made more readily
with foils, as described above, and that it would be very difficult to
obtain both satisfactory collimation and a count rate high enough to
allow good statistics.

The locations of the various axial traverses are shown in
Figs. 3.3 to 3.11.

3.9 FOIL HOLDERS — MICROSCOPIC DISTRIBUTION MEASUREMENT
The purpose of the microscopic or intracellular traverses was, as
previously noted, to determine the thermal neutron activation distribu-
tion in the fuel, moderator, and added absorber. In all the assemblies
investigated, the central rod or rods were removable, together with
the immediately adjacent copper rods. The "central cluster' could
then be fitted out with the necessary foil holders, lowered into the
lattice through the glove box by a winch, and replaced in position for
the irradiation. The bottom adapter on the central fuel rod notched into
the grid plate: a lower plate securely fixed to the central rod, below
the bottom of the active fuel zone, prevented the other rods in the
assembly from rotating or getting out of position. The upper plate of
the central cluster was fabricated from plexiglass, so that the foil
holders were visible when in position in the lattice. This upper plate
positioned all the rods properly with respect to each other and fit
snugly between the fuel support girders in such a way as to ensure
proper positioning of the entire central cluster. Similar devices have

been in use on the Project since its inception (BR 1, SI 1).

3.9.1 Activation Distribution in Moderator

To map the activation distribution in the moderator, foils were
placed on flat aluminum holders. In the 250 and 175 assemblies, these
holders were 0.012 inch thick, in keeping with previous practice on the

Project. To accommodate the bare foils, holes 0.065 inch in diameter
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were drilled in the holder at the positions desired. The foils fit easily
into these holes and were held in place with one or two layers of mylar
tape on the top and the bottom. The body of the foil holder for the
cadmium-covered foils was constructed similarly, but the holes were
drilled out to 0.125 inch in diameter; cadmium pillboxes of the type
shown in Fig. 3.17 were then inserted into the holes and cemented into
place with epoxy resin. The foil holders were secured to the central
fuel and absorber rods with mylar tape, at positions from 20 inches to
26 inches above the bottom of the core.

Although the results obtained with the foil holders described are
considered reliable, in practice, an inordinate amount of effort was
necessary to carry through a successful experiment with this equip-
ment. Difficulty was experienced in positioning the holders and in
securing them in position; mylar tape can be most inconvenient to
work with, in this connection. Previous experiments have shown that
as many as eight layers of mylar tape, in the immediate vicinity of the
foils, do not perturb the measurement (SI 1). Anchoring the foil holder
in place with a minimum amount of tape is, however, difficult at best.
Finally, the epoxy resin cement proved not to be wholly reliable.
Accordingly, in cooperation with Project personnel, a new kind of foil
holder substantially different from those previously used was designed
and built for use in the 253 assemblies.

The new holders consisted of flat aluminum plates, 0.060 inch
thick. They were roughly triangular in shape and, as shown in
Fig. 3.18, could be positioned by the three central fuel rods. Three
fuel rods were equipped with circular rings which fit around the rods
snugly and provided positive positioning for the foil holders. Bare
foils lay in shallow (0.006-inch~deep) circular depressions 0.065 inch
in diameter and were secured to the holder by a layer or two of mylar
tape. The foil holder for the cadmium-covered foils was again con-
structed by drilling out holes 0.125 inch in diameter at each of the foil
positions, but a modified cadmium box having no lower flanges was
used. These boxes fit tightly (press fit) into the 0.125-inch holes. The
foil holders, as constructed, were used successfully in three micro-
scopic traverses and were an improvement over their predecessors.

To determine whether the foil holder caused a local depression in
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the neutron flux for which a correction would have to be made, foils
were irradiated on the surface of a copper rod at two positions. The
first foil was taped into position at the point marked "a'" in Fig. 3.18;
the second was two inches directly below it, taped to the absorber rod
at the height of the foil holder, so that it was between the foil holder
edge and the rod surface. The experiment was done twice; the activity
of the "a'" foil was found to be 1.0% + 0.5% higher than that of the lower
foil, when both activities were corrected to the same reference height.
No correction factor was applied to the activities of the foils on the
holder; the effect of a 1% increase in their activity would be to
decrease the thermal utilization by 0.005%, which is negligible in

comparison to other uncertainties in this parameter.

3.9.2 Activation Distribution in Rods

In addition to the foils irradiated in the moderator, foils were also
placed within the central fuel rod, within the copper rods, and on the
surface of the fuel rods and copper rods. The surface foils were simply
fixed in position with mylar tape. The foils in the fuel rod were
positioned on a 0.125-inch-thick ""button' of fuel material whose diame-
ter was the same as that of a normal fuel slug. Such buttons are avail-
able for routine use on the Project; the foils could be positioned satis-
factorily in milled depressions, and a single piece of mylar tape held
them in place (see Fig. 3.19). An experimental rod, identical to that
described in connection with the axial traverses, was used as a central
fuel rod when microscopic traverses were made. This rod was loaded
with slugs of fuel totaling 48 inches in length; two buttons were loaded
with foils and placed between the slugs so that their positions in the
experimental rod were approximately 20 inches and 24 inches, respect-
ively, from the bottom of the core. The lower button was sandwiched
between unmilled, 0.125-inch-thick buttons; 0.020-inch-thick cadmium
foils were placed above and below the three buttons. A one-inch-long,
0.020-inch-thick, cadmium sleeve was placed on the rod so that its
center was at the same height as the lower set of foils. Thus, the lower
set of foils was surrounded by cadmium, and the upper set was bare.

The problem of determining the relative activation within the
copper rods was solved by fabricating a special set of rods (see

Fig. 3.20). They were constructed by cutting a copper rod into two
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pieces and turning a shoulder on the two pieces, at their meeting point.
A sleeve having the same outer diameter as the rod, and with a thick-
ness fixed by the diameter of the shoulder and the requirement of an easy
fit ("'slip" fit), completed the device. This sleeve was clad with
KANIGEN just as was the body of the rod. Both the special "A" rod,
and the "B'" rod designed to accept a bare foil, were constructed in
this manner. In use, the three parts of each rod were joined with
mylar tape; the smallest amount of tape commensurate with the requi-
site mechanical strength was used. The tape also served to keep DZO
out of the rods; foils were dry when removed from the rods. The rods
were fixed to the bottom plate of the central cluster in such a manner
as to support them from the bottom.

Owing to the very thin wall (less than 0.010 inch) that would have
been necessary for a similar rod capable of accepting a cadmium-
covered foil in a ''B" rod, the simpler design of Fig. 3.20d was used.
The drawbacks to this arrangement were:

1) low mechanical strength,

2) the possibility of neutron streaming at the point where

the two parts of the rods join.

In practice, the two parts of the rod fit tightly over the cadmium box,
a press fit being necessary to join them. This, together with several
wraps of mylar tape and support by the bottom plate of the central
cluster, generally kept the two parts of the rod together snugly. This
rod required more careful handling than the others, but in general per-
formed satisfactorily.

The cadmium boxes used for the foils imbedded in copper rods,
and for those on the rod surfaces, were like those shown in Fig. 3.17,
without the flange; 0.020 inch of cadmium surrounded the foil on all

sides.

3.10 SUMMARY OF THE EXPERIMENTS

Nine assemblies have been studied in the present series of experi-
ments: four based on the 250 lattice, two based on the 175 lattice, and
three based on the 253 lattice. One of the latter was a two-region
assembly. The assembly configurations, together with the location of

the experimental apparatus in the various experiments, have already
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been presented (Figs. 3.3 to 3.11). Tables 3.4 and 3.5 give pertinent
data about the nature of each of these assemblies, the time spent in
studying them, and the experiments made in each. The designator for
each assembly is somewhat arbitrarily made up of the three digits
which form the designator of the host lattice, together with letters
indicating the number of each kind of copper rod in a unit cell. Rods
of 0.188-inch diameter are designated '""A''; those of 0.144-inch diame-
ter are designated ""B.!' These designators are purely for convenience
of reference to the various assemblies.

In addition to the types of experiment already described, three
additional measurements were made in several of the assemblies, as
indicated in Table 3.5. The first two of these involved irradiation of
natural and depleted uranium foils in the central rod of the assembly,
and had as their purpose the determination of the ratios R28 and 628
(see Sec. 2.3). The work was done by C. Robertson, H. Guéron, and
S. Hellman; the details are available in theses by Robertson and
Hellman (RO 1, HE 8) and in the Lattice Project Annual Report for
1965 (HE 5). )

Some of the measurements usually done were not made in the
175A1 and 253A2 assemblies, for lack of time. The variation of 628
with material buckling is so slight that it was unnecessary to measure
it in every assembly (see Sec. 5.3). The variation of R,g is not small,
but it may be calculated in a manner described in Sec. 4.4. No radial
distribution measurement with cadmium-covered foils was made in the
253A2 assembly; the region of spectral equilibrium was taken to be
the same as that in the 253A2B1 assembly, which is very similar to
the 253A2.

Finally, measurements were made of the cadmium ratio for a
copper rod in the lattice (R3). The experiment was done in conjunction
with the previously described measurement of the axial distribution
with foils sawn from an irradiated copper rod. The rods were located
at positions shown in Figs. 3.9 and 3.10. One end of a rectangular strip
of cadmium, 1 inch wide and 0.002 inch thick, was secured to the copper
rod and then wrapped around the rod 10 times, resulting in a sleeve
thickness of 0.020 inch. The sleeve was generally placed at a point on

the rod 18 inches above the bottom of the assembly. After irradiation,



TABLE 3.4

Description of Assemblies Studied

Percentage of

_ Number of Number of Moderator Number of Run

Desigror  ARodsPer  BRodorer  gidiidl,  WelsSeent wumpers
Added Absorbers

250A2 2 0 1.04 2 1-8
250A1 1 0 0.52 1 9-13
250B2 0 2 0.62 1 14-18
250B1 0 1 0.31 1 19-23
175A1B1 1 1 1.71 1.5 24-29
175A1 1 0 1.08 1 30-34
253A2B1(2R)" (2) (1) (1.47) 1 35-40
253A2B1 2 1 1.47 1.5 41-46
253A2 2 0 1.14 0.5 47-49

" (2R) signifies two-region assembly.
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TABLE 3.5

Number and Type of Experiments Done in Each Assembly

Radial Axial Microscopic R28 628 R3
Designator Distribution Distribution Distribution Measure- Measure- Measure-
Measurement Measurement Measurement ment ment ment

Bare Cd-covered Bare Cd-covered

Foils Foils Foils Foils
250A2 3 1 4 2 2 4 3 0
250A1 2 1 2 2 2 2 3 0

¥

250B2 2 1 2 2 2 4 3 0
250B1 2 1 4 2 2 4 3 0
175A1B1 2 1 3 3 2 4 3 0
175A1 2 1 2 2 2 8 0 0
253A2B1(2R) 1 1 3 3 0 0 0 0
253A2B1 1 2 3 2 2 2 2 8
253A2 1 0 2 1 2 0 0 3

* (2R) signifies two-region assembly.

L9
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the sleeve was removed, and 0.015-inch- and 0.030-inch-thick foils
were cut from the rod at 18 inches and at several other points higher
up on the rod. The bare foil activities were used to determine the
axial flux distribution as previously noted; the activity of the foils cut
at 18 inches, together with the average activity of the bare foils cor-
rected to 18 inches, were used to determine the desired cadmium ratio.
During all but two of the 49 runs, a gold foil, 0.0625 inch in
diameter and 0.0025 inch thick, was exposed in the cavity beneath the
lattice assembly as a monitor. After all runs in a given assembly had
been completed, the monitor foils for these runs were counted. In this
way, the relative flux time for each irradiation was determined. Know-
ledge of the relative flux time is needed for the determination of cad-
mium ratios, when the bare and cadmium-covered foils are irradiated

in separate runs, as was done with the radial traverses (see Sec. 4.1).
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CHAPTER 1V

ANALYSIS OF DATA

The theoretical basis of the experimental work and the experiments
made have been discussed in the previous chapters. In this chapter, the
analytical methods developed and used to derive the values of parame-

ters from the experimental data are treated.

4.1 RELATIVE ACTIVATION DISTRIBUTION AND CADMIUM RATIOS

As noted in Chap. III, the purpose of many of the experiments was
the determination of the relative activation distribution for bare and
cadmium-covered gold foils, in the immediate neighborhood of the
central fuel rod, or along one of the two major coordinate axes. The
techniques used to count the foils and correct the observed activity of
each foil to the appropriate relative activity are not new and will only
be summarized here; the reader is referred to Appendix C for the
details.

Foils were counted with Nal crystal scintillation counters equipped
with single-channel analyzers adjusted for integral counting above a
particular energy. Automatic sample changers facilitated the taking of
data. Observed activities were corrected for radioactive decay during
the time from the end of the irradiation to the beginning of each count,
and for decay during counting. Each foil activity was also divided by
the weight of the foil, so that minor variations in foil size were ac-
counted for, Counter dead times were carefully measured by the two-
source method (PR 1). Background counts were taken before and after
each set of foils was counted. The background count rate used in the
analysis of the data was taken as the average of the two count rates,
except when copper foils were being counted. In this case, the back-
ground, over the period when foils were being counted, varied by
nearly a factor of two, owing to decay of the foil activities. The vari-
ation in the background count rate between the counts made before and

after was assumed to be linear.
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In almost every case, each set of foils was counted three or more
times and the results for each foil averaged to give the final activity;
each activity was weighted with the inverse square of its standard devi-
ation in forming this average. The standard deviation assigned each
activity was derived as indicated in Appendix C.

The measurement of the cadmium ratio as a function of axial
position was generally made by irradiating simultaneously a set of
bare foils and a set of cadmium-~covered foils at equivalent positions.
Thus, it was presumed that azimuthal variations in the neutron flux
density at points well within the assembly were negligible; experiments
in previous lattices have shown the validity of this assumption (PA 1
and HA 1). Foil holders were placed at positions 13.3 cm to 22.3 cm
from the center rod of the assembly, in the center girder (see Figs.

3.3 to 3.11). After irradiation, the cadmium-covered foils were counted
first because of their lower activity. Following this, the bare foils were
counted; one or two of the cadmium-covered foils were counted with the
bare foils, to detect any changes in the counter sensitivity. All activi-
ties were corrected back to the time the irradiation ended; if the
activities of the foils counted both times differed by an amount greater
than that accounted for by statistical fluctuations, a correction for the
drift in counter sensitivity was made. After the other corrections
mentioned earlier in this section were made, the cadmium ratio was
obtained simply as the ratio of the corrected activities of the bare and
cadmium-covered foils.

The measurement of the cadmium ratio as a function of position
within the central cell of the assembly was made in a similar manner.
But, rather than exposing the foil holders at two equivalent radial
positions, the holders were loaded into the same cell, axially separated
by a distance of 4 to 6 inches. Since both holders were always within a
region (17 to 26 inches above the bottom of the assembly) where the
axial flux variation is well described by a single exponential function,
correction of the observed relative activations to an intermediate refer-
ence height (20 inches) was straightforward. Values of the cadmium
ratio or, what is of greater interest, the relative thermal activation,
as a function of position, were then readily derived as before.

Measurement of the cadmium ratio as a function of radial position
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involved an additional complication because the bare and cadmium-
covered foils were not irradiated simultaneously but in consecutive
experiments. Since the source strength as well as the irradiation
time generally differed for the two experiments, the relative acti-
vation of the ""monitor foils' described at the close of the preceding
chapter was used to correct the observed relative activities. All
corrected foil activities were divided by the monitor foil activation

before cadmium ratios were computed.

4.2 DETERMINATION OF THE MATERIAL BUCKLING

As indicated in Sec. 2.1.3, the material buckling is obtained by
fitting functions of the form Jo(aR) and sinh Y(HO—Z) to radial and axial
activation distributions, respectively, measured within the region of
spectral equilibrium; o and vy are determined by an iterative least-
squares fitting process, and the material buckling obtained from
Eq. (2.5),

BY =a" =" . (4.1)
The unit used here for buckling is the "microbuck' (uB):

0.01 m~2 = 0.000001 cm™2 = 1 uB . (4.2)

The analysis of the large amount of data was facilitated by the use of 7
two digital computer codes written by P. F. Palmedo (PA 1) and modi-
fied by J. Harrington (HA 1, HA 2).

4.2.1 The RADFIT Code

The input to the radial buckling code (RADFIT) consists of the
positions of the foils on the holder, the distance of the foil holder from
the center of the assembly, the foil activities (and standard deviations,
if desired), an initial estimate of the buckling to start the iterative
process, and a few iteration parameters. An iterative least-squares
fit is made to the parameters A and a in the expression AJO(QR). The

quantity minimized is

- 2
b w.d (4.3)
i=1
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where di is the residual for foil i (the difference between the foil ac-
tivity and the value of the fitted function at Ri)’ Wi is the weight associ-
ated with point i, and m is the number of foils. The appropriate value
for Wi is the inverse square of the standard deviation of the activity of
foil i; if the standard deviation is not supplied, Wi is taken to be equal
to the inverse square of the activity. The latter option is appropriate
when all foils have been counted for the same number of counts. The
iterative process ceases when the change in both A and a is less than

a preset amount, here taken as 10_5,

In thirteen of the twenty-five radial distributions, foils at equal
distances from the center of the assembly, but on opposite sides of the
assembly, showed unequal activities; the differences were greater
than those to be expected from counting statistics. An example is given
in Fig. 4.1. This result is indicative of one of two deviations from
ideal experimental conditions. Either the foil holder as a whole has
shifted s
tilted (one end lower than the other). Because of the design of the foil
holder, the former possibility is highly unlikely. The holders hung
free, from carefully located support points, and were observed in
position before and after most runs. The second possibility almost
certainly accounts for the observed behavior of the radial distributions.
An effort was made to insure that foil holders were level; in fact, the
holders were never more than 0.25 inch out of level. The aluminum
bead chain used to support the holders has advantages over other
means, many of which have been investigated earlier (PA 1, HA 1).

Its major advantage is that exact positioning of a collar with set screw
on the chain is difficult because of the knobbiness of the chain; it can,
with some effort, be done to within approximately 0.04 inch. The dis-
advantage is smaller in clean lattices than in the modified lattices
because the axial relaxation length in the clean lattices is larger,
making the effect of foil holder tilt less serious.

A small amount of foil holder tilt does not invalidate the distri-
bution for use in obtaining the radial buckling. The axial activation
distribution is exponential in character at the point in question (71 cm).
Over the very small distances involved (less than 1 cm), the difference

in foil activities (¢1-d>2) is (to an excellent approximation) proportional
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OF RADIAL POSITION (R), MEASURED IN ASSEMBLY 253A2
WITH BARE O.0I0 INCH GOLD FOILS. FUNCTION AJg(aR)
FITTED TO POINTS LESS THAN 22.5 CM FROM CENTER;
VALUE OF A IS 1.0065, VALUE OF a2 IS 2313 uB.
STANDARD DEVIATION IN FOIL ACTIVITIES DUE TO
COUNTING STATISTICS O0.15%.
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to the separation between the foils (zl=zz):

"'7(22“"21)}

(¢1—¢2) ~ [sinhY(Howzl) - sinhv(HO=zz)] ~ [1 -e ~ y(zzzl) .

(4.4)

Consider a foil holder at a small angle B to the horizontal. A foil
on the low end of the holder, at a distance x from the center, will be
a distance Bx below the height of a foil at the exact center of the foil
holder. A foil equidistant from the center on the high end of the holder
will be a distance Bx above the center foil. The activity of the foil on
the high end of the holder is decreased from the activity that would be
observed if the angle B were zero; the activity of the foil on the low
end is increased above this activity by the same fraction, to a high
degree of approximation. The desired activity is thus the average of
the two observed activities.

In practice, it is not necessary to average observed activities at
points equidistant from the center and on either side of the center
before making least-squares fits to the distributions. Test runs indi-
cated that the same value of o,2 was obtained (to within one microbuck),
whether the observed distribution (such as that of Fig. 4.1) or the dis-
tribution with averaged activities was used. This result can be traced
to the fact that it is the sum of the squares of the fractional (not abso-
lute) residuals that is minimized in the least-squares fitting process.
(This is rigorously true only where foils were counted for a preset
number of counts, but it holds approximately in all instances under
consideration here.) Thus, the fitting process does not distinguish
between two points at (¢, R) and two points, one at {¢+6, R) and the other
at (¢-6, R).

In all but one of the assemblies, radial traverses were made with
bare and cadmium-covered foils {(see Table 3.5). The positions of the
foil holders are shown in Figs. 3.3 to 3.11; the height of the center of
the holder varied from 70.6 cm to 71.4 cm. The height of the holder is
known to within about 0.0625 inch, or 0.16 cm. Cadmium ratios were
derived as described in Sec. 4.1 and plotted against radial position;
Fig. 4.2 shows the results for the 175A1B1 assembly. The values of

the cadmium ratio for points less than about 28 c¢cm from the center of
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the assembly show a random behavior about the mean values. Accord-
ingly, an equilibrium spectrum was assumed present in this region.
Table 4.1 summarizes the results for the assemblies studied. The

number of foils within the equilibrium region varied from 7 to 13.

TABLE 4.1

Region of Equilibrium Cadmium Ratio (Radial)

Radial Region Value of _
of Equilibrium Cadmium Ratio
Assembly Cadmium Ratio IN MODERATOR
(cm) ’ ,
250B1 0 - 30.0 12.41 +£ 0.13
250A1 0 - 25.0 12.57 + 0.12
250B2 0 - 28.0 11.39 + 0.14
250A2 0 - 27.5 11.06 + 0.15
175A1 0 - 27.5 6.37 £ 0.05
175A1B1 0 - 27.5 6.03 £ 0.07
253A2 (0 - 22.5)"
253A2B1 0 - 22.5 2.99 + 0.03

Assumed on basis of measurements in 253A2B1 assembly.
Gold foils were 0.125 inch in diameter and 0.010 inch thick.

The mean value of the cadmium ratio within the equilibrium region,
based on all the available data, and the standard deviation of the mean
are given also. Where only one traverse with either bare or cadmium-
covered foils is available, the standard deviation includes the effect of
the 0.16-cm uncertainty in foil holder position. Further comments on
the cadmium ratios will be made in Sec. 4.2.2.

Figures 4.3 to 4.5 are samples of the results of the radial
traverses. They consist of the experimental activities, normalized to
unity at the innermost point and plotted as a function of radial position.
Activities of foils equidistant from the center have been averaged. The
JO Bessel function fitted to the points within the equilibrium region is
given for comparison. The residuals are also plotted as a function of
radial position. In all but four of the twenty-three radial traverses

done in one-region assemblies, the residuals outside the region of
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equilibrium cadmium ratio were positive when cadmium-covered foils
were used and negative when bare foils were used (see Figs. 4.3 and
4.4). Four traverses made with bare foils did display positive residuals
outside the equilibrium region; Fig. 4.5 gives an example.

Of the 25 radial traverses made, one had to be discarded because
of malfunctions of the counting equipment; in addition, one point had to
be dropped from each of three runs because of difficulties with experi-
mental apparatus.

The radial buckling for each run was obtained from a least-squares
fit to all points within the equilibrium region; the residuals appeared in
each case to be randomly distributed about the value of zero within this
region. The radial buckling for each assembly was taken as the mean
of the values for all runs made in that assembly. The uncertainty is
the standard deviation of the mean; the Student correction for small
sample size was applied. The results are reported in Sec. 5.1.

The extrapolated radius, Ro’ has been defined in Sec. 2.1.3 by
the equation,

2.4048
o a ’

R (4.5)

The extrapolation distance (the difference between the value of RO and
the physical radius of the lattice) is needed for the axial buckling ana-
lysis described in the next section. If the cross-sectional area of a
lattice of N fuel rods is taken to be N times the area, Acell’ assigned
to each rod in an infinite lattice, then the physical radius of the lattice,
Riapr 18 (NAcell/”)l/g'l/z 2

value of Acell is (0.75)"/ “S“ (see Sec. 4.3.1). Thus, the physical radius

of the lattice is given by the equation,

31/2 i 1/2 1/2
R, = n1/2s = 0.52504 N1/ %S, (4.6)
lat 2T

For a lattice on a triangular spacing S, the

The values of the extrapolation distance are given in Table 4.2, in
centimeters and in units of the transport mean free path, )\"tr‘ The
value of }\tr for each assembly was taken as 3D, where D is the dif-
fusion coefficient calculated with Eq. 4.12; the values of D are listed
in Table 5.2. The extrapolation distance varies from 2.1 to 2.6, in
units of )\tr; for the 250, 175, and 253 lattices (unmodified by the
addition of absorbers), the extrapolation distance varies from 1.7 to

2.2, in units of A__.
tr
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TABLE 4.2

Radial Extrapolation Distance, R_-R
o) lat

Extrapolation Distance

Assembly (cm) (units of )\tr)
250B1 5.65 2.2
250A1 6.73 2.6
250B2 5,87 2.2
250A2 6.23 2.4
175A1 5.51 2.1
175A1B1 6.60 2.5
253A2 6.67 2.4
253A2B1 6.23 2.2

4.2.2 The AXFIT Code

The technique for calculating the axial buckling is similar to that
just described for the radial buckling. The axial buckling code (AXFIT)
functions much as does the RADFIT code; the parameters varied in the
fitting process are A and v, in the expression Asinh'y(Ho—z). The
height, Ho’ at which the extrapolated flux goes to zero, is an input
parameter, and provision is made in the code for trying several values.

Axial traverses were made with bare and cadmium-covered foils
in all assemblies. The foil holders were placed at radial positions
from 13.3 to 22.3 cm from the center of the assembly in all cases
except those used in the experiments on the effect of the absorber rod
aligner, described in Sec. 3.5. The positions of all the axial traverses
are shown in Figs. 3.3 to 3.11. Cadmium ratios were obtained as
described in Sec. 4.1 and plotted against axial position; Fig. 4.6 shows
the results for the 250B2 assembly. The region from 35 cm to 95 cm
is taken as the equilibrium region. Table 4.3 gives the results for all
the assemblies studied. The equilibrium value of the cadmium ratio is
also given. Where two independent sets of measurements of the cad-
mium ratio as a function of axial position are available, the value

reported is the mean of all values in the equilibrium region. The
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TABLE 4.3

Region of Equilibrium Cadmium Ratio (Axial)

Value of Cadmium Ratio*

Axial Region

Assembly of Equilibrium IN IN
Cadmium Ratio MODERATOR FUEL
(cm) '

250B1 35 - 100 - 11.77 £ 0.06
250A1 45 - 100 — 11.76 £ 0.06
250B2 35 - 95 — 11.24 + 0.02
250A2 35 - >100 - 11.15 £ 0.04
175A1 <30 - >100 - 6.16 £ 0.02
175A1B1 <30 - >100 - 5.78 £ 0.03
253A2 32.5 - 100 3.10 £ 0.02 -
253A2B1" 32.5 - 100 3.21 £ 0.02 -

*Gold foils were 0.125 inch in diameter and 0.010 inch thick.

wﬁSee text.

standard deviation is the standard deviation of the mean. Where only
one set of measurements of the cadmium ratio was available, the
standard deviation reported is based on the two independent sources of
error, foil positioning and the scatter about the mean value. The
uncertainty in foil positioning is about 0.0313 inch, or 0.079 cm.

The value of the cadmium ratio in the 253A2B1 assembly is sus-
pected to be in error; it is higher than the value reported for the
253A2 assembly and higher than the value reported in Table 4.1, with
which it should be in agreement. Although the result is believed to be
in error, a careful check of all the available data fails to reveal a
reason for discarding it, and it is therefore included here. However,
the value of the cadmium ratio measured in the three radial traverses
in the 253A2B1 assembly (see Tables 3.5 and 4.1), not the value
reported in Table 4.3, is taken as the appropriate one for comparison
with the cadmium ratios measured in radial traverses in the two-
region assembly (see Sec. 5.7). There are two other minor anomalies
in Tables 4.1 and 4.3, but the calculated uncertainties more than account
for them. The absolute value of the cadmium ratio is important only in
the analysis of the two-region experiment; thus, no further discussion

is necessary.



84

As with the radial buckling measurement, all points from regions
where the cadmium ratio was not stable, or the asymptotic distribution
was not observed, were rejected. The method used to determine the
region where the asymptotic distribution existed will be considered
next,

Initially, only those points more than 50 cm from the bottom of
the assembly were used. Least-squares fits were made, first to all
points in the resulting distribution, then to successively fewer, drop-
ping the point nearest the top of the assembly after each fit and
repeating the analysis. The process was continued until the axial dis-
tribution of the residuals was random.

To the resulting distribution were then added the points within
50 cm of the bottom of the assembly. Least-squares fits to the data
were again made with successively fewer points; after each fit, the
point nearest the bottom of the assembly was dropped. The process
was continued until the axial distribution of the residuals was random.

The "asymptotic region' was defined as the largest portion of the
assembly over which the axial distribution of the residuals was
random for all traverses (see Table 4.4). Since the asymptotic region
fell within the region of equilibrium cadmium ratio for all the assem-
blies, Table 4.4 defines the region for each assembly from which points
were taken in the axial buckling analysis. The least-squares fits from

which the buckling values were derived included from 6 to 9 points.

TABLE 4.4

Axial Region Where Asymptotic Distribution Prevails
in Each Assembly

Assembly Asymptotic Region
(cm)
250B1 35.0 - 73.0
250A1 45,0 - 73.0
250B2 36.0 - 78.0
250A2 50.0 - 78.0
175A1 41.0 - 77.7
175A1B1 30.6 - 73.0
253A2 40.6 - 71.0
253A2B1 35.5 - 71.0
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Because all points in the distributions were two or more relaxation
lengths from the extrapolated end point HO, it was not possible to deter-
mine the best value of H0 from the fitting process alone. However, the
dependence of the buckling 72 on the value chosen for HO is very weak;

a 1-cm change in the value of HO results in a 1-3 pB change in the value
of 72. The axial extrapolation distance was assumed to be the same as
the radial, and the value of Ho was obtained by adding the radial extrapo-
lation distance (from Table 4.2) to the physical length of the fuel rods
(121.92 cm). The resulting values of Ho are given in Table 4.5. The
values determined by least-squares fits to data from the clean lattices
range from 127 cm to 131 cm, in good agreement with the values

reported here.

TABLE 4.5
Value of Extrapolated Height, Ho’ for Each Assembly

Assembly Extrapolated Height

(cm)
250B1 127.57
250A1 128.65
250B2 127.79
250A.2 128.15
175A1 127.43
175A1B1 128.52
253A2 128.59
253A2B1 128.15

Figures 4.7 and 4.8 are samples of the results of the axial
traverses, They consist of the experimentally observed foil activities
plotted with semilogarithmic coordinates as a function of axial position.
Fitted values of the function Asinh'y(Ho—z) are plotted in the asym;v)F"A
totic region, for comparison. All theoretical and experimental points
have been normalized by dividing by A sinh'yHo.

The results of the two axial traverses made in the 253 assemblies
with foils sawn from a copper rod (see Sec. 3.8) were consistent with

the results of the axial traverses made with gold foils. Because of
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unfavorable experimental conditions only, the results of these explora-
tory measurements are not believed to be as reliable as those obtained
with gold foils. Only four points remained in each distribution after
the activities of foils above 71 cm in height, or within 10 cm of the
cadmium sleeve used in the R3 measurement (see Sec. 3.10), had been
dropped. The four points in each case spanned an axial distance of only
15.24 cm, and the uncertainties due to counting statistics are signifi-
cantly greater than those in the traverses made with gold foils (0.33%
as opposed to 0.20% or less). Although the data do not show statisti-
cally significant differences, for the sake of consistency with data from
other assemblies, the value of the axial buckling for each assembly
was derived solely from measurements with gold foils. Of the 44 axial
traverses made with gold foils, five had to be discarded because of
mechanical difficulties. A bent experimental fuel tube was used twice,
and foil holders were improperly positioned twice. In one of the three
experiments in which fuel rods were waterlogged (see Sec. 3.8.2), it
was impossible to clean the foils satisfactorily; this run was discarded.

Of the approximately 700 experimentally observed foil activities,
four were droppéd because of difficulties with experimental equipment;
five foils were accidentally lost in the course of the experiments.

The value of the axial buckling for each assembly was calculated
by averaging the values for all traverses free of mechanical difficulties
in that assembly; results are given in Sec. 5.1.

If a computed standard deviation for each fitted value of the buck-
ling were available, the final value taken for the assembly could be the
weighted average of the individual values, to which a standard deviation
based on the computed uncertainties could be assigned. No such com-
puted standard deviation is presently available, but an approximate
upper limit can be calculated in the case of the axial fitting process.
The technique used involves the calculation of the change in the buck-
ling (A'yiz) necessary to reduce the residual at point i to zero, for all
points of the distribution. The value of the coefficient A in the
expression A sinhy(H’omzi) is assumed to be constant. The rm s value
of the buckling increments gives an indication of the standard deviation
that should be assigned to the fitted value of 725 due to statistical

scatter in the data points about the asymptotic distribution, provided
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TABLE 4.6

Comparison of RMS Value of Buckling Increment
with S.D. of the Mean

Range of the S,D. of Range of the rm s value
the mean of the axial of the buckling increment,
Assemblies buckling, from Table 5.1 calculated as described in text
(pB) (uB)
250 4 - 22 3 -15
175 15 - 35 5 -39
253 12 - 14 7-16

the points in the distribution are far from the extrapolated end point of
the assembly, as is the case here. In Table 4.6, the standard deviation
of the mean for the axial buckling measurements in each of the three
sets of assemblies is compared to the r m s value of the buckling incre-
ments. The fact that the two are comparable in magnitude is taken as
an indication that the scatter in the axial buckling data about the mean
is not caused by a series of experimental errors but is caused by
counting statistics. It does not, however, exclude the possibility of a
systematic error.

The values of the buckling for the clean lattices were obtained by
other workers on the Heavy Water Lattice Project (HE 4, HE 5). Close
coordination and cooperation ensured that the same equipment and tech-
niques were used in taking and analyzing the data in the unmodified
lattices and in the assemblies with added absorbers. There should,
therefore, be no systematic discrepancy between the two sets of buck-
ling values. The generally smaller standard deviations assigned to the
results for the unmodified lattices reflect the increased precision that
could be obtained from the larger number of traverses made in these
lattices. Furthermore, the assemblies containing added absorber rods
showed a more complicated fine structure, with a greatly reduced area
between rods where the flux was relatively flat. Hence, slight foil
positioning errors tended to produce larger deviations from ideal
behavior in the assemblies with added absorbers than in the unmodified
lattices. This factor is particularly important in considering the

results of the radial buckling determinations.
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4.3 THE CALCULATION OF THE SPATIALLY-DEPENDENT THERMAL
NEUTRON SPECTRUM AND THE THERMAL UTILIZATION

Although the present work is mainly experimental in nature, there
are some parameters which are more readily calculated than measured
or which can be measured only with great difficulty. In this connection,
it is useful to be able to calculate the neutron energy spectrum as a
function of position within the assembly, to provide a means of com-
puting spectrum-dependent parameters, such as hardened cross

sections for use in the calculation of the thermal utilization.

4.3.1 Thermal Energy Range — Unmodified Lattices

The various alternatives for calculating the thermal neutron
spectrum as a function of position, in lattices similar to those studied
here, have been considered in detail by P. Brown (BR 1) and R. Simms
(SI 1). Excellent agreement with experiment has been observed when
the thermalization transport theory code THERMOS (HO 1, HO 2) was
used in its modified one-dimensional form (HO 3). An independent
investigation of the usefulness of THERMOS is offered by the work of
Salah and Parkinson (SA 2). A thermal neutron beam extracted from
various points in a subcritical, natural uranium fueled, heavy water
moderated lattice was analyzed with a crystal spectrometer; excellent
agreement with the results of THERMOS was reported. In view of
these findings, this code was used extensively in the present work.

The calculation relates to a "unit cell" of a heterogeneous medium,
infinite in extent. The unit cell is composed of a single fuel rod and
the moderator associated with it. All unit cells are identical; thus,
the neutron distribution throughout an infinite medium is known if the
distribution in the unit cell is known. From considerations of symme-
try, it is possible to specify the neutron distribution throughout the
unit cell (and hence throughout the infinite medium) if the distribution
is known over an appropriately chosen segment of the unit cell. The

smallest such segment is here referred to as the "

smallest repeating
cell segment.
For a lattice of fuel rods on a triangular spacing S, the unit cell

is a hexagon; the length of the sides is 3_1/2 S and the area is
(0.75)1/2 Sz. The smallest repeating cell segment is a right triangle,

the area of which is 1/12 that of the unit cell (see Fig. 4.9). The
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Wigner-Seitz approximation consists of replacing the hexagonal bound-
ary of the unit cell by a circle enclosing the same area; the problem
of calculating the neutron distribution becomes a one-dimensional one.
This approximation reduces greatly the effort necessary to calculate
the neutron distribution and has been found to be appropriate in lattices
of the type studied here (BR 1, SI1). For lattices on a triangular

1/4(27r)'—1/2 S, or

spacing S, the radius of the Wigner-Seitz cell is (3)
0.52504 S.

The THERMOS code, as used here, obtains the space-dependent
thermal neutron spectrum in one-dimensional cylinders by solving the
integral transport equation numerically. Thirty energy groups (up to
0.78 ev) and twenty space points are used. The scattering kernel used
for the moderator is the Nelkin kernel, adapted for heavy water by
Honeck (HO 4). Diagonal elements have been corrected for anisotropic
scattering, in keeping with Simms' conclusions on this point (SI 1).
Free gas kernels are used for the other nuclides present. A spatially
uniform 1/E slowing-down source above 0.78 ev is assumed.

The cell boundary is assumed perfectly reflecting. It has been
found necessary to include an extra cylindrical region outside the cell
proper, composed of a very thin, very dense, fictitious medium of
high scattering cross section (BR 1, SI 1, HO 3). The presence of this
region has the effect of making the spatial distribution of neutrons
reflected back into the cell from the boundaries less dependent on the
neutrons' angle of incidence and greatly improves the agreement with
experiment for tightly-packed lattices. This outer scattering region
was used in all calculations.

The input data to the code consist of the dimensions of the regions
in the cylindrical cell, the concentrations of the several isotopes in
each region, and their cross sections. The input data used are tabu-
lated in Appendix D.

The calculation of spectrally averaged quantities is made by the
edit portion of the code after the spectrum at each space point has

been calculated. The following definitions are used:
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f. fv* vZ(v) N(r, v) dv(27rdr)

.= i 0 _ , .
' f fVI vN(r, v) dv(27rdr)
i O

ff VN(l" v) dv(27rdr)
" v ’ (4.8)

i

f. fv* N(r, v) dv(27rdr)

= _ 10
T vy ’ (4.9)

<
Il

f (27rdr) , (4.10)
i

f fv* vN(r, v) dv(27rdr)
i"0

vi ’ (4.11)

f fv* N(r, v) dv(27rdr)

i 0

. N (V)
f fv tr3 vN(r, v) dv(27rdr)
> . = (4.12)
e f f VN(T, v) dv(27rdr)
mod "0

In the equations, r is the position coordinate in the cylindrical cell,

v is the neutron velocity, N(r,v) is the space-dependent neutron
spectrum, Z(v) is the energy-dependent reaction cross section, )xtr(v)
is the energy-dependent transport mean-free path, and v* is the upper
velocity limit on the integrations. The cross sections used are tabu-
lated in Refs. HO 2 and HU 1. The values of )xtr(v) in each of the thirty
energy groups are derived and listed in Ref. PE 1. The integrations
are, of course, replaced by appropriate summations in the numerical
calculations.

The relative reaction rate in region i is Eiﬁivivi’ If the aver-
ages are understood to be over the fuel rod volume, and the energy
region below the cadmium cutoff, the calculated values of n and G,
two parameters defined in Sec. 2.3, are:

— —abs—f1ss1on(U25)
=

(U )+ ZabS(UZS) ’ (4.13)
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and
~ =abs _%a::)bS(U—zjgs 28, ° (4.14)
ZOUN(UTY) + ZTR(UTY)
The thermal utilization f may be calculated as:
TSN TV
f = °c 9o | (4.15)
2
Z ®N,v,V,
i

with the subscript notation of Table 2.2. As discussed in Ref. PE 1, a
good estimate of the diffusion coefficient D averaged over the entire
cell is afforded by Eq. (4.12) because of the similarity of )\tr for

the fuel and the moderator. Since the diffusion coefficient

enters the calculation of k. only through the correction factor ,QS, and
because the results are not strongly dependent on the value of the dif-
fusion coefficient, the estimate afforded by Eq. (4.12) will here be used.
If the lattice average absorption cross section Zabs(cell) is defined by
Eq. (4.7) with the spatial integration done over the entire cell, a value

of the diffusion area L2 is obtained from the relationship:

2 = —abs
L2 - Dmod/z (cell) . (4.16)

4.3.2 Thermal Energy Range — Modified Lattices

In lattices modified by the addition of an absorber distributed
homogeneously throughout the moderator, the method of the foregoing
section could be applied for the calculation of the neutron energy
spectrum as a function of position. However, if the lattice is modified
by the addition of lumped absorbers, the treatment must be extended.
Provided that the lumped absorbers are distributed uniformly and
their spacing is equal to the lattice spacing S or an integral fraction
thereof, the hexagonal unit cell remains as described above. Each
such cell is identical and is composed of the central fuel rod, the
surrounding moderator, and one or more lumped absorbers. The size
of the smallest repeating cell segment is generally larger in a modified

lattice, although this need not be true.
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As in the preceding discussion, knowledge of the neutron distri-
bution over the smallest repeating cell segment is sufficient to specify
the distribution throughout an infinite medium. However, neither the
smallest repeating cell segment nor the unit cell is convenient for the
calculation of the thermal neutron distribution in space and energy. It
is more convenient to regard each element as being centered in a
cylindrical cell and carry out independent THERMOS calculations for

each cell.

Determination of Cell Sizes. The sizes of the various cells are no

longer known a priori, as Suich has pointed out (SU 1). They can,
however, be determined a posteriori: on the basis of calculations,

as in the case of Suichfs work; or on the basis of measurements, as

is done here. Using heterogeneous source-sink theory, Suich shows
that the cross-sectional area to be assigned to the cell about each
lattice element is directly proportional to the number of absorptions

in the element. In his work, a weakly-absorbing moderator, a uniform
slowing-down source across the cell, and invariance of the cell bound-
aries with neutron energy are assumed; all these assumptions may be
made for the lattices considered here.

These considerations seem to indicate an iterative approach.
Consider an assembly composed of an equal number of fuel rods and
copper rods, uniformly distributed. (Examples of such assemblies in
this work are the 250B1, 250A1, and 175A1 assemblies, shown in
Figs. 3.3, 3.4, and 3.7.) Cell sizes for cylindrical "fuel" and "copper"
cells may be chosen on the basis of Suich's algorithm and reasonable
guesses of the relative absorption in each (see Appendix F), subject
to the requirement that the sum of the fuel cell area and the copper
cell area is equal to the area of a unit cell. Separate THERMOS cal-
culations may then be made for each of the two cells. From these
calculations, a good approximation to the spectrally-averaged absorp-
tion cross sections of the fuel and copper rods is obtained.

In order to scale the relative neutron densities in the decoupled
cells, the results of the microscopic traverses described in Sec. 3.9
are used. The experimental results, and the corrections applied to
account for the effect of neutron leakage, are discussed later in this

section. The corrected distribution is normalized to the distributions
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calculated with the THERMOS code, at the center of each cell, as
described in Appendix E.

New estimates of the relative absorption in the fuel and the copper,
and the thermal utilization, are made next; THERMOS-calculated
cross sections and relative neutron densities based on experiment are
used wherever possible. (In the fuel rod cladding, and the annular
region which surrounds the foils imbedded in the copper rods, the
THERMOS-calculated neutron density distribution is used.) New cell
sizes are calculated, and the THERMOS calculations repeated. Only
two iterations were necessary; convergence was achieved rapidly.
For instance, the value of the thermal utilization taken as an initial
guess for the 250A2 assembly was 0.570; the value obtained from the
first set of calculations was 0.534, and the value obtained from the
second set was 0.533. Since the change in the value of the thermal
utilization resulting from the second set of calculations was less than
the uncertainty associated with it in every case, a third set of calcu-
lations was unnecessary.

Confidence in the iterative method just described is increased by
the fact that values of v at the outer edges of the two cells in the final
calculation always agreed within 0.8% or less; the same is true for .

The values of ., ¢., N., V., v., D , n, G, f, and L2 for the
i’ 71 1 i 1 mod

modified lattices were obtained from Egs. (4.7) to (4.16). The results
of the second set of THERMOS calculations provided the values of E—i
and Vi; values of —N_i were derived from observed foil activities where-
ever possible. The analysis was made with the aid of a digital com-
puter; the method is discussed in greater detail in Appendix E.

The generalization to two or more copper rods per unit cell is

straightforward; the rods need not be of the same size.

The Microscopic Traverses. Since the THERMOS calculation to which

the results of the microscopic traverses are compared is made for a
cylindrical cell in an infinite assembly, the observed foil activities had
to be corrected for the effect of neutron leakage from the finite assembly.
The correction was made by dividing all activities by the function Jo(o.R),
where R is the radial position of the foil and a is the square root of the
radial buckling (SI 1). Because all foils were near the center of the

assembly, the correction factor deviated from unity by at most 3%.
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Foil activities also had to be corrected for differences in axial position.

All activities were multiplied by the function e'Y(Z'ZO)

, where v is the
square root of the axial buckling, z the distance of the foil from the
bottom of the assembly, and z, @ reference height taken, for conveni-
ence, as 20 inches.

The assumption is made here that the microscopic and macro-
scopic distributions are completely separable in the region where the
microscopic traverses were done, and that the corrections just de-
scribed are sufficient to account for the effects of neutron leakage. In
Ref. CR 1, an inseparability effect peculiar to assemblies with sepa-
rated fuel and absorbers is mentioned; it causes the ratio of the neutron
flux in the fuel to that in the absorbers to vary as the macroscopic dis-
tribution Jo(o.R). The source of the effect is not described, but a formula
correcting the value of the thermal utilization to the infinite medium
value is given. The ratio of the value of f for an infinite medium to the
value measured in an experiment in the neighborhood of a fuel rod at a
distance Ru from the center of the assembly is given as
[1-A3f(1—J;1(aRu))]_1, where A3 is the ratio of thermal absorptions in
the absorber rods to thermal absorptions in the fuel. Since all micro-
scopic traverses were done in the neighborhood of the central fuel rod
of the assembly, the value of Ru is zero, and no correction factor is
necessary.

Two microscopic traverses were made in each assembly, result-
ing in two independent measurements of the relative absorption in all
the materials present. The two values of the thermal utilization agree,
on the average, within 0.45%. The maximum discrepancy is 1.13%.
Difficulties caused by counter malfunctions, and errors in assembling
the central cluster, place the results of both runs in the 175A1B1
assembly in question; the values of the thermal utilization agree with-
in 0.90%. The effect on the value of k derived for the 175 lattice is
slight and is discussed further in Sec. 5.4.

Two examples of microscopic distributions, corrected for neutron
leakage, are given in Figs. 4.10 and 4.11. The activation distribution

calculated by THERMOS is given for comparison.
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4.4 CALCULATION OF RATIO OF EPITHERMAL AND THERMAL
REACTION RATES (pi, 625)

Although the neutron energy spectrum in the epithermal energy
range does not need to be treated in great detail, it is necessary to
make some assumptions concerning it because some of the ratios of
epithermal to thermal reaction rates (pi, 625) appearing in the formula
for the resonance escape probability (Eq. 2.24) have been calculated
rather than measured. Measurements of 625 were made in unmodified
lattices only; P3 for the copper rods was measured only in the 253A2B1
and 253A2 assemblies; and the values of Py and Pos which relate to the
moderator and cladding, were calculated.

The method makes extensive use of the results of the THERMOS
calculations for the fuel and copper cells described in the preceding
subsection, but it is not a part of the THERMOS code and should not
be confused with it.

It is assumed that the epithermal neutron flux varies as 1/E. This
energy dependence is derived in the theoretical treatments of media
with low absorption cross sections, but experiments show that it is
also valid in many practical cases (AN 2), and it is commonly used.
Cross sections are assumed to vary with neutron velocity as 1/v in the
thermal energy region. The cladding and moderator are also treated

as 1/v absorbers in the epithermal region, while U235

and copper are
treated as resonance absorbers. Resonance integrals are derived
from measurements in closely related assemblies.

Consider first the calculation of Py and Po- We have:

\4 . . o R .
[ T v Z.(v) dv dr + [ [ éx,v) Z,(v) dvdr
1 VC 1 Vv

0. = T . (4.17)

i % N IR
f f ¢ é(r, v) Z:i(v) dv dr
i"0

The spatial constancy of the absorption cross section Z}i(v) within the
region i is assumed. The upper limit of the neutron speed in the
thermal region is A and that of the highest-energy group in the
THERMOS calculation is Ve From the definition of the neutron flux,
we have:

&(F,v) = va(r, v) . (4.18)
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The continuous function n(r, v) is approximated in practice (over the
range 0 € v < VT) by the matrix N(K,I) calculated by the THERMOS
code; K is a spatial index relating to the several subregions in
region i, and I is the energy group index (1 < I < 30); N is a density
in both space and velocity. If it is assumed that the epithermal neutron
flux varies as 1/E, then the epithermal neutron density varies as 1/v .
The requirement that the neutron density be continuous at v specifies
the constant of proportionality:
[N(K, 30)][v5] [vs;]

n(r,v) = 5 :
v

(4.19)

N
<

Here, Vao and Vgq are the lower and upper velocity limits of the 30th
group of the THERMOS calculation. On the assumption that the velocity
dependence of the absorption cross sections for the cladding and moder-
ator are adequately represented by a 1/v variation, we may write:

Ziv
z.(v) = VO, 0SS v<o, (4.20)

Here, Zi is the absorption cross section of the ith material for neutrons
of energy v . Under these assumptions, Eq. (4.17) may be written in
the form:

[N.v.Z.V ] 04 I,V Vg ﬁ(i,SO)Vi

p. =t 1d . (4.21)

i
[N1VIZ‘1V1]

Here, Eqgs. (4.7), (4.9 ), (4.10), and (4.11) have been applied; the sub-
and superscripts on the bracketed expressions refer to the lower and
upper limits of the summation over the discrete spectrum produced by
THERMOS; N(i, 30) is the volume-averaged value of N(K, 30), over
material i. For the 0.020-inch-thick cadmium covers used in the ex-
periments, summation over the first 27 THERMOS groups is appropri-
ate. The upper limit of the thermal energy range is then 0.415 ev.
For a 1/v absorber, ;ifi is equal to vozi, as reference to Egs.

(4.7), (4.11), and (4.20) will show. This permits the following simple

expression for Pyt

= 130 = .
[N;]g * v3oN(i, 30)
p; = —T . (4.22)
(N,17
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Values of all parameters appearing in Eq. (4.22) may be obtained from
the output of the THERMOS code, either directly from the printed output
or from the matrix N(K,I) which is printed and punched on data cards.
The velocity is a dimensionless variable based on 2200 m/sec; for the
usual THERMOS velocity mesh,

v =1,

0

V3o = 5.285, (4.23)
Va1 = 5.855.

The derivation of the expression for 625 and [ is similar to that
just used: Egq. (4.17) is again the defining expression, with the inte-
grations over the volume of the rod in question. Equations (4.18) and
(4.19) also apply. But it is necessary to assume that N(K, 30) is
constant 1}1 all parts of the rod; this requirement is met in the cases of
interest here, to within 1.1%. If an effective resonance integral is

defined as:
o e dv
e
i v

ERI(i) =

c
Vi , (4.24)

for the rod, then Eq. (4.17) may be rewritten in the manner of Eq.
(4.21) as follows:

+ N(i, 30) v, v ViERI(i)

(4.25)

This expression may be further simplified, in the same manner as
Eq. (4.22):

130 _ ERI(i)
DA +v30V31N(1,30)[ 7 ]
0. = _ . (4.26)
1 [N.]27
il

Equation (4.26) relates P the ratio of epithermal to thermal events,
to an appropriate resonance integral, in terms of parameters obtain-
able as before from the THERMOS output.

It has been assumed throughout that only small perturbations in
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the neutron distribution in the epithermal energy range are caused by
the addition of copper rods to the lattices. In particular, the value of
the effective resonance integral is taken as constant. At least one
measurement of pi, €. g. from measured cadmium ratios, is necessary
to establish the value of ERI(i) in an assembly for which a THERMOS
calculation is available. Once this is done, values of p; may be calcu-
lated in any similar assemblies for which THERMOS calculations have
been performed.

It is important that parameters measured in finite assemblies be
corrected by means of an equation analogous to Eq. (2.26) to their
infinite medium values, since the foregoing treatment does not other-
wise account for the effect of leakage.

The assumptions made in the course of these two derivations would
appear to limit their usefulness severely. To test the method, values
of (ERI/Z) were calculated from the measured values of Pogs results
are given in Table 4.7. Although, in this case, the assumptions appear
least applicable, no value deviated more than 8.2% from the mean.
When the mean value of ERI/Z for each rod type was used to calculate
values of Paog for each assembly, no value deviated more than 8.7%
from the measured value; the r ms value of the deviations was 3.9%
(see Table 4.7). The method was, therefore, considered to be suf-
ficiently accurate for use in the present application, as the following
considerations show.

The resonance escape probability is calculated from Eq. (2.24):

a
sl o 20— 2
p= 328 2? f ——T (4.27)
' 6 1+a n(l-
25 25
L+ 2 0 £ pyeG+ Z oA+ .,
i=1 5

The value of the second term in the numerator is always less than
0.0027 here, so that the value of p is almost completely determined
by the second term in the denominator. In the 250 and 175 assemblies,
the term p28G accounts for 62% to 83% of the value of the second term
in the denominator; measured values of Pog with uncertainties less
than 2% are available for all the assemblies, and the values of the Py

and 625 terms are calculated. If an upper limit on the uncertainty in



TABLE 4.7
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Measured and Calculated Value of Pog

[@1 Calculated Deviation of
Assembl M‘eﬁjzged (Se? Value of Pag qfilocmuli/}:g.in]é%e
Y
of pyg Note 1) (See Note 2) Value (%)

250 0.234 2.473 0.239 + 1.9
250B1 0.247 2.495 0.249 + 1.0
250A1 0.262 2.687 0.246 - 6.0
250B2 0.272 2.637 0.260 - 4.3
250A2 0.291 2.314 0.317 + 8.7
175 0.475 2.518 0.489 + 2.9
175A1 0.527 2.653 0.515 - 2.2
175A1B1 0.592 2.604 0.589 - 0.4
253 1.358 2.181 1.374 + 1.2
253A2 1.407
253A2B1 1.442 2.235 1.425' - 1.2

Note 1: Value of l:———

Note 2: Average value of [

ERI
=

Lattice

250
175
253

] based on measured value of Pog-

ERI
=

2.521
2.592
2.208

] used for each lattice:
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these terms, due to the method of calculation, is taken as 5%, the un-
certainty in the expression in brackets in the second term in the
denominator is 2.2% at most; the resulting uncertainty in the value of
p is limited to less than 0.22%. In the 253 lattice and the two 253
assemblies, the term p28G accounts for 81% to 85% of the resonance
absorptions. The two measured values of Pag have uncertainties of
1.9% and 2.1%. Assuming the p28G term to be known, in all three
cases, within 4.0%, the measured values of the p3A3 term to within
2.0%, and the calculated values of the Py and P terms within 5%, the
uncertainty in the expression in brackets in the second term in the
denominator is 3.5% at most. The resulting uncertainty in the value
of p is 1.0% or less.

The value of the expression (1+625) is also obtained from the
values of 695 calculated for each of the assemblies. An uncertainty
of 5% in the calculated values results in an uncertainty in the value of
(14+645;) which varies from 0.11% to 0.44%.

The method just described has advantages over other methods in
which a maxwellian spectrum is joined to a ''1/E tail!' First, the
assumption of a maxwellian is unnecessary, since the THERMOS-
calculated spectrum is used. Second, there is no problem of deciding
how and where to join the two spectra; the THERMOS calculation

carries the spectrum into the 1/E region.

4.5 LEAST SQUARES FITTING ,

As stated in Chap. II, the values of the parameters appearing in
Eq. (2.28) are obtained by a least squares fitting process. Each
parameter is plotted against the material buckling, and a first or
second degree polynomial is fitted to the data. The leading (constant)
term of the polynomial is taken as the best estimate of the value of the
parameter for an assembly with zero material buckling. Points were
not weighted in the fitting process. 1+8
, The variations in the correction terms (5) , (%) s (-F%) , _1:6—'2%> s
(A'l—A1> , and (A'z-A2> over the entire range of bucklings are so
small (see Tables 5.3 and 5.8) that the polynomial order is not of great
consequence in determining the value of these quantities at zero buck-
ling. The degree of fit was calculated each time a least équares fit
was made, and the fit corresponding to a minimum value of this quantity

was used. The degree of fit is defined as:



M
2
S (4.28)
M-N -1 ,

where X, is a data point, M is the number of such data points, N the
order of the polynomial approximation to the data, and Pi the value of
the polynomial at point i (WO 2).

The quantity ACB) determines the value of k_ almost completely,
and thus it is important that an appropriate function be fitted to the
measured and calculated values of A3 in the several assemblies.
Assume that the material buckling Bfn is related to k by Eq. (2.31)
and that thermal neutron absorptions in cladding and moderator may
be neglected, so that the expression for the thermal utilization, f,
(Eqg. (2.18)) becomes (1+A3)_1 . If the spectral perturbation is small,
the diffusion area of the modified lattices is approximated by the
quantity fLZ, where L2 is the diffusion area of the unmodified lattice.
The Fermi age, 7, may be presumed constant (see Appendix G).
Substitution of these expressions for the thermal utilization and the
diffusion area into Eq. (2.31), and use of Eq. (2.7) for k_, leads to

the result,

A, = nep(i+6,)[1-mBZ+2(rBHZ - . . ]~ (1+L%B?) (4.29)

3

2 2
A [nep(1+625)-1] - [L +7'n€p(1+625)]B +

+ [%nep(l+625)’r2]B4 - .. % . (4.30)

Because the magnitude of the quantity 'rBz is always less than 0.2 here,
the series in brackets in Eq. (4.29) converges quickly. It is evident
from this equation that, in this approximation at least, a polynomial of
low degree in B2 should correlate the data well. Polynomials of degree
one, two, and three were tried in the fitting process on the data from
the 250 assemblies; the degree of fit was minimal for a second degree
polynomial. Accordingly, second degree polynomials were used to
obtain the value of Ag.

It may therefore be reasonably assumed that the fitting process

itself does not introduce significant errors into the fitted value of Ag.
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To ascertain the effect on the value of ACS) of the uncertainty in the
buckling value of a particular assembly, the least squares analysis
by which Ag was determined was repeated twice, once with the buck-
ling for the assembly in question equal to the observed value plus one
standard deviation, and once with the buckling equal to the observed
value minus one standard deviation. The average change in the value
of Ag is the uncertainty in the fitted value caused by the uncertainty in
the buckling value of the assembly in question. To obtain the standard
deviation of the value of Ag, the uncertainty caused by the uncertain-
ties in the buckling values and A3 values for each of the assemblies
was evaluated; since these are independent, the total uncertainty was

calculated as the square root of the sum of their squares.
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CHAPTER V

RESULTS AND CONCLUSIONS

The results of the investigation are given in this chapter. Sections
5.1 to 5.5 concern the determination of k_ for the three lattices studied
(250, 175, 253). For the sake of comparison, values of measured and
calculated parameters (HE 4, HE 5) for the 125 lattice are also given,
although this lattice was not studied as part of the present work.
Section 5.6 concerns the measurement of the age and the diffusion
area; the results of the exploratory experiments on the two-region
assembly are given in Sec. 5.7. The conclusions drawn from the work

are given in Sec. 5.8.

5.1 BUCKLING

The determination of the material buckling is discussed in Secs.
2.1.3 and 4.2. The results are listed in Table 5.1. The extrapolated
radius RO corresponding to the measured value of the radial buckling
is also given in Table 5.1. The DZO temperature during the measure-
ments varied from a reference value of 25°C by no more than 5°C. In
independent work on the Heavy Water Lattice Project, the dependence
of the material buckling on temperature has been studied. The
material buckling of a lattice identical to the 250 lattice (except for its
enrichment, which was 1.027%) was measured at 18°C, 27°C, and 60°C
(HE 4). The temperature coefficient of the buckling (ann/aT) was less
than 1.8 uB/°C. Thus, any corrections to the measured bucklings
would be less than 9 uB, which is insignificant in comparison to the
uncertainty already assigned to most of them.

The moderator purity for each lattice is listed in Table 3.1.
Measurements of the variation of material buckling with moderator
purity have not been undertaken. The variation of the moderator purity
over the course of the work on any one lattice is smaller (0.01%) than
the uncertainty (0.03%) in the measured values of the purity, rendering
such corrections insignificant in the present study.

The values of the radial buckling for the modified assemblies are



TABLE 5.1

Measured Bucklings
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Radial Extrapolated Axial Material
Designator Buckling Radius Buckling Buckling
(1B) (cm) (nB) (kB)

250 2403 + 16 (10) 49.00 1396 + 7 (8) 1007 £ 17
250B1 2410 + 19 (3) 48.99 1997 + 9 (6) 413 £ 21
250A1 2307 + 89 (3) 50.07 2313 + 16 (4) -6 £ 90
250B2 2388 + 11 (3) 49.21 2512 £ 4 (4) -124 + 12
250A2 2353 + 43 (4) 49.57 3073 £ 22 (4) -720 + 48
175 2418 + 4 (10) 48.90 1013 + 12 (10) 1405 + 13
175A1 2327 £ 19 (3) 49.85 2309 + 35 (4) 18 + 40
175A1B1 2229 + 30 (2) 50.94 3083 + 15 (5) -854 + 34
125" 2392 + 6 (14) 49.17 948 + 8 (7) 1444 £ 10
253 2364 £ 8 (5) 49.40 1395+ 7 (9) 969 + 11
253A2 2313 + 74 (1) 50.01 2125 + 12 (3) 188 £ 75
253A2B1 2353 + 76 (3) 49.57 2339 £ 14 (3) 14 £ 77
Note: The number in parentheses following the radial and axial buck-

ling values is the number of independent measurements of the

value that were made.

*See Ref. HE 4.
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lower than the values for the unmodified lattice in all cases but one,
although the difference is generally less than two standard deviations.
This is in keeping with the observation that values of the radial buck-
ling measured in lattices are lower than those measured in pure moder-
ator. The value of the radial buckling measured in pure moderator in
the tank used for these measurements has been measured and found to
be 2539+2 pB (HA 1, HE 3).

The uncertainties assigned to the values of the material buckling
of the lattices without added absorber are smaller than those assigned
to the values for the modified lattices, chiefly because of the larger
number of experiments done in the former, as discussed at the end of
Sec. 4.2.2. The three measured values of the radial buckling in the
250A1 assembly did not agree well, and the large uncertainty calcu-
lated reflects this fact. The same is true of the radial buckling value
of the 253A2B1 assembly. The radial buckling value of the 175A1B1
assembly appears suspiciously low; only two measurements are
available (2214 pB and 2241 uB). As noted previously (see Table 3.5),
only one measurement of the radial buckling was made in the 253A2
assembly. The uncertainty assigned is the average value of the
standard deviation for a single observation of the radial buckling in
the other assemblies. for which three or more measurements are
available.

The effect of these uncertainties on the measured values of k__ is

discussed in Sec. 5.4.

5.2 PARAMETERS CHARACTERIZING THE THERMAL ENERGY
REGION

“The values of n, D, Ea(cell), and Lz, calculated for each of the
lattices and assemblies by means of Eqs. (4.15), (4.14), (4.9), and
(4.18), respectively, are listed in Table 5.2. No value of D for the
125 lattice was available; the value of Lz for a similar lattice with
slightly lower enrichment (1.027%) was used (DA 1). Values of G
calculated by means of Eq. (4.16) are in Table 5.3, as are values of
the Ai and f determined by the combination of measurement and cal-
culation described in Sec. 2.3.3. The subscript 4 refers to the clad-
ding on the copper rods. Absorption in the H20 present in the heavy

water is included in the A1 term (and, incidentally, accounts for



TABLE 5.2

Parameters Characterizing the Thermal Energy Region (I)

Neutron Average Diffusion
Designator Regeneration Diffusion Macroscopic Absorption Area
Factor Coefficient Cross Section ( 9
~ _ L )
(n) (D) ((Z)a(cell)> s
(cm) (cm_l) (cm?)
250 1.5319 0.8623 0.003270 264
250B1 1.5314 0.8659 0.0041438 209
250A1 1.5311 0.8678 0.004504 192
250B2 1.5309 0.8688 0.004835 180
250A2 1.5303 0.8726 0.005768 151
175 1.5300 0.8745 0.006446 136
175A1 1.5284 0.8844 0.008925 99
175A1B1 1.5276 0.8895 0.010195 87
125 1.5265 0.011915 74
253 1.4408 0.9128 0.01775 51
253A2 1.4392 0.9204 0.02046 46
253A2B1 1.4388 0.9226 0.02142 44
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TABLE 5.3

Parameters Characterizing the Thermal Energy Region (II)

Ratio of Absorptions in Various Materials to Absorptions in Fuel

Copper 238
Designator Moderator Fuel Rod Copper Rod U Thermal
Cladding Cladding Utilization
(A) (A,) (A,) (A,) (@) (f)
250 0.03433 0.01609 0. 0. 0.2606 0.9520
250B1 0.03314 0.01609 0.2490 0.00377 0.2607 0.7681
250A1 0.03401 0.01609 0.4057 0.00473 0.2608 0.6847
250B2 0.03341 0.01609 0.4905 0.00742 0.2608 0.6463
250A2 0.03350 0.01609 0.8178 0.00954 0.2609 0.5328
175 0.01716 0.01609 0. 0. 0.2610 0.9678
175A1 0.01666 0.01608 0.4043 0.00471 0.2614 0.6936
175A1B1 0.01643 0.01608 0.6198 0.00826 0.2616 0.6022
125 0.00743 0.01624 0. 0. 0.2619 0.9769
253 0.00536 0.00624 0. 0. 0.3022 0.9885
253A2 0.00504 0.00623 0.1271 0.00147 0.3025 0.8773
253A2B1 0.00494 0.00622 0.1673 0.00208 0.3026 0.8470

[N}
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approximately 77% of that term). Thermal neutron absorption in the
air in the gap between the fuel and the cladding was calculated to be
0.00172% of the absorption in the fuel in the 250 and 175 assemblies,
and 0.00048% of the absorption in the fuel in the 253 assemblies.
These absorptions were neglected in the calculation of the thermal

utilization.

5.3 PARAMETERS CHARACTERIZING THE EPITHERMAL ENERGY
REGION

The values of R3, P3s R28’ Pogs P1s Pgs Py 625, and 628 are
listed in Tables 5.4 to 5.6. Measured parameters are listed in Tables
5.4 and 5.5; calculated parameters are given in Table 5.6. The values
of the parameters listed are those associated with the finite assembly.

Measured values of R3, the cadmium ratio for a copper rod, are
given in Table 5.5, together with the corresponding values of psg- The
value of (E—ZR—I> appropriate for use in Eq. (4.28) was found to be 0.2673
for the A coppgor rods, and 0.2517 for the B copper rods. The subscript
(e0) indicates that the value of P obtained with this value of <E§I> is

that for an infinite lattice; it must be corrected, as indicated in Sec. 4.4,

to obtain the value for a finite assembly.

The calculated value of Pag for the 253A2 assembly is given in
Table 5.6; the resonance integral used is given in Table 4.7. Values
of p, (for i=1, 2, and 4) obtained from Eq. (4.24) are listed in Table 5.6.

Values of 625 are also given in Table 5.6. Equation (4.28) was
used, with a value 0f<E§—I)OO of 0.1146 for the 250 assemblies, a value
of 0.1194 for the 175 assemblies, and a value of 0.1178 for the 253
assemblies. The first two values were derived from the measurements
in the 250 and 175 lattices, the latter from measurements in a lattice
identical to the 253 lattice in every respect except for the spacing. The
spacing was 5 inches, and the measured value of 6op Was 0.0299 £
0.0004 (HE 6).

5.4 CALCULATION OF k_,

In Secs. 2.1 to 2.4, the neutron multiplication factor for an infinite

medium, k was discussed, and two independent methods for

w}
measuring it were described. For convenience of reference, values of

k  determined with Eqs. (2.28) or (2.30) are here denoted k,; values



TABLE 5.4

Measured Parameters Characterizing the Epithermal Energy Region (I)

Ratio of Epithermal Ratio of Epithermal
Fissions of U-235 Ratio of Fissions Cadmium Absorptions in U-238
to Thermal Fissions of U-238 Ratio to Thermal Absorptions
Designator of U-235 to Fissions of U-235 for U-238 in U-238
(652) (65g) (Ryg) (pgg)
250 0.0163 + 73 0.0164 + 1 5.268 + 94 0.2343 + 51
250B1 0.0156 £ 5 5.048 + 13 0.2470 £ 8
250A1 0.0169 + 10 4.821 £ 24 0.2617 + 16
250B2 0.0171 £ 3 4,676 £ 42 0.2720 + 31
250A2 0.0173 £ 3 4.434 £+ 29 0.2912 + 24
175 0.0334 £ 16 0.0205 + 3 3.105 + 23 0.4750 + 52
175A1 2.897 + 24 0.5271 + 67
175A1B1 0.0237 + 39 2.690 + 25 0.5917 + 87
125 0.0579 + 11 0.0265 + 7 2.230 £ 18 0.8130 + 119
253 0.0615 £+ 21 1.736 £ 14 1.358 + 26
253A2
253A2B1 0.0630 + 31 1.693 £ 15 1.442 + 31

2N



115

TABLE 5.5

Measured Parameters Characterizing the
Epithermal Energy Region (II)

Copper Ratio of Epithermal
Rod Cadmium Ratio Absorptions to
Designator Type for Rod Thermal Absorptions
(R,) (p3)
253A2 A 8.19 £ 0.09 0.1392 + 0.0017
253A2B1 A 7.81 £ 0.09 0.1468 + 0.0019
253A2B1 B 8.53 £ 0.27 0.1328 + 0.0048

of k  determined with the four-factor formula, Eq. (2.7), are denoted
kooz-

The values of n and f from Tables 5.2 and 5.3, and the values of
€, p, and (1+625) obtained by means of Eqgs. (2.8), (2.24), and (2.26),
by using data in Tables 5.1 to 5.6, are given in Table 5.7. All parame-
ters are those associated with an infinite medium. The value of the
fast fission factor, €, for the 175A1 and 253A2 assemblies was calcu~
lated by assuming a linear variation of € with material buckling. The
factors (n/n'), (p/p"),(e/€"), and 1+6,. | are obtained directly from

(=)
them, and are listed in Table 5.8. These factors were fit to first or
second degree polynomials as explained in Sec. 4.5, in order to obtain
the value of each factor at zero buckling. These values ((n/no),
(e/eo), etc.) have also been included in Table 5.8; they are the cor-
rection factors which appear in Eq. (2.28). The correction factors
appearing in Eq. 2.30 are given in Table 5.9.

As stated in Sec. 4.5, the value of k_ is determined almost com-
pletely by the value of Ag, which is the ratio of thermal neutron
absorptions in copper to thermal neutron absorptions in fuel, for an
assembly with zero material buckling. Figures 5.1 to 5.3 show the
variation in A, with material buckling, B12n’ for the three lattices

3

studied. The standard deviations of the values of A3 were calculated

from the uncertainties in the cross sections of copper and uranium,



TABLE 5.6

Calculated Parameters Characterizing the Epithermal Energy Region

Ratio of Epithermal Absorptions to
Thermal Absorptions, in Various Materials

Ratio of Epithermal Ratio of Epithermal
Fissions of U-235 Absorptions in U-238 Copper
to Thermal Fissions to Thermal Absorptions Fuel Rod Rod
Designator of U-235 in U-238 Moderator Cladding Copper Cladding
(855) (pog) (py) (py) (pg) (p4)
250 0.01268 0.01402
250B1 0.0170 0.01566 0.01817 0.02134 0.01356
250A1 0.0168 0.01782 0.02037 0.02540 0.01735
250B2 0.0177 0.01891 0.02156 0.02546 0.01847
250A2 0.0216 0.02303 0.02624 0.03416 0.02333
175 0.02619 0.02857
175A1 0.0351 0.03719 0.04147 0.05384 0.03677
, 0.06490
175A1B1 0.0405 0.04400 0.04872 A rod) 4 ha45s
0.06179
(B rod)
125 0.04529 0.04860
253 0.1079 0.08479 0.10102
253A2 0.1105 1.407 0.09823 0.11724 0.09394

253A2B1 0.1119 0.10235 0.12211 0.09801

911



TABLE 5.7

Values of n, €, p, f, and 1+¢‘S25 Based on Measured and Calculated Parameters

Neutron Fast Resonance Resonance

Regeneration Fission Escape Thermal Fission

Designator Factor Factor Probability Utilization Factor

(n) (€) (p) (f) (1+6,5;)
250 1.532 £+ 28 1.0117 + 4 0.9530 £ 41 0.9520 £ 15 1.0116 £ 52
250B1 1,531 £ 28 1.0110 £ 5 0.9473 £ 36 0.7681 £ 19 1.0149 £ 67
250A1 1.531 £+ 28 1.0119 + 8 0.9412 + 37 0.6847 + 23 1.0168 £ 75
250B2 1.531 £ 28 1.0120 + 4 0.9411 + 37 0.6463 + 24 1.0177 £ 79
250A2 1.530 + 28 1.0122 + 4 0.9398 + 36 0.5328 + 28 1.0216 £+ 97
175 1.530 £ 28 1.0147 £ 5 0.9055 + 47 0.9678 £ 8 1.0242 + 17
175A1 1.528 + 28 1.0159 + 18 0.8861 + 20 0.6936 + 25 1.0350 £ 17
175A1B1 1.528 + 28 1.0167 £ 27 0.8807 + 23 0.6022 = 35 1.0405 + 19
125 ' 1.527 + 28 1.0190 £ 7 0.8374 + 75 0.9769 + 13 1.0450 + 24
253 1.441 + 26 1.0439 £ 20 0.7105 + 54 0.9885 £ 3 1.0927 £ 49
253A2 1.439 + 26 1.0444 + 25 0.6953 + 81 0.8773 £ 13 1.1073 £ 56
253A2B1 1.439 £ 26 1.0445 + 25 0.6896 + 52 0.8470 £ 17 1.1117 £ 58

LTT
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TABLE 5.8

Ratios Used in the Determination of Correction Factors

Ratio of Ratio of Ratio of Ratio of
Neutron Resonance Fast Resonance
Regeneration Escape Fission Fission
Designator Factors Probabilities Factors Factors
146 5
(n/n" (p/p" (e/€") SETIAN
25
250 1. 1. . .
250B1 1.00031 1.0061 0.0006 0.9967
Value for a
hypothetical 1.00054 1.0114 0.9999 0.9947
zero buckling
assembly
250A1 1.00051 1.0125 0.9998 0.9949
250B2 1.00065 1.0126 0.9997 0.9940
250A2 1.00101 1.0141 0.9995 0.9902
175 1. 1. 1. 1.
175A1 1.00105 1.0219 0.9988 0.9896
Value for a
hypothetical 1.00106 1.0221 0.9988 0.9895
zero buckling
assembly
175A1B1 1.00160 1.0282 0.9980 0.9843
253 1. 1. . .
253A2 1.00106 1.0219 0.9995 0.9868
253A2B1 1.00140 1.0304 0.9994 0.9829
Value for a
hypothetical 1.00143 1.0311 0.9994 0.9826

zero buckling
assembly
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TABLE 5.9

Correction Factors for Use in Equation (2.30)

Ratio of Ratio of Ratio of Ratio of

Neutron Resonance Fast Resonance

Regeneration Escape Fission Fission

Designator Factors Probabilities Factors Factors
0 o] 0 1+6'25

(n'/n") (p'/p) (e'/€) ( e
1+6

25
250B1 1.0002 1.0053 0.9992 0.9979
250A1 1.0000 0.9988 1.0001 0.9998
250B2 0.9999 0.9987 1.0002 1.0007
250A2 0.9995 0.9973 1.0004 1.0045
175A1 1.0000 1.0002 1.0000 0.9999
175A1B1 0.9995 0.9941 1.0008 1.0052
253A2 1.0003 1.0090 0.9999 0.9958
253A2B1 1.0001 1.0007 1.0000 0.9997

and the uncertainty (based on counting statistics) in the relative
thermal neutron density in copper and uranium. The 1.1% uncertainty
in the thermal neutron cross section of copper dominates; the maxi-

mum uncertainty in A, is 1.4%. The second degree polynomial fitted

to the data is shown ir?Figs. 5.1 to 5.3.

The determination of the value of A(S) and its standard deviation is
discussed in Sec. 4.5. The value calculated for the 250 lattice was
0.423 + 0.017, the value for the 175 lattice 0.409 + 0.011, and the value
for the 253 lattice 0.171 £ 0.027. The large uncertainty in the material
buckling of the 250A1 assembly, discussed in Sec. 5.1, accounts for
most of the uncertainty in the value of Ag for the 250 lattice. The least-
squares analysis of the A3 data for these assemblies was repeated, with
the 250A1 data point omitted (see Fig. 5.4). The degree of fit associated
with the second degree polynomial fitted to the data was smaller by a
factor of five than that associated with the polynomial fitted to all five

data points (Fig. 5.1), suggesting that a more reliable estimate of Ag
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may be derived by omission of the 250A1 data. The value of Ag calcu-
lated is 0.435 £ 0.007; this value of Ag was used for the calculation of
k . for the 250 lattice.

As stated in Sec. 4.3.2, the value of A3 for the 175A1B1 assembly

is open to question because of difficulties with experimental equipment.

1

The calculated uncertainty takes account of the discrepancy between
the two independent measurements of A3 made in this assembly.

The value of the radial buckling for this assembly is discussed in
Sec, 5.1; the fact that the curve of Fig. 5.2 is concave downward,
rather than concave upward as the curves of Figs. 5.1, 5.3, and 5.4
are, is another reason for thinking that the radial buckling value of
this assembly is indeed too low. (The predicted shape of the curves is
discussed in Sec. 4.5.)

The analysis of the data from the 175 assemblies was repeated
with the 175A1B1 data omitted; a linear extrapolation was used to
obtain the value of Ag. The change in the calculated value of ACB) was
0.12%, indicating that the calculated value of koC>1 is insensitive to
inclusion or omission of the 175A1B1 data. The value of Ag calculated
from all three data points has been used.

Table 5.10 contains the values of koo1 and k002’ The uncertainty in
the values of k., is determined by the uncertainty in Ag, which varies

from 1.6% to 15.8%. The term z (A?—Ai) is at most 0.4% of the
i=1,2,4
term in which it appears; hence, uncertainties introduced by this term
may be neglected. The multiplicative correction factors which account
for the change in the values of €, p, and(l+625)also contribute uncer-
tainties small in comparison with that contributed by the Ag term
because they consist of ratios of the form, —}i—; where y and x are
nearly equal. Because the values of these ratios are near unity, they
are insensitive to systematic errors which affect both x and y equally
or nearly equally, such as changes in the values of Vogs Vags %ogo and
the various cross sections used in the calculation of the correction
factors. The multiplicative correction factor which accounts for the
change in the value of n is independent of the value of Vos and the

235

fission cross section of U Because this correction factor deviates

from unity by at most 0.16%, uncertainties in the absorption cross

238 235 .

sections of U and U introduce no significant uncertainties into

this factor.
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TABLE 5.10

Values of the Multiplication Factor k_,

Source of Value of k_|

Designator Equation (2.28) Equation (2.30) Equation (2.7)
250 1.429 + 0.007 1.422 + 0.028
250B1 1.148 + 0.007 1.143 £ 0.023
250A1 1.020 + 0.010 1.015 £ 0.021
250B2 0.963 + 0.005 0.959 + 0.020
250A2 0.796 £ 0.006 0.792 £ 0.017
175 1.416 + 0.011 1.393 £ 0.026
175A1 1.004 + 0.009 0.988 + 0.018
175A1B1 0.871 £ 0.012 0.857 £ 0.017
125 1.330 £ 0.027
253 1.187 £ 0.027 1.154 + 0.023
253A2 1.044 £ 0.027 1.015 +£ 0.024
253A2B1 1.003 £ 0.026 0.976 £ 0.020

The uncertainties in the values of k°o2 are calculated from the
uncertainties in Vogs Vggs Gggs CrOSS sections, in the measured
parameters 628’ Pogs 625, 3 and in the measured relative thermal
neutron density in the copper rods.

The values of k_ reported in Table 5.10 are in good agreement,
within the quoted uncertainties, although the values of ko01 are con-

sistently higher than those of kooz'

5.5 DISCUSSION OF RESULTS

As discussed in Sec. 5.4, the values of 1«:001 depend chiefly on the
measured values of the material buckling, on the measured thermal
neutron disadvantage factor of the fuel (relative to the added absorber),
and on the values of the thermal neutron absorption cross sections for
the fuel and absorber. The values of k
625, and 528;

cross sections for the fuel, moderator, and cladding, and the fission

09 depend chiefly on the

measured ratios Pogs on the values of the absorption
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cross section of the fuel; and on the values of Vog and Vog- Strong
efforts have been made by different workers to eliminate sources of

. the two values

systematic error from both methods for determining k _;

of k given for each assembly in Table 5.10 are in agreement within
statistical uncertainties in every case. This lends confidence in both

methods for measuring k at least for lattices composed of slightly

00’
enriched uranium metal fuel and heavy water moderator, with
moderator-to-fuel ratios between 10 and 100. However, because there
are fewer sources of error in the measurement of kool, these results
are likely to be more trustworthy.

The results for the 250 and 175 lattices show that values of ka01
with uncertainties between 0.5% and 1.0% can be measured by making
use of thermal neutron absorbers in the manner described. These
uncertainties are smaller than those associated with values of koo2 s
which range from 1.9% to 2.0%; this is another reason for preferring
the values of kool‘ The uncertainty in the value for the 253 lattice
(2.3%) shows, however, that such precision is achieved only when accu-
rate values of the material buckling are obtained.

The uncertainty in (kool-l) is 1.6% for the 250 lattice, 2.6% for the
175 lattice, and 14.4% for the 253 lattice. The "null reactivity' method

of measuring k developed at the Physical Constants Testing Reactor

00’
(PCTR), was discussed in Sec. 1.2; R. E. Heineman (HE 9) has noted

that such measurements yield an accuracy of about 3% in (koo-l). The
null reactivity technique was also used by T. C. Engelder et al. (EN 1),
to measure the multiplication factors of lattices fueled with UO2 and

UOz—ThO2
uncertainties in Ref. EN 1 range from 3.3% to 8.3% in (k_-1). It may

and moderated with mixtures of D20 and H2O; the quoted

be concluded that the use of added absorbers in subcritical assemblies,
as described here, can result in measurements of (koo—l) as accurate
as those obtained with the null reactivity technique, if the buckling
measurements are sufficiently precise.

It was pointed out in Sec. 2.6.1 that the measurements made here
may be treated as measurements of any one of the factors appearing
in Eq. (2.7). It is of interest, for reasons discussed below, to use the
results to calculate a value of the neutron regeneration factor, n. If
the right-hand sides of Eqgs. (2.7) and (2.28) are equated, and the

resulting equation is solved for n, we obtain:
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4 o
1+ 2 A,

n 1 ¢
n =<_6 0o o : (5.1)
] €°p <1+625)

This equation is simply a statement of the fact that the value of the

multiplication factor k_ is unity for an assembly with zero material
buckling.

Equation (5.1) is of interest because direct measurements of n in
a lattice spectrum are not easily made (CR 1); values calculated with
an equation like Eq. (2.11) are usually used. The uncertainties assigned
to such values generally range from 1% to 2%, owing to uncertainties in
the values of Vos and in the fission and absorption cross sections of the
fuel (DA 1). Values of n calculated with Eq. (5.1) are independent of
these sources of error, however; if the buckling measurements are
sufficiently precise, as is the case here with the 250 and 175 lattices,
the uncertainty in the value of n is smaller than the uncertainty in
values calculated with Eq. (2.11).

The values of n calculated for the 250 and 175 lattices with Eq.(2.11)
are 1.532 + 0,028 and 1.530 % 0.028, respectively. The values computed
for the same lattices with Eq. (5.1) are 1.525 + 0.014 and 1.555 + 0.008,
respectively. The results are in agreement within the calculated uncer-
tainties. Because of this, and because of the small number of experi-
ments, no special significance can be attached to the disagreement
between the values for the 175 lattice, which is somewhat greater than
that between the values for the 250 lattice. The values of n calculated
with Eq. (5.1) are chiefly of interest because of the smaller uncertainties

associated with them.

5.6 CALCULATION OF DIFFUSION AREA (Lz)

The use of the available experimental data for the measurement of
the diffusion area and the Fermi age is discussed in Sec. 2.6.2. In this
section, "experimental' values of 1.2 obtained from the two-group
and age-diffusion criticality equations, with calculated values of the
Fermi age supplied by H. E. Bliss (BL 2), are given; measured values
of koo1 and the material buckling were used with Egs. (2.30) and (2.31);
the results are given in Table .5.11. These may be
compared with the value of L2 calculated with Eq. (4.16); the
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TABLE 5.11

Measured and Calculated Values of the Diffusion Area (Lz)
for the Unmodified Lattices

. 2
Lattice Fermi Age Source of Value of L
Designator (7) Eq.(2.30) Eq.(2.31) Eq. (4.16)

2 2 2 2
cm cm cm cm
250 123 + 3 269 £ 8 261 + 9 264
175 125+ 3 145 + 7 134 £ 7 136
125 129+ 3 84 + 16 72 £ 15 72
253 128 £ 3 58 + 25 51 £ 25 51

values of Ea and D were obtained by averaging cross-section values
taken from the literature over the spatial and energy distribution cal-
culated by the THERMOS code, as discussed in Sec. 4.3 (see Table 5.2).
The values calculated with Eq. (2.31), which is based on age-diffusion
theory, are in better agreement with the calculated values than are the
values calculated with Eq. (2.30), which is based on two-group theory.
The large uncertainties calculated for the values of L2 for the 125 and
253 lattices are in part a result of the fact that the uncertainties in the
values of k__ for these lattices are larger than those for the 250 and 175
lattices. The values of L2 calculated with Egs. (2.30) and (2.31) are
roughly proportional to (k_-1); thus they are very sensitive to the
uncertainty in k_ . For instance, in the case of the 250 lattice, if the

value of k 5 is used instead of the value of k the uncertainty in the

0]’
values of L2 increases from 8 or 9 cm2 to 25 or 26 cm2.

5.7 EXPLORATORY EXPERIMENTS ON TWO-REGION ASSEMBLY

Figure 3.11 is a diagram of the two-region assembly, designated
the 253A2B1(2R) assembly. The outer region was identical to the
unmodified 253 lattice; the pattern of fuel and absorber rods in the
central region was identical to the pattern of the 253A2B1 assembly.
The material buckling values for the outer and inner regions, measured

in independent one-region experiments, are 969 + 11 pB and 14 + 77 uB,
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respectively. The radius of the inner region, determined with Eq. (4.6),

was 20.28 cm.

5.7.1 Cadmium Ratio

Figures 5.5 and 5.6 show the radial activation distributions
measured with bare and cadmium-covered gold foils. Each point
represents the average of two foil activities. The foil holders were
located 71.12 cm above the bottom of the assembly. The traverse with
bare foils shows significant deviations from the asymptotic distribution
for a one-region assembly (JO Bessel function); the traverse with
cadmium-covered foils does not. Figure 5.7 shows the variation in the
cadmium ratio as a function of radial position within the two-region
assembly. Values obtained from the radial traverses show somewhat
larger uncertainties than those obtained from the axial traverses
because of the uncertainty in the foil holder position discussed in
Sec. 4.2.1. The equilibrium cadmium ratios characteristic of the
unmodified 253 lattice and the 253A2B1 assembly are also shown in
Fig. 5.7 for comparison.

Figure 5.8 shows the variation in the cadmium ratio as a function
of axial position, at three different radial positions. At each position,
equilibrium appears to exist between 45 cm and 100 cm from the
bottom of the assembly, although there is a slight upward trend in the
values measured at a radial position of 22.23 cm. The mean values of
the cadmium ratio, and standard deviation of the mean, are given in
Table 5.12.

TABLE 5.12

Equilibrium Cadmium Ratio
in Two-Region Assembly (253A2B1(2R))

Radial Position Mean Value
(cm)

5.50 3.10 £ 0.02

22.23 3.21 £ 0.02

33.21 3.26 £ 0.02
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The cadmium ratio appears to reach an equilibrium value within a
region approximately 16 cm in diameter, at the center of the assembly.
The three values of the cadmium ratio measured in this region are
3.08 £ 0.08, 3.07 £ 0.03, and 3.10 £ 0.09; the average value, weighted
with the inverse square of the standard deviation, is 3.07 £ 0.03. This
value is 2.7 standard deviations higher than the equilibrium value for
the 253A2B1 one-region assembly.

The question whether or not an equilibrium cadmium ratio is
attained must thus be left open; the most that can be said on the basis
of the experiments done so far is that the value of the cadmium ratio
approaches the value measured in the experiments in the 253A2B1 one-
region assembly, as shown in Fig. 5.7. Further study under a variety
of experimental conditions will be necessary to determine whether an
equilibrium cadmium ratio is achieved over a large enough region so
that measurements of 628’ 625, Pags and f can be made in the central
cell of two-region assemblies similar to the one studied here. The
experimental results reported here give some grounds for thinking that

this can be done,

5.7.2 Buckling

Least squares fits to the data from the macroscopic traverses
made in the 253A2B1(2R) assembly were analyzed in the manner
described in Sec. 4.2. Values of the radial buckling, az, obtained by
least squares fits to various sets of points from the traverse made
with cadmium-covered foils (see Fig. 5.6) are given in Table 5.13; the
sets of points selected are indicated in the table. The results of the
traverse with bare foils do not approach the asymptotic JO distribution
(see Fig. 5.5); hence, fitted values of (12 are not meaningful and will
not be presented.

The values of the axial buckling, 72, obtained from least squares
fits to the measured axial distributions, are given in Table 5,14,
Points less than 45 cm or more than 76 cm from the bottom of the
assembly were not used in the fitting process. The points in this
region were randomly distributed about the fitted distribution
(A sinh 'y(HO-z)) in all experiments but one, the traverse with cadmium-
covered foils at 33.21 cm. It is possible that the foil holder was not

properly engaged in position at the bottom during this experiment, but
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TABLE 5.13

Values of Radial Buckling
for Two-Region Assembly (253A2B1(2R))

Radial Buckling

Points Used (Cadmium-Covered Foils)
(1nB)
All seven 2132
Inner six 2115
Inner five 2107
Quter three 2148
TABLE 5.14

Values of Axial Buckling
for Two-Region Assembly (253A2B1(2R))

RMS Value
Radial Position Axial of Buckling
of Foil Holder Foil Condition Buckling Increment
(cm) (nB) (nB)
5.50 Bare 1863 7
5.50 Cadmium covered 1795 5
22.23 Bare 1803 10
22.23 Cadmium covered 1813
33.21 Bare 1706 8

33.21 Cadmium covered 1727 20
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this is not thought to be the cause of the deviation from the asymptotic
shape. The position at which the traverses were made was 12.6 cm
from the wall of the tank; it is possible that edge effects, such as fast
neutron reflection from the concrete shielding, are responsible for the
effect observed. Such effects have been investigated at M.I. T. by
D. Goebel (HE 5), and observed at distances up to 12.2 cm from the
tank wall.

As stated in Sec. 2.5, the axial buckling in a two-region assembly
is usually assumed to be constant as a function of radial position, in
calculating the value of the material buckling for the assembly. The low
values given in Table 5.14 for the outermost traverses may be caused by
the edge effects mentioned above. The results of D. Goebel's work show
that the axial buckling would indeed be expected to decrease, for
positions near the edge of the assembly. Of the remaining four measure-
ments, done at interior points, three are in good agreement. The value
of 1863 uB measured with bare foils near the center of the assembly
indicates that more experiments are necessary before it can be concluded
that the axial buckling of assemblies like the one studied can be presumed

constant as a function of radial position.

5.8 CONCLUSIONS

The most important conclusion to be drawn from the results pre-
sented in this chapter is that values of k_ and n can be measured, with
uncertainties between 0.5% and 1.0%, by making use of thermal neutron
absorbers in subcritical assemblies in the manner described in Secs. 2.4
and 2.6.1. The measured values of the #nultiplication factor (kool) are
independent or nearly independent of many parameters associated with
values of the multiplication factor calculated with the four-factor
formula (kooz); among these are Vogs Voge 625, 628’ Pog: the macro-
scopic fission cross section of the fuel, and all absorption cross

sections except that of the fuel. The values of k for the three lattices

o]
studied are in good agreement within experimental uncertainties with

235

the values of kooz’ if account is taken of fission of U in the epithermal

energy range. Because the sources of error in the values of k re

a
ool

fewer in number than the sources of error in kooz, and because the uncer-
tainties calculated for the values of koo1 are smaller than those calculated

for the values of sz, the values of k°o1 are believed to be more trust-

worthy.



13%

The measured values of the neutron regeneration factor, 7, are
independent of the value of Vos and the fission cross section of the fuel;
they are in agreement, within experimental uncertainties, with values
of n calculated from values of Vas and the ratio of the fission and
absorption cross sections of the fuel (Eq. (2.11) or Eq. (4.13)), averaged
over the spectrum calculated with a multigroup transport theory code
(THERMOS).

The foregoing conclusions are based on the results of single-region
experiments in a subcritical assembly. Exploratory experiments, dis-
cussed in Sec. 2.5, were made to see if the measurements could be done
in two-region subcritical assemblies. No grounds for belief that the
experiment could not be done in this way were discovered; there is con-
siderable reason to believe, on the basis of the experiments done, that

this can, in fact, be done if the material buckling can be measured in a
two-region subcritical experiment. More measurements will be neces-
sary, however, before a conclusion can be definitely established.

The values of kool were used, in conjunction with a calculated value
of the Fermi age and the measured value of the material buckling, to
obtain values of the diffusion area with the two-group and age-diffusion
criticality equations. The values were compared with values of the dif-
fusion area calculated with Eq. 4.16, using values of the absorption cross
section and diffusion coefficient averaged over the spatial and energy
distribution calculated with the THERMOS code. The values obtained
with the age-diffusion equation were in slightly better agreement with
the calculated values than were those obtained with the two-group equation.
It was found that the uncertainties in the experimental values of the dif-
fusion area were greater by a factor of three if the values of kooz were

used.
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CHAPTER VI

SUMMARY AND SUGGESTIONS FOR THE FUTURE

The conclusions given in Sec. 5.8 show that the objectives set forth
in Sec. 1.3 have been realized. The work is summarized in this chapter,

and suggestions for future work are given.

6.1 SUMMARY

The first objective of the work was to develop a method for the
measurement of ke, to be based on the Hanford technique described in
Sec. 1.2, but to utilize a subcritical, not a critical, facility. The
method is described in Secs. 2.1 to 2.4, and consists basically of a
determination of the amount of thermal neutron absorber necessary to
reduce the value of the material buckling to zero, or equivalently, to
reduce the value of ke to unity. The value of ke for the lattice without
added absorbers may be computed from the amount of absorber neces-
sary, with Eq. (2.28); correction factors are included for spectral per-
turbations, epithermal absorption in the added absorber, and effects of
the heterogeneity of the lattice.

There are two important advantages to this method of measuring
ko, as compared with the usual method involving direct use of the four-
factor formula (Eq.(2.7)). The first advantage is that the measured
value is independent of the values of Vos and the macroscopic fission
cross section of the fuel, and nearly independent of the values of Vags
6 6

25° °28° Pasg’
fuel and the added absorber. A second advantage is that higher pre-

and all absorption cross sections except those of the

cision is possible than with the four-factor formula, since the method
is really a measurement of (ko-1). The measurements can, with equal
validity, be treated as an experimental measurement of n (see Sec.
2.6.2); this fact is significant because experimental measurements of
this factor are otherwise difficult to make.

The second objective of the work was to apply the method. Three
lattices were investigated; each consisted of slightly enriched uranium

metal fuel rods immersed in heavy water moderator; the volume ratio
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of moderator to fuel varied from 11.07 to 108.60 (see Sec. 3.2). Solid
copper rods clad in nickel were chosen for use as added absorbers,

for reasons discussed in Secs. 3.3 and 3.4. Diagrams of the nine assem-
blies investigated are given in Chap. III. The following quantities were
measured: the macroscopic activation distribution with gold foils; the
fine structure of the thermal neutron activation distribution with gold
foils; the ratios 625 and 628; and the cadmium ratios for gold, U238,
and copper, for the assemblies with added absorbers. The techniques
used in these measurements were not new, for the most part. They

are described in Secs. 3.6 to 3.10.

The analysis of the macroscopic activation distributions to obtain
the values of the material buckling of the assemblies with added
absorbers proceeded much as in the now standard way used for unmodi-
fied lattices, with two exceptions (see Sec. 4.2). The first is that the
radial extrapolation distance in units of the mean free path )\tr is
slightly larger for the modified assemblies (2.4 + 0.3) than it is for the
unmodified lattices (2.0 £ 0.3). The second is that the region of equi-
librium cadmium ratio in the modified lattices is smaller than that in
the unmodified lattices. Because data taken near the top of the assembly
were unusable for this reason, the extrapolated height of the lattice was
taken as the physical height plus the radial extrapolation distance. The
values of the axial buckling are not sensitive to the value chosen for the
extrapolated height.

The multigroup transport theory code THERMOS was used to
obtain calculated, space-dependent spectra in decoupled cylindrical
cells centered on fuel rods and copper rods (see Sec. 4.3.1). Use was
made of a result of heterogeneous source-sink theory given by
J. E. Suich (see Sec. 4.3.2) to determine the cell sizes and normalize
the THERMOS-calculated activation distributions to the experimentally
observed distributions. The calculated spectra were used to obtain
hardened cross sections for use in calculating values of n, f, and
various thermal reaction rate ratios. A method was developed which
makes use of the THERMOS-calculated spectra, and experimentally
observed ratios of epithermal events to thermal events, to predict
values of the same ratio in assemblies similar to the one in which the

measurement was made (see Sec. 4.4). If the reaction rate cross
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section is assumed to vary with neutron velocity (v) as 1/v throughout
the epithermal energy range, no measurements are necessary. Fair
agreement with experiment was observed when the method was used to

predict values of Pogs the ratio of epithermal absorptions in U238 to

thermal absorptions in U238; the method was sufficiently accurate to
be useful for calculating values of 625, and values of the ratio of epi-
thermal absorptions to thermal absorptions in cladding, moderator,
and added absorber.

The results of the investigation show that values of ko and n can
be measured in the manner proposed, with uncertainties between 0.5%
and 1.0%, if the buckling measurements are sufficiently precise (see
Secs. 5.1 to 5.5). Agreement with values of ke calculated from the
four-factor formula is good if the latter is modified to take into account

235. The values of n obtained from the

epithermal fissions in U
measurements were in good agreement with values calculated with
THERMOS-hardened cross sections. The measurement of (keo-1) is
comparable in precision to that of the PCTR technique; this is signifi-
cant because it shows that it is possible to obtain precise measurements
of koo without a critical facility.

A major advantage which the PCTR technique offers is economy of
test lattice fuel; as little as one cell of the test lattice may be used. In
order to investigate the possibility of similar economies in the sub-
critical measurement of ko with added absorbers, exploratory experi-
ments in a two-region assembly were done (see Sec. 2.5). No final
conclusion can be reached on the basis of these experiments, but it
seems likely that the fine structure measurement and the measure-
ments of Pogs 628’ and 625 can be done in suitable two-region assem-
blies (see Sec. 5.7). The measurement of the material buckling in a
two-region assembly is the subject of a separate study by another
worker; final conclusions must await completion of this work.

It was found that the uncertainty in ""experimental' values of the
diffusion area, Lz, were smaller by a factor of three if the measured
values of ko were used instead of the values obtained with the four-
factor formula (see Sec. 5.6). Criticality equations derived from two-
group theory and age-diffusion theory were used, with calculated
values of the Fermi age,and measured buckling values. The values of

L2 derived from the age-diffusion equation were in slightly better
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agreement with calculated values than were those derived from the two-
group equation.

Simultaneous measurement of both parameters related to neutron
leakage from finite assemblies during slowing down and diffusion (L2, T)
was hampered by the low buckling values of the modified lattices, which
render them unsuitable for determinations of these quantities (see Secs.
2.6.2 and 5.6).

6.2 SUGGESTIONS FOR THE FUTURE
6.2.1 One-Region Measurements

On the basis of the work done to date, it appears that thermal
neutron absorbers can be used in one-region loadings in subcritical
assemblies similar to those investigated here, to obtain measured values
of ke with an accuracy in (kew-1) of 3% or better, and an accuracy of 0.5%
to 1.0% in n. At M.I.T., one to two weeks of experimentation per lattice,
in addition to the normal experiments in the unmodified lattices, should
provide sufficient data, if the added absorber concentrations are care-
fully chosen (see Appendix F). On the basis of these results, and the
development of Sec. 4.4, it would appear that the parameters R28’ 625,
and 628 need only be measured in the unmodified lattice and, at most,
one modified lattice, preferably the one with the lowest buckling value.
Measurements of R3 in one assembly in each series should suffice; if a
body of effective resonance integral data for each copper rod size is
built up, it may be possible to dispense with this measurement altoggther
and rely entirely on the method of Sec. 4.4 for values of pg-

The microscopic distribution experiments could be improved by
reducing the number of foils in the moderator, particularly in tightly-
spaced lattices, and increasing the number of foils irradiated on the
rod surfaces. The evidence gathered to date indicates that the THERMOS-
calculated activation distribution in and on the surface of the copper rods
and the fuel rods is in good agreement with the measured distribution.

It may, therefore, be possible to dispense with irradiation of the foils
within the rods, irradiate a number of foils on the rod surfaces instead,
and use the THERMOS results to calculate the distribution within the rod.
One of the most time-consuming aspects of the microscopic experiments

is the loading of foils into the fuel and copper rods; certainly some of
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the microscopic traverses could be done in this way in each assembly.

It was noted in Sec. 5.4 that the uncertainty in ke depends strongly
on the uncertainty in ACS), the ratio of thermal neutron absorptions in
added absorber to thermal neutron absorptions in fuel, for an assembly
with a material buckling value of zero. The measurementof ke can be
improved by reducing the uncertainties in Ag. Figures 5.1 to 5.4 show
that the value of Ag is usually more strongly influenced by uncertainties
in the values of the material buckling than by uncertainties in the values
of A3. Table 5.1 shows that increasing the number of buckling measure-
ments would result in considerable improvements in the uncertainties;
the desirability of this has to be weighed against the increased time
necessary for the measurements. If the uncertainties in the values of
the buckling are markedly reduced, then the uncertainties in the values
of A3 for each assembly will make a more important contribution to the
uncertainty in Ag. The uncertainty in A3 is dominated by the 1.1%
uncertainty in the microscopic absorption cross section of copper for
thermal neutrons (see Sec. 5.4). Remeasurement of this parameter
with greater precision, or use of a different absorber with a better-
known absorption cross section, would reduce the uncertainties in the
values of A3. If substantial reductions in the uncertainty in the absorp-
tion cross section can be made, counting statistics on the foils in the
microscopic traverses will make a more important contribution and
should be improved correspondingly.

The measurements could be improved in some respects by the use
of a homogeneous added absorber, such as boric acid dissolved in the
moderator. The advantages and disadvantages of this, and the reasons
for the use of lumped absorbers here, are discussed in Appendix B.

Improvements in the precision with which ke is measured will
result in corresponding improvements in the uncertainties in the
"experimental'' values of the diffusion area, L2. As noted in Secs. 2.6.2
and 5.6, and in Appendix G, the requirements for the measurement of
ke and the requirements for the simultaneous measurement of L2 and
7 conflict with each other, so that separate sets of experiments will

probably be necessary if both measurements are to be made.
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6.2.2 Two-Region Measurements

It has been shown that approximately equal precision in the
measurement of (ko-1) may be expected from the Hanford technique
(see Sec. 1.2) and the subcritical measurement described here. The
Hanford technique requires much less fuel, but a critical facility is
necessary, and the so-called "spectral mismatch' problem is
important in the interpretation of the results. Care must be taken to
measure the extent to which the neutron spectrum incident on the central
cell of the reactor differs from the equilibrium spectrum, and correct
the measured values of ke accordingly. The subcritical technique cir-
cumvents the spectral mismatch problem; thus, if enough test fuel is
available for the construction of an exponential assembly, it should
give results as good as those given by the Hanford technique, possibly
at less cost.

In the Introduction, the need for accurate results from assemblies
utilizing minimum amounts of fuel was noted. Accordingly, the next
step in the development of the subcritical measurement of ke should be
a detailed investigation of the two-region experiment. Such measure-
ments involve a spectral mismatch problem just as does the PCTR
measurement, but if theoretical correction factors can be derived, the
method holds promise of combining high precision and economy in test
fuel, as well as the safety and low operating costs associated with an
exponential facility. Some of the alternatives for future experimenta-
tion are given in Table 6.1. One ""Type 1" experiment has been done
already; the results are given in Sec. 5.7. Type 1 and Type 2 experi-
ments represent no improvement over the one-region measurement,
since a full subcritical loading of fuel is required; such experiments
will be chiefly of interest in the development of the method. A success-
ful Type 3 experiment is the ultimate objective; problems of theoretical
interpretation will be greatest in this case, but the required amount Vof
test fuel and added absorber are at a minimum. If Type 3 experiments
cannot be done, a Type 4 experiment would be nearly as useful; by
adding absorbers to the reference region, the differences between the
test and reference region may be made small, and problems of theo-
retical interpretation eased.

The problem deserves further study.



TABLE 6.1

Possible Configurations for Subcritical Two-Region Measurements of koo

Experiment
Type

Reference Region

Test Region

Full Subcritical
Loading of Test
Fuel Required?

Comment

Lattice I without
added absorbers.

Lattice I with
added absorbers
sufficient to make
value of B2 near
ZEero.

Lattice II without
added absorbers.

Lattice II with
added absorbers
sufficient to make
value of B2 near
zZero.

Lattice I with added
absorbers in several
different amounts,
varied to obtain several
values of Brzn near zero.

Yes

Large difference
between test and
reference regions.

Yes

Minimal difference
between test and
reference regions.

Large difference
between test and
reference regions.

No

Difference between
test and reference
regions depends on
choice of test and
reference fuel; may
be made small.

Note: Lattice I is the lattice to be investigated; lattice II is a reference lattice presumably available in
large enough amounts so that its characteristics may be established in one-region measurements.

4!
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APPENDIX A

LITERATURE RESEARCH

The purpose of this appendix is to note briefly some references to

work that has been done in areas of interest closely allied to this study.

A.1 MEASUREMENT OF ko AND n

Experimental determinations of ke are usually made by measuring
quantities such as 628’ 625, Pog and the fine structure of the thermal
neutron distribution, using the measurements to calculate values of €,
p, f, and (1+¢525)in a manner similar to that described in Sec. 2.3, cal-
culating n, and then computing ke from an equation like Eq. (2.7). The
measurements can be done in critical or subcritical lattices. Other
ways of measuring ke include the Hanford technique, described in
Sec. 1.2, and pulsed neutron experiments (MA 1). A review of measure-
ments of ke and intracell lattice parameters (including n) in lattices
fueled with uranium and moderated with light water, heavy water, or
graphite is given in Ref. KA 1; the Hanford technique is also discussed.
Another more detailed survey, confined to assemblies moderated with
heavy water, is found in Ref. CR 3; measurements of both ke and n are
discussed.

Measurements of ke are being made in Europe with the Hanford
technique; one example is the work done at the Institute of Technology
in Munich by G. Riesch (RI1).

Results of measurements of n as a function of energy for U235 and
other nuclides are given in Refs. AN 1 and SA3. Values of n in a lattice
spectrum have been obtained from analyses of the variation of other

235 concentration (KO 1)

measured lattice parameters as a function of U
and lattice spacing (MU 1). Values of n have also been measured at the
Savannah River Laboratory by a cadmium ratio technique (CR 3, HU 2).
The subcritical technique for the measurement of ke described in
Sec. 2.4 is applicable only for lattices with values of ke greater than
unity. A complementary technique restricted to lattices for which the

value of ke is less than unity has been evolved at the University of
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Virginia. The method involves the use of added absorbers, but does
not appear to be closely related to the Hanford technique. The method
is described in Ref. BU1; experimental results for a lattice of natural
uranium rods in light water moderator are given. The value of koo
obtained was 0.929 + 0.002; the calculated value obtained with the four-
factor formula for the same lattice was 0.944 + 0.011. The value of ke

measured in pulsed neutron experiments was 0.939 + 0.012,

A.2 USE OF ADDED ABSORBERS IN SUBCRITICAL LATTICES

Added absorbers are often used in critical experiments, but their
use in subcritical lattices is much less common. An early example of
such work is reported by E. R. Cohen et al. in Ref. CO1. Lattices of
natural uranium rods in heavy water moderator were studied; in one of
these, measurements of the Fermi age were made by borating the moder-
ator. Changes in the radial buckling, n, p, and € were assumed negligible,
f and L2 were calculated, and the age evaluated by measuring the change
in the axial buckling; Eq. (2.31) was used. Heterogeneous absorbers
have been added to subcritical lattices moderated with heavy water at
the Savannah River Laboratory (CR 2); in one such experiment, unclad
copper tubes were used (DU1). The work was part of an effort to
measure migration areas and anisotropy for a particular lattice; the
results were used in conjunction with critical experiments.

Boric acid was added to the light water moderator of a number of
lattices of slightly enriched uranium metal rods studied at Brookhaven
National Laboratory (KO 1) in experiments to determine the migration
area, Mz. Equations derived from simple reactor models were used to

relate ko and the buckling; one of these is:

keo = 1 + M®BZ . (A.1)
The buckling was measured for the modified lattices, and the thermal
utilization was calculated. From Egs. (A.1) and (1.1), a formula for
the thermal utilization as a function of the material buckling can be

written:

2
1 +M—B2 ) (A.2)

f=—
nep  nep  m

Values of the migration area, which was assumed to be unaffected by
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the added absorber, were calculated from the slope of the curve of f
against Bz. The measured values of n, €, and p for the unmodified
lattice were used. Similar analyses were done with equations like
Egs. (2.30) and (2.31) in place of Eq. (A.1); the migration area was

determined from the relationship:

M2 =124+ 7. (A.3)

The value of ke obtained from Eq. (A.1), with the experimental values
2
of M

obtained if the experiments were analyzed with the technique described

and B12n’ can be shown to be the same as that which would be

in Sec. 2.4, under the assumption that the correction terms in Eq,
(2.28) are all unity.

English workers have done experiments similar to those done at
Brookhaven in lattices of natural uranium rods in light water moder-
ator at Queen Mary College in London (MA 2). The work on natural
uranium-water lattices at the University of Virginia has been mentioned
in Sec. A.1.

As far as is presently known, the present study represents the first
published account of experiments made in an attempt to adapt the Hanford
technique to subcritical measurements, although the possibility is

mentioned in one of the earliest articles on the technique (HE 10).
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APPENDIX B

USE OF ADDED ABSORBERS
HOMOGENEOUSLY DISPERSED IN LIQUID MODERATOR

Although lumped absorbers were chosen for use here (see Sec. 3.3),
the absorber could equally well have been dissolved in the liquid moder-
ator. This method has advantages, to be discussed below. It will be
noted that the description of the theory, the equipment, and the analysis
of data in Chaps. I to IV applies equally well to either case, except in
some respects in which the use of homogeneously dispersed absorber
results in a simplification of the treatment. The purpose of this
appendix is to discuss the advantages and disadvantages of each method
of adding absorber, and give the reasons for using lumped absorbers
here,

The first and most important difference between the two methods
concerns the measurement of the thermal utilization, or equivalently,
the relative absorption in the added absorber. As noted at the begin-
ning of Sec. 4.3.2, if the absorber is uniformly dispersed in the moder-
ator, a THERMOS calculation may be made for the modified lattice
exactly in the manner described in Sec. 4.3.1 for the unmodified lattices.
The treatment of Sec. 4.3.2 may thus be dispensed with entirely. It is
possible that no microscopic traverses would be necessary at all, if it
were proven that the THERMOS results were as reliable as an experi-
ment, as is the case with an unmodified lattice of the type considered
here. In either event, an important decrease in the time needed for
experiments would result. The preliminary calculations described in
Appendix F would also be made simpler and more precise.

A second difference between the heterogeneous and homogeneous
methods concerns the determination of the ratio of epithermal absorp-
tions to thermal absorptions in the absorber, Pg- If, for example, an
absorber such as boric acid were to be dissolved in the moderator, and
the assumption could be made that the absorber cross section varies as
1/v throughout the epithermal energy range, the value of P could
simply be obtained with Eq. (4.22). A further decrease in the amount of
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time needed for the experiments would be effected.

Another (minor) advantage of a homogeneous absorber is that it dis-
places virtually no moderator. This is inconsequential in assemblies
moderated with heavy water, as has been shown here, but it is possible
that in the more tightly packed assemblies moderated with light water,
solid absorbers would displace enough moderator to cause an undesir-
ably large change in the resonance escape probability.

A fourth difference between the two methods under discussion con-
cerns the ease with which buckling values near zero may be attained
practically. If a homogeneous absorber is used, the absorber concen-
tration may more readily be varied in small amounts. If this were done
after preliminary analysis of buckling measurements, it would be
possible to attain buckling values very near zero, or bunched about that
point. This procedure should result in increased accuracy, or equiva-
lently, should require fewer experiments than the heterogeneous method,
to obtain equal accuracy in keo.

Against the foregoing advantages of homogeneously dispersed
absorber, some disadvantages must be considered. Determination of
the amount of absorber added, which can be done without significant
uncertainties for heterogeneous absorbers, is not always simple, and
may become an added source of error in the most important parameter
in the measurements, Ag (see Sec. 4.5). For boric acid, titration tech-
niques have been used (KO1, CR2). A sigma-pile measurement (WE 1)
might also be done in the exponential tank with the fuel rods removed.
Care must also be taken to ensure that no absorber is plated out or
deposited in the piping of the system. Also, if a relatively expensive
moderator such as heavy water is used, it is important to be sure that
all of the absorber can be removed when the experiments are over.
Finally, if two-region measurements such as those discussed in Secs.
2.5, 5.7, and 6.2.2 are to be done, heterogeneous absorbers are required
unless the test region is to be isolated from the reference region. Such
measurements involve varying the absorber concentration in the test
region, without varying it in the reference region. Obviously, unless
the test region is separated from the reference region, heterogeneous
absorbers are required.

Heterogeneous absorbers were used in this work principally to

avoid contamination of the heavy water moderator and the plumbing of
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the subcritical facility; the work described here is only a small part of
the Lattice Project research, and it was thought that it should on no
account endanger the success of other experiments in progress. Further-
more, experiments with two-region assemblies may be done in the future;
as noted above, this all but requires heterogeneous absorbers. Finally,
as discussed earlier, the heterogeneous method is more complicated

than the homogeneous method; since it has been used successfully, it
would appear clear that the homogeneous method should work as well or
better, resulting in even more accurate measurements of kew. Had
homogeneous absorber been used, little could have been said about

heterogeneous absorbers.
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APPENDIX C

FOIL COUNTING: PROCEDURES AND ANALYSIS OF DATA

The foils used, the procedures for counting them, and the methods
of data analysis have been discussed in Secs. 3.7 and 4.1. The purpose
of this appendix is to give further details on these aspects of the work.

The counting equipment used is described in detail in Ref., SI 1.

The practices followed here in counting the foils are much the same as
those described there. Dead times for the two Nal scintillation counters
were remeasured by the two-source method (PR 1); the values obtained,

7T .
minute,

and used in this analysis, were between 10_'7 minute and 3 X 10~
The counting equipment was calibrated regularly; integral counting was
used throughout, with the cutoff energy set at the low point in the
gamma spectrum between the 411-kev photopeak and the Compton edge.

Foils were washed in acetone before they were weighed, before
they were mounted on foil holders for irradiation, and before they were
counted. Foils that were scratched in the process of removal from the
holders were reweighed; usually, the weight did not differ by a statis-
tically meaningful amount, but in the few cases where it did, the new
weight was used in the analysis. Scratched foils were not reused.

In general, each set of foils was counted at least three times, for
a preset number of counts. The total number of counts on foils from
the macroscopic traverses was always between 60, 000 and 600, 000,
and usually was between 100, 000 and 300, 000. The total number of
counts on the foils from the microscopic traverses varied from
30, 000 to 300, 000, and usually was between 40, 000 and 200, 000.
Because the thermal activation was sought, the bare foils were counted
for two to four times as many counts as the cadmium-covered foils.
Because the printer-timer accuracy is £0.01 minute, no counting inter-
vals were less than 2.50 minutes; most were longer than 5.00 minutes.
No count rates were higher than 50, 000 counts per minute, to ensure
that the dead time correction did not introduce appreciable error.

The measurement of the background count rate is discussed in

Sec. 4.1. The measurements made before and after the counting runs
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did not differ by a statistically meaningful amount, except in one
instance, to be discussed below. The variation in background count
rate due to the movement of foils by the automatic sample changers is
greater; variations by nearly a factor of two are possible. Accordingly,
background count rates were always measured with all foils in the
sample changer, at several points in the counting cycle, and the aver-
age value used. Because the counters were well shielded, the back-
ground count rate was usually 5% of the lowest count rate, or less. A
sufficient number of background counts was taken so that the uncertainty
in the foil count rate due to the uncertainty in the background was less
than the uncertainty due to counting statistics on the foil itself.

The foil data analysis was done with a computer code described in
Refs. SI'1 and SI3. The fractional standard deviation based on counting
statistics (PR 1) and the fractional standard deviation based on scatter
about the mean, for all foils, are calculated and printed out for com-
parison. The two were in good agreement, within 10% of each other,
except as noted below. The fractional deviation from the mean is also
printed out, for each count on each foil.

In Sec. 4.3.2, malfunctions of counting apparatus were mentioned
which affect the results of experiments in the 175A1B1 assembly. It
was observed repeatedly that one of the counting setups had two distinct
background levels, 30 counts per minute and 120 counts per minute.
The background count rate was constant at one of these two levels, for
periods long compared to the duration of a single foil count, but it did
alternate between the two. No other counting equipment was available,
and no remedy could be found for the difficulty on short notice. Accord-
ingly, the foils were counted with the faulty apparatus. The data were
analyzed twice, with the background count rate taken first as 30 counts
per minute and then as 120 counts per minute. Foils were counted
three to six times; inspection of the table of deviations from the mean
count rate allowed an estimate to be made of which of the two back-
grounds was appropriate for each foil count. The data were then
reanalyzed with the variable background count rate determined in this
way. The fractional standard deviation based on scatter about the
mean for all foils was always reduced by this reanalysis. No counting
runs were used for which this quantity was more than twice the value

calculated from the total number of counts.
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The foregoing procedure was an emergency measure, and it is
realized that it is not wholly satisfactory. The counter difficulty was
subsequently remedied and did not reoccur. The effect of the 175A1B1
measurements on the results is discussed in Sec. 5.4 and shown to be
negligible.

Usually, all foils from a given macroscopic traverse were counted
in the same counting run. This was not possible, however, in the case
of the axial distribution measurements in the 250 assemblies. Because
the activities of the foils at opposite ends of the foil holder differed by
as much as a factor of 100 (see Fig. 4.7), counting all foils for a preset
number of counts in one counting run was impractical. Accordingly,
the 17 foils in each traverse were split into two batches. The eleven
least active foils were counted first, followed by the nine most active
foils. Three intermediate foils were counted in both batches and pro-
vided a means of correcting for counter drift; these corrections were
made as explained in Sec. 4.1. During the experiments on the 175 and
253 lattices, counting equipment was available which allowed all foils
from a given axial traverse to be counted in one run. Instead of simply
presetting the number of counts, both a preset time and a preset
number of counts could be used; counts were terminated when either
limit was reached. This equipment was used for analysis of all axial
traverses in the 175 and 253 assemblies.

It should be noted that in the experimental measurement of R

633

described in Sec. 3.10, it is actually the cadmium ratio of Cu ", here

defined as Rg?a, which is determined. The other isotope of natural
copper, Cub5, activates to form Cu66, which has a 5.2-minute half
life. Since more than two hours always elapsed between the end of the

irradiations and the beginning of the foil counting, no account was

taken of Cu65 in the measured cadmium ratio. The average value of
63
RCd -1
the ratio —g5  Was experimentally measured by workers at Hanford,
RAG-1
Cd

with foils varying from 0.0013 inch to 0.020 inch in thickness, and

found to be 1.00 £ 0.07 (BE1). It is shown in the reference cited that

63, and Cu65 may be

inferred from their thermal cross sections and measurements of Rg‘i1

the resonance integrals of natural copper, Cu

only. Accordingly, no measurement of Rg% was made, and the
measured value of Rg‘:’j was used in the calculation of Pgs the ratio of

epithermal absorptions to thermal absorptions in natural copper.



154

APPENDIX D

DIMENSIONS, DENSITIES, AND NUCLEAR CROSS SECTIONS
OF MATERIALS USED

In this appendix, the physical dimensions and properties of the

various materials used jn the assemblies are given.

D.1 DIMENSIONS AND DENSITIES

The dimensions of the fuel rods are given in Table 3.1 The diameter
of the "A" copper rods is 0.1872 £ 0.0001 inch; the diameter of the "B"
copper rods is 0.1438 + 0.0001 inch. The cladding thickness is 0.0005 +
0.0002 inch. The uncertainties are standard deviations of the mean of
eight to twelve measurements. The rods are very uniform in diameter,
as indicated by the small uncertainties.

The density taken for the uranium metal fuel in the 250 and 175
assemblies was 18.92 gm/cm3. The density taken for the fuel in the
253 assemblies was 18.90 gm/cm?’, For the determination of the density
of the copper, three cylindrical samples were prepared by circular
grinding. Their dimensions were carefully measured with a micrometer,
and they were weighed with a microgram balance. Table D.1 gives the
results. The uncertainty calculated on the basis of the uncertainty in
the measurements is given; the standard deviation of the mean of the

three measurements is 0.012 gm/cmg.

TABLE D.1
Density of Copper Samples

Sample Weight Volume Density
(gm) (cm3) (gm/cm3)
1 5.351138 0.600908 8.905
5.302960 0.596276 8.894
5.828190 0.656631 8.876

Average 8.892 £ 0.015
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The density of KANIGEN is listed in Ref. AR 1 as 7.85+0.03 gm/cmg.,

The purity of the D, O is given in Table 3.1; it is based on the assump-

2
tion of a linear variation in the purity between two measurements made
at the beginning and at the end of the experiments on the lattices for
which results are reported. The uncertainty in a single measurement is

about 0.03 mol %.

D.2 NUCLEAR CROSS SECTIONS USED IN THERMOS CALCULATIONS

The THERMOS code was used as described in Sec. 4.3.1. The moder-
ator temperature was taken as 20°C; the mass used in calculating the high
energy source term was the mass number. The standard cross section
data described and tabulated in Refs. DA 1, HO 2, SI 1, and SI 2 were
used for the cross sections of U235, U238, N14, 016, A127, D2O, and
H20; the original data sources are Refs. HU 1, NE 1, and SA 1, Cross-
section data for the copper rods and their KANIGEN cladding are given
in Table D.2. The source of the data is Ref. HU 1, except that the
thermal neutron absorption cross section of copper is taken from Ref.

DO 1.

TABLE D.2

Nuclear Cross Sections of Added Absorbers

Microscopic Absorption Microscopic Scattering
Cross Section for Cross Section for
Material 2200 m/sec Neutrons Slow Neutrons
(barns) (barns)
Cu 3.79 7.2
‘Ni 4.6 17.5
P 0.19 5.0

For the convenience of future workers, the concentrations calcu-
lated from the foregoing data for use with the THERMOS code are given
in Table D.3. The absorption cross sections of the nitrogen in the air
gap and the copper, nickel, and phosphorus in the added absorbers were
assumed to vary as 1/v with incident neutron velocity v; the scattering
cross sections were treated as constant. The scattering cross sections

used in the high energy source calculation are given in Table D.3 also.



TABLE D.3 THERMOS Input Data: Concentrations and High Energy Cross Sections

Concentration High Energy Concentration
Isotope for Scattering for High
Identification Calculation Cross Energy Source
Region Lattice  Material Numbers: Proper Isotope Section Calculation
(at./barn cm) (barns) (at./barn cm)
Fuel 250-175 Uranium 23592-1 235
935999 0.00055444 U 10.0
23892-1 0.047349 U238 8.5
253 Uranium 23592-1 235
935029 0.00045888 U 10.0
23892-1 0.047393 y?238 8.5
Air gap All Air 3000-20 0.00008 14
2000-20 0.00024 N 59 0.0001
Fuel rod All  Aluminum  168-1 0.0000538  OF 3.75
cladding 2713-1 0.060275 A127 1.40
Moderator 250 Light and 20-51 0.066229 D 3.4
heavy 18-51 0.0002927 H 20.4
water 168-1 0.033261 O 3.75
175 Light and 20-51 0.066209 D 3.4
heavy 18-51 0.0003127 H 20.4
water 168-1 0.033261 O 3.75
253 Light and 20-51 0.066196 D 3.4
heavy 18-51 0.0003260 H 20.4
water 168-1 0.033261 O 3.75
Added All Copper 3000-20 0.31954
absorber 2000-20 0.60704 Culnat) 7.2 0.08431
KANIGEN 3000-20 0.33127 Ni(nat) 17.5 0.07129
2000-20 1.33543 P(nat) 3.4 0.01757
Fictitious
scattering All - 2000-20 200. — - 0.
region

* . . . . .
Concentration is the same as for calculation proper, unless otherwise given.

961
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APPENDIX E

CALCULATION OF SPECTRALLY AVERAGED PARAMETERS
IN A MODIFIED LATTICE WITH THE TULIP CODE

The method in which THERMOS calculations and the results of the
microscopic traverses have been used to calculate spectrally averaged
parameters for the modified lattices is described in Sec. 4.3.2. The
purpose of this appendix is to give some details concerning the method,

and describe a computer code written to do the calculations.

E.1 CALCULATION OF FOIL ACTIVITIES

The experimentally observable quantity in studying the fine
structure of the thermal neutron distribution in an assembly is the
activity of foils positioned in and around the fuel and absorber rods
(BR 1, SI1). For a precise comparison with theory, foil activities
must be calculated from the theoretical distribution in space and

energy. The calculated thermal activity of foil j is éj’ where
' vc —_ b3 —
A = f f vN(r,v) = (v) dv dr , (E.1)
BRI ,

and the notation of Sec. 4.3 is used; E*(v), the activation cross section
as a function of velocity, is also a function of foil thickness, owing to
self-absorption effects (SI1). The spatial integration is over the surface
of the foil j. In the formulation for a cylinder, with r the radial

position coordinate, the expression for _A_.j may be written:

éj = fJ A" (r)(27rdr) |, (E.2)

with

sk v 3¢
AT(r) = [ ©vN(r,v) 27 (v) dv . (E.3)
0
The quantity A*(r) is the specific activation at r; it must be integrated
over the foil surface to obtain éj’
The THERMOS code can be used to calculate values of A>'<(r); since

all quantities are taken to be constant within each of the twenty space
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regions, the graph of A*(r) against r is really a histogram (see Fig. E.1),
although it is generally shown in graphs like Figs. 4.10 and 4.11 as a
continuous curve. This histogram may be integrated over the surfaces
of the foils, or it may be converted to an appropriate smoothed function
before the integration is done.

Normalization of the experimental results to the THERMOS-
calculated distribution for unmodified lattices is discussed by P. Brown
in Ref. BR 1; Brown concluded that the normalization should be done at
the cell edge, where the neutron distribution is fairly constant over a
large area. Here, on the other hand, the inclusion of absorber rods in
the lattices reduces the area over which the distribution is constant;
furthermore, good agreement with the THERMOS-calculated distribu-
tion everywhere in the moderator is not expected or required. Accord-
ingly, experiment has been normalized to theory at the center of the fuel
rod, where good agreement is to be expected.

The gradient of the neutron density distribution is relatively large
in the fuel rod, and it was not clear at the beginning of the work that the
foils used were small enough, compared to the fuel rod size, to be
treated as point detectors. It was thought worthwhile to treat the prob-
lem of calculating the foil activities in more detail than is customary in
analyzing the results of the experiments in the unmodified lattices.

Accordingly, four methods for calculating the foil activities have
been tried. The first, and simplest, involves treating A*(r) as a
histogram, and using the values of A*(r) at the foil center (rj) to com-

pute éj :
A =FA (), (E.4)

where F is the area of the foil. The second involves integration of
A*(r) in its histogram form over the foil surface to obtain éj (Eq.(E.2)).
The third and fourth methods were identical to the first and second,
respectively, except that the histogram A*(r) was converted to a con-
tinuous, piecewise linear distribution before the f_XJ. were calculated.
The linearization was made by requiring continuity at the interfaces

between regions, as well as constancy of the integral

| A% (r)(27rdr) (E.5)

b3
over each region, in both approximations to the true A (r). The
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calculation was begun by assuming that A*(r) was flat throughout the
center region. An example of the results obtained is shown in Fig. E.1.
Activities for the foils in the fuel rod in each of the sixteen inde-
pendent microscopic traverses were calculated by the four methods
described, and compared with experiment by calculating the r m s value
of the percentage differences. The results are given in Table E.1.
(The slightly larger rm s values in the 253 assemblies are caused by
counting statistics, which were not as good as those in the 250 and 175
experiments, where thicker foils were used.) It does not appear that
any one of the methods can definitely be excluded on the basis of these
results. The linearization of the THERMOS-calculated distribution
(methods 3 and 4) seems to improve agreement with experiment slightly,
particularly in the 250 and 175 assemblies, probably because the histo-
gram for A*(r) gives over- or underestimates for the specific activity
near the interfaces between regions (see Fig. E.1). Although method 4
would be expected to be more precise than method 3 for the experiments
done here, both appear to yield equally good agreement with experiment.
The difference between the two values of the thermal utilization derived
with methods three and four is very small, and is less than the uncer-
tainty in this quantity. Method 4 has been used consistently throughout

the work.

E.2 NORMALIZATION OF CALCULATED NEUTRON DENSITIES

Let the experimental activity of foil j be Ej' Then the proportion-
ality factor a, between experimental and calculated activities for foil j

may be written:

=
aj = E— . (E.G)
J
The average proportionality factor a is defined for the fuel cell as:
M
- 1 :
a =37 Z aj s (E.7)
1
where M is the number of foils in the fuel. If average quantities,
defined as in Sec. 4.3 are used, Eq. (E.1) may be written:
-V NI F. (E.8)

A.
—J JJ]
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Comparison of Four Methods for Normalizing Theory and Experiment:
R MS Value of Percentage Residuals

A>:.<(r) Linearized

Run A*(r) Taken as Histogram

Assembly  No.  p.(g4) Eq. (E.2) Eq.(E.4) Eq. (E.2)

Method 1 Method 2 Method 3 Method 4
250A2 7 .96 1.23 .17 1.29
250A2 8 .10 0.85 .80 0.80
250A1 11 .41 1.43 .50 1.41
250A1 13 1T 1.40 .30 1.39
250B2 16 .11 0.72 .68 0.69
250B2 18 .19 0.96 .86 0.91
250B1 21 11 0.82 .73 0.77
250B1 23 .60 0.74 .75 0.85
175A1B1 26 .62 1.33 .30 1.21
175A1B1 29 .79 0.51 .42 0.43
175A1 32 T 0.84 .78 0.76
175A1 34 .09 1.05 .12 1.03
253A2B1 44 .10 1.54 .95 1.62
253A2B1 46 .98 2.59 .29 2.39
253A2 48 .04 2.52 .64 2.59
253A2 49 .07 2.24 .38 2.22
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Solving for the relative neutron density in terms of the experimentally

observed activity yields the following equation:

aE:
N, = —3-. (E.9)
I YEF
J )

It has been found convenient in practice to normalize all neutron
densities to the calculated neutron density for the fuel cell. The values
of 'Ni for use in Egs. (4.7), (4.8), (4.11), (4.12), and (4.15) are then
obtained as follows: Ni for the fuel and its cladding are obtained directly
from the THERMOS calculation; the value of a determined for the foils
in the fuel allows determination of the Ni throughout most of the rest of
the cell from the experimental values of Ej . The copper cladding and
the outer region of the copper rod have no foils imbedded in them, so
that an appropriate value of _Ni for these regions must be taken from the

copper cell calculation, with proper normalization.

E.3 CALCULATION OF THERMAL UTILIZATION AND OTHER

PARAMETERS

Insofar as is possible, the derived values of f and other parameters
are experimental in nature. The disadvantage factors (ﬁi/ﬁo) are
obtained as outlined above; ] and Zi are taken from the THERMOS cal-
culation and are independent of the normalization just discussed. The
Vi are fixed by the dimensions of the various lattice elements. The
moderator region was split up into subregions, each roughly centered
on a foil, and the neutron density taken to be constant over the subregion
and given by Eq. (E.9) (see Fig. E.2). Although this is a somewhat
drastic assumption, it is acceptable in practice because the neutron dis-
tribution is nearly ''flat" in the moderator region and because very few
neutrons are absorbed there. Several different moderator subregion
sets were tried in each assembly; the values of the thermal utilization
were not appreciably affected.

The calculation of the diffusion coefficient, D, is described in
Sec. 4.3.1; it is evaluated for the moderator with Eq. (4.12), and the
assumption is made that this is a good approximation to the value for
the lattice, since the volume of fuel is usually small compared to the
volume of moderator, and the diffusion coefficients for the fuel and

moderator are not markedly different (see Table E.2). The same
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TABLE E.2

Transport Cross Section (Ztr) and Mean Free Path ()‘tr) of

Lattice Materials Based on 2200 m/sec Microscopic Cross Sections

Material z;tr )‘tr
(cm™Y) (cm)

Dzo (99.5%) 0.449 2.23
U 0.770 1.30

Cu 0.923 1.08

-1 -1
)‘tr =Ty = [zs(l'“oHEa]

approximation is used here for the modified lattices. The volume of
copper is 1.71% of the moderator volume or less (see Table 3.4); the

transport cross sections and mean free paths are given in Table E.2.

E.4 THE TULIP CODE

A computer code (TULIP, Thermal Utilization of Lattices Including
Poison) has been written in the IBM FORTRAN language to do the numer-
ical computations involved in the normalization of experiment and theory,
and calculation of the thermal utilization (f), relative thermal neutron
absorption in various materials (Ai)’ and the average macroscopic
absorption cross section for the assembly (Ea(cell) ). The purpose of
this section is to describe and list the code, and indicate how it may be
used.

The unit cell of the modified lattice is assumed to consist of ten
regions: the fuel, the air gap, the fuel rod cladding, an arbitrary
number of copper rods of no more than three different sizes, each with
cladding, and the moderator. Each region consists of an arbitrary
number of subregions, corresponding to the subregions in the THERMOS
calculation in the rods, and to a pattern like that shown in Fig. E.2 in
the moderator. \

The input data required by the code include the experimental
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activities of the foils in the microscopic traverse, the radial positions
of the foils in the fuel, the diameter of the foils and of the fuel rod,
THERMOS-calculated values of v, —i?bs, and f‘.f for each subregion,
Valurfs of Ni for subregions where no foils were irradiated, and values
of A" (ri) for the subregions in the fuel. Input data are read in by the
main program. MAIN prints out titles and the values of all input quanti-
ties, and calls the subroutines in proper order, according to the method
of analysis desired. Subroutine GEOM computes fuel rod subregion
volumes. Subroutine LIN linearizes A*(r) in the fuel if desired (see
Fig. E.1); subroutine FLOP is called by LIN. Subroutine ACTY calcu-
lates the foil activities by whichever of the four methods of Sec. E.1 is
desired, calling subroutines ISEEK and INTEGR in the process. Sub-
routine NORM does the normalization described in Sec. E.2, and cal-
culates values of N. for the moderator subregions with Eq. (E.9). Sub-
routine UTIL calculates Za(cell), Ai and f. Communication between
routines is via COMMON storage, except for subroutines FLOP, INTEGR,
and ISEEK.

Multiple calculations may be made in one job. Several completely
separate cases may be run, or the same case may be analyzed
repeatedly under varying conditions. These conditions are prescribed
by a card of "switch settings' which are read in before the computations
are begun, The total number of printed lines for one case is approxi-
mately

100 + 3[ NUMBER OF FOILS] + 2[ NUMBER OF SUBREGIONS].

Analysis of one case takes from 10 to 25 seconds of IBM 7094 computer
time.

Table E.3 describes the input formats for the TULIP code.
Listings of the code and of a sample input deck follow. The upper limits
on the size of the arrays may be deduced from the DIMENSION state-

ments.



TABLE E.3

Input Format for the TULIP Code

Card Type Variables Format Description
1 None (72H ) Comments or problem identification.
2 (NSW(I), I=1, 5) (515) Switches; see TULIP listing.
3 (NSR(I),I=1,10) (101I5) Number of subregions in each of the
ten regions.
4 (NFR(I),I=1,10) (1015) Number of foils in each of the ten
regions.
5 (DFUEL, DFOIL) (2E10.5) Diameters of fuel rod and foils.
6 (ACT, RF) (E12.5,F12.4) Activities and positions of the foils
in fuel.
7 (ENDEN*VOL, (7TE10.5,12) Quantities calculated by user or by
VBAR, SIGABS, THERMOS for subregion k:
VOL, SIGACT, = - =a S
RELACT, N Vi Vi 21 Vi 2y, A (1), and
ACTFAC, MAL) two multiplicative factors included

for convenience (see listings).
One card for each region.

8 (ACT) (E12,5) Activities of the foils not in the fuel.
One activity per card.

More Type 7 cards may be included, for moderator, if desired (see NSW(4)).

If reanalysis of data is desired, put in appropriate cards of Types 1 and 2 next. If analysis of separate
case is to follow, put in cards of Types 1 to 8 next. This may be continued indefinitely. Two blank cards
terminate the job.

991
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TULIP -- A DATA REDUCTIUN CODE FOR EVALUATION OF THERMAL
UTILIZATION OF LATTICES INVOLVING POISONes INPUTS == CELL
DIMENSIONSs EXPERIMENTAL RELATIVE THERMAL NEUTRON ACTIVATION
DISTRIBUTIONSs CALCULATED MICROSCOPIC QUANTITIESs AND
NON-NORMAL IZED RELATIVE THERMAL NEUTRON DENSITIES AND THERMAL
ACTIVATIONS CALCULATED 8Y THERMOSe OQUTPUT == NORMALIZLED RELATIVE
THERMAL NEUTRON ABSORPTION IN ALL REGIONS OF LATTICE.

MIT HEAVY WATER LATTICE PROJECT. Je HARRINGTONs 4/654

COMMON NSWs NREGs NSRs NFRs PIs NFFs DFUELs DFOILs ACTs RFs NFUELS
1Nls ENDENs VBARs SIGABS, VOLs SIGACTs RELACTs ACTFACs MALSs CALACT)
2ALFs DIFs VOLMALs ROs RCs» RIs FEDGEls FEDGEZ2s CUs Cls NFMs VFOIL>

3 ALFBARs DDLSEZ
DIMENSION NSW(8)s NSR(10)s NFR(1U)s ACT(10Us50)s RF(20)9 ENDEN(10Qs5

1 O0)s VBAR(1G+50)s SIGAELS(10s50)s VOL{10950)s SIGACT(10+50)

2 RELACT(10450)s ACTFAC(10950)s MAL(1U)s CALACT(Z2O0)s ALF(2U)>»

3 DIF(20)s VOLMAL(10s50)sRO(20)s RC(20)s RI(20)s FEDGL1(20)>

4 FEDGE2(20)s CO(20)s C1l(2U)s DDLSEZ(20)s FRACT1(20), FRACTZ2(Z0)
DIMENSION ACTIV(104,50)

101 READ 104

104 FORMAT(72H

1 )
READ 3s (NSW(I)s I=1+8)

aNaNaNaNaANaYaYe)

C NSW(1) MUST BE NONZERO TO OBTAIN FURTHER £XECUTION.
C NSW(2) = 0O eee A(R) TAKEN AS CONTINUOUSs PIECEWISE LINEAR.
C NSW(2) = 1 eee A(R) TAKEN AS HISTOGRAM. SEE (LIN)
C NSW(3) = NUMBER OF SUBDIVISIONS PER SUBREGION IN INTEGRATION OVER
C FOIL. TAKEN AS 20 IF NOT OTHERWISE SPECIFIEDe SEE (ACTY)e
C NSW(4) = NUMBER OF ADOITIONAL SETS OF MODERATOR SUBREGIONS TO BE
c TRIED. SEE (UTIL)e
C NSW(5) CONTROLS PRINTOLT OF ALTERNATIVE CALCULATION OF FOIL
C ACTIVITIES, SEE 51 BELOW.
IFINSWI(3)) 17918917
18 NSW(3)y = 20
17 PRINT 1
1 FORMAT( 76H1CODE TULIP -- EVALUATES THERMAL UTILIZATION OF LA
1TTICES INVOLVING POISON. /37THOMeleTe HEAVY WATER LATTICE PROJEC
2T, /1/717177)
PRINT 104
PRINT 105

105 FORMAT(///////38H RECORD OF TIME OF DATA PROCESSINGese )
CALL cCLOCK(2)
IF (NSW(1)) 103465102

103 IF (NSW(1) + 1) 41942442

102 NREG = 10

READ 34 (NSR(I)s I= 1sNREG)

READ 3s (NFR({I)s I= 1sNR:EG)

PI = 3.1415927
3 FORMAT(1415, 2X)

NFF = NFRI(1)

READ 2 DFUELs DFOIL

VFOIL = (PI1/&4s) ¥ DFOIL¥*%2

READ 91s (ACT(1lsJ)s RF(J)s J=1sNFF)
91 FORMAT(E1245s Flze4 )

NFUEL = NSRI(1)
DO 60 J=1sNFUEL
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READ 2s ENDEN(1sJ)s VBAR(1lsJ)ys SIGABS(1lsJ)s VOL(1sJ)s SIGACT(1lsJ)s

1 RELACT(1sJ)s ACTFAC(1lad)s MALI(1)
60 RELACT(1sJ) = RELACT(1sJ)¥ACTFAC(14J)
CALL GEOM
DO 61 J=1sNFUEL
61 ENDEN(1sJ) = ENDEN(1sJ) / VOL(1sJ)
IF (N1) 79657
6 CALL EXIT
7 DO 5 1=2sNREG

NSRI = NSRI(T1)
IF (NSRI) 1541549

15 ENDEN (Is1) = 0o
VBAR (Is1) = O
SIGABS (Is1) = O,
VoL (Is1) = O
SIGACT (Is1) = O.
RELACT (1,1) = O,
VOLMAL (Is1) = O,
GO TO 5

9 DO 4 J=1sNSRI

READ 2 ENDEN(IsJ)s VBAR(IsJ)s SIGABS(IsJ)s VOL(IsJ)s SIGACT(IsJ)>
1IRELACT(IsJ)ys ACTFAC(I»J)s MALI(I)

2 FORMAT(7E1045s 12)
VOLMAL(IsJ) = VOL(IsJ) * FLOATF(MAL(I)V)
ENDEN(IsJ) = ENDEN(IsJ) / VOL(IsJ)
4 CONTINUE
5 CONTINUE
PRINT 20
20 FORMAT (71H1NON~NORMALIZED INPUT QUANTITIES BROKEN DOWN BY REGION
1AND SUBREGION ////13H REGION »2Xs 12H SUBREGION » 2ZX,
212H NDEN s 2Xs 124 AVE VEL » 2Xs 12H SIGMA A » 2X»

312H VOLUME y 2Xy 12H VOLUME sy 2Xs 12H SIGMA ACT s 2X»
412H REL ACT / 7UX»s 14H(SINGLE CELL)s 4Xs 7H(TOTAL)/ )

DO 21 I=1sNREG

NSRI = NSR(T1)

IF (NSRI) 23923421
23 NSRI =1
21 PRINT 229 (IsJsENDEN(IsJ)sy VBAR(IsJ)s SIGABS(I»sJ)sVOL(IsJ) >
1 VOLMAL(IsJ)s SIGACT(IsJ)s RELACT(IsJ)s J=1sNSRI)
22 FORMAT(1HOs 17y 11Xs I39 5Xs 1PTELl445/(1I8s 11Xs I3y 5Xs7ELl4e5))

DO 10 I=2sNREG

IF(NFR{I)) 8+1048
8 NFRI = NFR(I)

DO 12 J=1sNFRI

READ 92s ACT(1sJ)

92 FORMAT(E1245 )

12 CONTINUE

10 CONT INUE

41 CALL LIN

42 PRINT 30

39 FORMAT (42H1MEASURED AND CALCULATED FOIL ACTIVITIES /177177 )
“ALL ACTY
PRINT 31

31 FORMAT(///7//59H MEASURED AND CALCULATED FOIL ACTIVITIceS FOR FOILS

1IN FUEL ///13H REGION s 2Xs 12H FOIL NOe » 2Xo»
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2 12H MEAS ACT » 2Xs 12H CALC ACT s 2Xs 12HPROP FACTOR
3 15H PCT DEV FM AVE/)
RMSVAL = 0,
KKK = 1
DO 32 J=1sNFF
RMSVAL = RMSVAL + DIF(J)**2
32 PRINT 935 KKKs Js ACT(1sJ)s CALACT(J)s ALF(J)s DIF(J)
93 FORMAT(I8s 11X I3y 5Xs 1P3E1l4e5s 2PF1ll.2)
RMSVAL = SQRTF(RMSVAL/FLOATF(NFF))
PRINT 33, ALFBAR

33 FORMAT( 1HO»s 38Xs 18HAVE PROP FACTOR = s 1PEl2e5)
PRINT 16s RMSVAL

16 SORMAT(1HU, 38Xs 33HRIMS VALUE OF PCT DEV FROM AVE = » Z2PF8e<)
PRINT 349 ALFBAR

34 FORMAT(/////26H MEASURED FOIL ACTIVITIES ////
1 13H REGION 92Xy 12H FOIL NO. s 2Xs 12H MEA® ACT

2 2Xs 12H MEAS ACT X /43Xy 1PEl2.5//)
DO 70 I=1sNREG

IF(NFR(I)) 68+70,68
68 NFRT = NFR(I)
DO 72 J=1sNFRI
ACTIV(IsJ) = ACT(IsJ)*ALFBAR
72 PRINT 93y Is Js ACT(IsJ)s ACTIVI(IsJ)
73 CONTINUE
ZALL NORM
IF (NSW(5)) 51952951
51 PRINT 55

55 FORMAT(/////93H COMPARISON OF MEASURED ACTIVITY WITH ACTIVITY CA
1LCULATED ON BASIS OF A(R) AT FOIL CENTER )
PRINT 31
ALF2 = 0.
DO 54 J=1sNFF
CALL TISEEK(Js0sN3)

IF(NSW(2)) 62963462
62 DDLSEZ(J) = VFOIL*(RELACT(1sN3})
GO TO 64
63 DDLSEZ(J) = VFOIL*¥(CO(N3) + CL(N3)*RF(J))
64 ALF(J) = DDLSEZ(J)/ACT(LsJ)
54 ALF2 = ALF2+ALF(J)

ALF2 = ALF2/FLOATF(NFF)

RMSVAL = O,

DO 56 J=1sNFF

FRACT1(J) = ALF(J)/ALFZ - le

PRINT 93s KKKsJsACT(lsJ)s DDLSEZ(J)sALF(J)s FRACTL(J)
56 RMSVAL = RMSVAL + FRACT1(J)*#%2

RMSVAL = SQRTF(FMSVAL/FLOATF(NFF),

PRINT 33, ALF2

PRINT 16s RMSVAL

52 PRINT 58

58 FORMAT (1H1)
PRINT 104
CALL UTIL
GO TO 101

END
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SUBROUTINE GEOM
C SUBROUTINE FOR CODE TULIP. Je HARRINGTONsy 4/65,

COMMON NSWs NREGs NSRs NFRs PIs NFF, DFUELs DFOILs ACTs RFs NFUEL>
INls ENDENs VBARs SIGABSs VOLs SIGACTs RELACTs ACTFACs MALs CALACT,
2ALFs DIFs VOLMALs ROs RCs RI» FEDGE1ls FEDGE2s COs Cls NFMs VFOIL,
3 ALFBARs DDLSEZ

DIMENSION NSW(8)s NSR(10)s NFR(10)s ACT(10s50)s RF(2C)s ENDEN(10s5
1 0)s VBAR(10+50)s SIGABS(10s50)s VOL(10550)s SIGACT(10s50)

2 RELACT(10450)s ACTFAC(10+50)s MAL(10)s CALACT(20)s FLF(20)>

3 DIF(20)s VOLMAL(10450)sR0O(20)s RC(20)s RI(20)> FEDCZ1(20)>

4 FEDGE2(20)s C0O(20)y C1(20)s DDLSEZ(20)s FRACT1(20)s FRACT2(20)
T = DFUEL/ 2.

RO(1) = T/FLOATF(2*NFUEL - 1)

RC(1) = 045%RO(1)

RI(1Y = O

VOL(1s1) = PI*RO(1)**2

VOLMAL (1s1) = VOL(1ls1l)

PO 1 I = 2, NFUEL

RI(I)Y = RO(I-1)

RC(I) = RO(I-1) + RO(1)

RO(I) = RO(I=1) + 24%RO(1)

VOL(1,s1) = PI*#(RO(I)*%2-RI(])%%2)
1 VOLMAL(1sI) = VOL(1sI)

PRINT 10
10 FORMAT (29H1FUEL REGION GEOMETRY DATA /5HOREGes 2Xs B8HRI(INN

1FR)s 4Xs 9HR(CENTER)s 3Xs B8HR(OUTER)s 5Xs 7HVOLUME )
PRINT 11s (Is RI(CI)s RC(I)s RO(I)s VOL(1sI)s I=1sNFUEL)

11 FORMAT(1I3s 1Xs 1P4E1245)
IF(RF(1)) 29253

2 FEDGELI (1) = Oe
FEDGE2(1) = DFOIL/2

IF(NFF=1) 14414,15
15 N1l = 2

GO TO 4
3 N1 =1
4 DO 8 T = N1, NFF
FEDGE1(I) = RF(I) = (DFOIL/2)
FEDGE2(I) = FEDGEL(I) + DFOIL
IF (FEDGE1(I)) 69797
7 IF (FEDGE2(I)=T) Bs8s6
6 PRINT 9
9 FORMAT (78H1A FOIL IS PLACED IN SUCH A MANNER THAT THE INTEGRATION
15 CAN NOT BE PERFORMED. )
N1 = 0O
8 CONTINUE
14 PRINT 12, DFOIL
12 FORMAT(/////10H FOIL DATA/11HOFOILS ARE ,F6s4s 17H Che IN DIAMETER
1. / 11HOLOCATIONS- /6HOFOIL o 10HINNER EDGE, 4¥s 6HCENTER,s &
?Xs 10HOUTER EDGE /)
PRINT 13, (I, FEDGELl(I)s RF(I)s FEDGE2(T)s I=1sNFF)
13 FORMAT (I4s 1Xs 1P3E1245)
RFETURN

END
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SUBROUTINE LIN

SUBROUTINE FOR CODE TULIP. Je HARRINGTON,s 4/65,

COMMON NSWs NREGs NSRs NFRs PIs NFFs DFUELS DFOILs ACTs RFs NFUELY
1N1s ENDENs VBARs SIGABSs VOLs SIGACTs RELACT, ACTFACs MALs CALACT,
2JALFs DIFs VOLMALs ROs RCs RIs FEDGEls FEDGEZ2s CO>» Cls NFMs VFOILS
3 ALFBARs DDLSEZ

DIMENSION NSW(8)s NSR(10)s NFR(10)s ACT(10s50)> RF(20)s ENDEN(10s5
1 0)s VBAR(10s50)s SIGABS(10s50)s VOL(10s50) SIGACT(10950)
> RFLACT(104+50)s ACTFAC(10+50)s MAL{10)>» CALACT(20)s ALF(20) s
3 DIF(20)s VOLMAL(1Cs50)sR0(20)s RC(20)s RI(20) s FEDGE1(20)

4 FEDGF2(20)s CO(20)y C1(20)s DDLSEZ(20)» FRACT1(20)s FRACT2(20)

DIMENSION TABLE (2043)

IF(NFUEL-1) 696912

IF(NSWI(2)) 6976

CO(1Yy = RELACT(1,1)

Cl(ly = O

PRINT 13

FORMAT(///7//

1 131H1IHISTOGRAM FOR SPECIFIC ACTIVATION AS FUNCTION OF RADIU
15 WITHIN FUEL HAS BEEN CONVERTED TO A CONTINUOUSs PIECEWISE LINEAR
2 FUNCTION /58Xs 17HA(R) = CO + C1l%Re/ 102H THE INTEGRAL QOF A{
3R) OVER EACH REGION EQUALS THE VALUE OF THE. STEP FUNCTION TIMES TH
4F REGION VOLUMF, )

NN2 = 2%NFUEL - 2

DO 2 1=2sNN2,s2

12 = 1/2

CALL FLOP (les RI(I2+1) VOL(1sI2+1))» (2e#PI1/34 )%

1 (RO(I2+1)%*%¥3-RI(I2+1)%%3), "CO(I2)y . C1(I2)*RO(I2),
2 RELACT(1sI241)%VOL(1s12+1)s CO(I2+1)> Cl(12+1))

DO 4 T = 1sNFUEL

TABLE(Isl) = CO(I) + CL{II*RI(I)

TABLE(Is2) = CC(I) + CL(I)*RC(TI)

TABLE(Is3) = CO(I) 4+ CL(II*¥RO(I)

PRINT 3

FORMAT (4HOREGs 5Xs 13HHISTOGRAM FORs 5Xs 36H LINEZRIZED FUNCTIO
1IN VALUE AT 45Xy 6Xs L2HCOEFFICIENTS/4H (I)s 5X,s 12H REL ACT
2 4 55X, 4Xs 4HR(I)s 8Xs 4HR(C)s 8Xs 4HR(O)s 4Xs 5Xs lcH Co(l1)
3y 12H Cl(1) )

PRINT 5s (Is RELACT(1sI)s (TABLE(IsJ)s J=1s3)s CO(I)s C1l(ID> I=1,
1 NFUEL)

FORMAT (I3, 7Xs 1P6E1l4s5)

RETURN

END
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SUBROUTINE ACTY

SUBROUTINE FOR CODE TULIPe Je HARRINGTONs 4/65.

COMMON NSWs NREGs NSRs NFRs PIs NFFs DFUELs DFOIL> ACIls RFs NFUEL>
1IN1s ENDENs VBARs SIGABSs VOL»s SIGACTs RELACTs ACTFACs MAL»s> CALACT,
2ALFs DIFs VOLMALs ROs RCys RIy FEDGEl, FEDGEZ2s CUs Cls NFM» VFOIL>
3 ALFBARs DDLSEZ

DIMEMSION NSW(8)s NSR(1U)s NFR(10)s ACT(10s50)s RF(20)s ENDEN(10s5
1 O)s VBAR(1Us50)s SIGABS(10s5U)s VOL(10950)s SIGACT(10510)»

2 RELACT(10+50)s ACTFAC(1Us50)s MAL(10)s CALACT(Z20)s ALF(20)>»

3 DIF(20)s VOLMAL(1Us5U)sRO(20)s RC(20)s RI(20)s FEDGEL(2VU))

4 FEDGE2(20)s CO(20)s Cl(2U)s DDLSEZ(20)s FRACT1(20)» FRACT2(20)

IF (NSW(2)) 501550

PRINT 16y NSWI(3)

FORMAT( 109HCCALCULATED FUIL ACTIVITY FOR EACH FOIL OoTAINED By RE
1GION-BY-REGION INTEGRATION OF A(R) OVER FOIL SURFACE. /

2 1HOs I3s 33H SUBREGIONS TAKEN IN EACH REGION)

IF (RF(1)) 292423

N1l = 2

J=1

R1=0.

I1SW=0

CALACT(1) = O

IF(ROtJ) - FEDGE2(1)) 49343

R2 = RO(J)

GO TO 5

R2 = FEDGE2(1)

ISW =1
BITTY = CU(J)*PI*(R2¥%2~R1¥%#2) + 2¢%¥PI*CL(J)¥* (Re¥*#3-R1*%3)/3
CALACT(1l) = CALACTI(1) + BITTY

IF (ISW) 6e6924

R1=R2

J=J+1

GO TO 7

N1 = 1

DO 48 K=N1sNFF

CALACT(KY = O

R1 = FEDGE1l(K)

ISW = 0

CALL ISEEK (Ks =1y J)
IF(RO(J)I-FEDGE2(K)) 34533933
R2 = RO(J)

GO TO 35

R2 = FEDGE2(K)

ISW =1

NSW3 = NSWI(3)

DEL = (R2-R1)/FLOATF(NSW3)
DO 40 1 = 1sNSW3

FI = 1

4T = CO(J) + CL(H*(R1 + (FI-045)*DEL)
RINNER = R1 + (FI-1,)*DEL

ROUTER = RINNER + DEL
CALL INTEGR (RINNERs RCUTERs K» BITTY)

CALACT(K) = CALACT(K) + HT * BITTY
IF (ISW) 36936948
Rl = R2
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87
84

83

85

86

100
101
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J=J+1

GO TO 37

CONT INUE

GO TO 101

PRINT 15

FORMAT ( 65HUSPECIFIC ACTIVATION AS FUNCTION OF RAVIUS TREATED
1AS HISTOGRAM. /131HUCALCULATED FOIL ACTIVITY FOR FOIL J UBTAINED
2BY SUMMING PRODUCT OF SPeCIFIC ACTIVATION IN ReGION I AND AREA OF
3FOIL J IN REGION 1o /42 FOR ALL REGIONS IN wHICH FOIL J APPtARS
4o )

IF(RF(1)) 52952973

Nl1=2

J=1

R1=0.

I1SW=0

CALACT(1) = O

IF(RO(J)Y - FEDGEZ2(1l)) 544534953

R2 = RO(U)

GO T 55

R2 = FEDGEZ2(1)

ISW = 1

BITTY = PI*(R2#%2 — R1*%¥2)%¥RELACT(1sJ)

CALACTI(1) = CALACT(1l) + BITTY

IF (ISW) 56956974

R1 = R2

J=J+1

G0 TO 57

N1 = 1

DO 100 I=N1sNFF

CALACTI(I) =0,

R1 = FEDGEL(I)

ISW=0

CALL ISEEK (Is =1 J)
IF(RO(J)-FEDGE2(I)) 84+83,83
R2 = RO(JU)

GO TO 85

R2 = FEDGE2(1)

ISWw =1

CALL INTEGR(R1sR2sIs BITTY)
CALACT(I) = CALACTI(I) + BITTY*RELACT(1sJ)
IF(ISW) 864865100

R1 = RZ2

J= J+1

GO TO 87

CONT INUE

ALFBAR =0,

DO 102 1=1sNFF

ALF(TI) = CALACT(IV/ACT(1ls1])
ALFBAR = ALFBAR + ALF(I)
ALFBAR = ALFBAR/FLOATF(NFF)
DO 103 I=1sNFF

DIF(I) = ALF(I)/ALFBAR-1.
RETURN

END
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SUBROUTINE NORM

SUBROUTINE FOR CODE TULIP. Je HARRINGTONs 4/65,

COMMON NSWs NREG»s NSRs NFRy PIs NFF, DFUELs DFOILs ACTs RFs NFUEL)
IN1s ENDENs VRAR, SIGABSs VOLs SIGACTs RELACTs ACTFAC, MALs CALACT,
2ALFs DIFsy VOLMALSs ROs RCs RIs FEDGEls FEDGE2,s CCs Clsy NFMs VFOIL,
3 ALFBARs DDLSEZ

DIMENSTION NSW(83)s NSR(10)s NFR(13)s ACT(10s50)s RF(20)s ENDEN(10s5
1 2)s VBAR(10s50)s SIGABS(10950)> VOL(10s45C)s SIGACT(10450)

2 RELACT{10+50)s ACTFAC(1T+50)s MAL(10)s CALACT(20)s ALF(20)»
3 DIF(20)s VOLMALI(1045C)sR0O(20)s RC(20)s RI(20)s FEDGEL(20)y
4 FEDGEZ2(20)s CO(2C)s C1(20)s DDLSEZ(20)s FRACTL(20)s FRACT2(20)

NFM = NFR({10)

PO 1 J = 14NFM

ENDEN (10sJ)= (ALFBAR®ACT(10sJ))/ (VBAR(10sJ)*VFOIL*¥SIGACT(10sJ))

DO 3 1T = 44842

IF (ENDEN(Is1)) 29342

DUMDEN = (ALFBAR*ACT(Is1)/(VBAR(I 21 )*¥VFOIL*¥SIGACT(Is1)))

BETA = DUMDEN/ENDEN(Is1)

11 = 1+1

DO 4 K=T,11

NGRK = NSR (K)

DO 4 J=1sNSRK

ENDEN(KsJ) = BETAXENDEN(KsJ)

X = (VFOIL-VOLI(Is1))/VFOIL

IF{ABSF(X)=-0.,0001) 39345

PRINT 69 I X

FORMAT(58H1FOIL AREA DIFFERS FROM AREA OF INNER SUBREGION OF REGIO
IN oI1s 4H BY s 2PF542s 9H PERCENTes 27H STRICT EQUALITY ASSUMED.
2 )

CONTINUE

RETURN

END
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SUBROUTINE UTIL

SUBROUTINE FOR CODE TULIP. Je HARRINGTONs 4/65.

COMMON NSWs NREGs NSRs NFRs PIs NFFs DFUELs DFOILs ACTs RF» NFUEL
1N1s ENDENs VBARs SIGABSs VOL»s SIGACTs RELACT, ACTFACs MAL> CALACT»
2ALFs DIFs VOLMALs ROs RCs RIs FEDGEls FEDGE2s COs Cls NFM» VFOIL
3 ALFBARs DDLSFZ

DIMENSION NSW(8)s NSR(10)s NFR(10)s ACT(10s50)s RF(20)s ENDEN(10s5
1 0)s VBAR(10s50)s SIGABS(10s50)s VOL(105s50)s SIGACT(10s50)s
2 RELACT(10,5C)s ACTEAC(10550)s MAL(10)s CALACT(20)s ALF(20)»

3 DIF(20)s VOLMAL (10s5C)sR0O(20)s RC(20)s RI(20)s FEDGE1(20)>
4 FEDGE2(20)s CO(20)s C1(20)s DDLSEZ(20)s FRACT1(20)s FRACT2(20)

DIMENSION ABSQO(10)s ABS(104+50)s RELABS(10) UTIL

DIMENSION FLUX(12)s FLX(1G4+50)

FINV = Oo

TOTABS = Q.

TOTFLX = Oe

DO 2 1=1sNREG

ABSO(1) = 0

FLUX (I) = O

NSRI = NSRI(I)

DO 1 J= 14NSRI

ABS(IsJ) = VBAR(IsJ)*ENDEN(IsJ)*¥SIGABS(1sJ)*VOLMAL(TsJ)
FLX(IsJ) = VBAR(IsJ)XENDEN(IsJ)*¥VOLMAL(IsJ)
FLUX(T) FLUX(I) + FLX(IsJ)

ARSOI(T) ARBSO(I) + ABS(IsJ)

RELABS(I) = ABSO(I)/ABSO(1)

TOTABS = TOTARS + ABSO(I)

TOTFLX = TOTFLX + FLUX(I)

FINV = FINV + RELABS(I)

F = 1./FINV

TOTSIG = TOTABS/TOTFLX

PRINT 3

FORMAT( 76HONORMALIZED RELATIVE ABSORPTION RATE BROKEN DOWN BY REG
110N AND SUBREGION )

1]

PRINT 4
FORMAT (///13H REGION s2Xs 12H SUBREGION s 2Xs12H AVE VEL
142Xy 12H NDEN s 2Xs 12H SIGMA A s 2Xs 12H TOT VOL 92Xy

2 12H TOT FLUX s 2Xs 12H ABSORPTIONS s2Xs 12HABS REL FUEL/)
DO 9 I=14NREG

NSRI=NSR(I)

PO 6 J=1sNSRT

PRINT 5s IsJsVBAR(IsJ)s ENDEN(IsJ)s SIGABS(IsJ)> VOLMAL (T 9J) o

1 FLX(IsJ)s ABS(IsJ)
FORMAT(I89s11Xs I3s 5Xs 1P6E14e5)
CONTINUF
GO TO (11s 12s 13s 14y 15, 165 155 17s 155 18)s 1
PRINT 110
FORMAT(1Xs 12H FUEL )

GO TO0 8-

PRINT 120

FORMAT (1Xs 12H AIR GAP )
GO TO 8

PRINT 130

FORMAT (1Xs 12H CLAD )

GO 'TO 8



14
140

15
150

16
160

17
170

18
180

19

20

21
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24

25

1
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1

1

PRINT 140

FORMAT(1Xs 12H A POISON )
GO TO 8

PRINT 150

FORMAT(1Xs 12HPOISON CLAD)
GO TO 8

PRINT160

FORMAT(1Xs 12H B POISON )
GO TO 8

PRINT 170

FORMAT(1Xs 12H C POISON )
GO TO &

PRINT 180

FORMAT (1Xs 12H MODERATOR )
PRINT 79 FLUX(I)s ABSO(I)s RELABSI(I)

FORMAT (1H+s 14Xs 12H TOTAL s56Xs 1P3El4e5/)

CONTINUE

PRINT 20s FINVs F s TOTSIG » TOTABSs TOTFLX

FORMAT(113Xs 12H=—=m=——=————- //7108Xs5H1/F =41PE1245//110X9e3HF =

1PE12e59// 96Xs 1T7THLATTICE SIGMA A =41PE12e5//

94X s19HTOTAL ABSORPTIONS =31PE1245//101Xs12HTOTAL FLUX = »
1PE12.5)

IF(NSW(4)) 1004100521

READ 225 (ENDEN(10sJ)s VBAR(10sJ)sSIGABS(10sJ)s VOL(10sJ)sSIGACT(10

sJ)s RELACT(10sJ)s ACTFAC(10sJ)s MAL(10) » J=1sNFM)

FORMAT (7E1045512)

TOTABS = TOTABS = ABSO(10)

TOTFLX = TOTFLX - FLUX(10)

ABSO(10) = O,

FLUX(1C) = 0o

NO 23 J=19sNFM

VOLMAL (10sJ) = VOL(10sJ) * FLOATF(MAL(10))

ENDEN(10sJ) = (ALFBAR*ACT(105J))/ (VBAR(10sJ)*VFOIL*¥STGACT(10sJ))
ABS(10sJ) = VBAR(104J)*ENDEN(10sJ)*SIGABS(10sJ)*VOLMAL(10sJ)
FLX(10sJ) = VBAR(10sJ)*ENDEN(10sJ)*VOLMAL(10sJ)

FLUX(10) = FLUX(10) + FLX(10sJ)

ABSO(10)= ABSO(10) + ABS(10sJ)

TOTABS TOTABS -+ ABSO(10)

TOTFLX TOTFLX + FLUX(10)}

TOTSIG TOTABS/TOTFLX

FINV = FINV=RELABS(10)

RELABS(10) = ABSO(10)/ABSO(1)

FINV = FINV + RELABS(10)

F = 1le/FINV

1=10

PRINT 25

PRINT &

DO 24 J=1sNFM

PRINT 59 Is JsVBAR(10sJ) sENDEN(10sJ)s SIGABS(10sJ)s VOLMAL(10sJ)
s ABS(1CyJ)

FORMAT (54H1RECALCULATION WITH NEW SET OF MODERATOR SUBREGIONS. )

PRINT 180

PRINT 7s ABSO(10)s RELABS(10)

176



NSW(4) =
GO TO 19
RETURN
END

NSW (&)

1

177
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SUBROUTINE ISEEK (Kls K2, K3)

SUBROUTINE FOR CODE TULIP. Je HARRINGTONs 4/65.

SUBROUTINE TO FIND FUEL SURREGION IN WHICH INNER EDGEs CENTERS

OR OUTER EDGE OF FOIL K1 IS LOCATED

COMMON NSWs NRFGs NSRs NFRs PIs NFFs DFUELs DFOILs ACTs RFs NFUELS
1Nl1s ENDENs VBARs SIGABSs VOLs SIGACTs RELACTs ACTFACs MALs CALACTS
2ALFs DIFs VOLMALs ROs RCs RIs FEDGE1ls FEDGEZ2s CCs Cly NFMs VFOIL»
3 ALFBARs DDLSEZ

DIMENSION NSW(8)s NSR(10)s NFR(10)s ACT(10s50)s RF(20)s ENDEN(104s5
1 0)s VBAR(10+50)s SIGABS(10s50)s VOL(10s50)s SIGACT(10950)»
2 RELACT(10450)s ACTFAC(10s50)s MAL(1C)s CALACT(20)s ALF(20)>
3 DIF{(20)y VOLMAL(10450)sR0O(20)s RC(20)s RI(20)s FEDGE1(20)s
4 FEDGE2(20)s CO(20)s C1(20)s DDLSEZ(20)s FRACT1(20)y FRACT2(20)

IF (K2) 19243

R = FEDGE1(K1)

GO TO 4

R = RF(K1)

GO TO 4

R = FEDGE2(K1)

DO 5 T1=1sNFUEL

TF (R=RO(I)Y) 79545

CONTINUE

PRINT 69 K2, K1

FORMAT(27H1SUBRQUTINE (ISEEK)Y IN MODEs 13, 20H FAILED TO FIND FOIL
ley 139 1H)

CALL EXIT

K3 = 1

RETURN

FND

SUBRQUTINE FLOP (AsBsCsDosEsFsGaH)

SUBROUTINE FOR CODE TULIP. Je HARRINGTONs 4/65,
SUBROUTINE TO SOLVE SYSTEM ( AX+BY=Es CX+DY=F )
ANSWER ( X =G Yy = H )

COMMON NSWs NREGs NSRs NFRs PI, NFF, DFUFLs DFOILSs ACTs RFs NFUELS
IN1ls ENDENs VBARs SIGABSs VOLs SIGACTs RELACTs ACTFACs MALs CALACTS
2ALFs DIFs VOLMALSs ROs RCs RI» FEDGE1ls FEDGE2s COs Cls NFMy» VFOIL)
3 ALFBARs DDLSEZ

DIMENSION NSW(8)s NSR(10)s NFR(10)s ACT(10950)s RF(20)s ENDEN(10s5
1 0)s VBAR(10,50)s SIGABS(10550)s VOL(10s50)y SIGACT(10s50),

2 RELACT(10+50)s ACTFAC(10s50)s MAL(10)s CALACT(20)s ALF(20)>
3 DIF(20)s VOLMAL(10s50)sR0O(20)s RC(2C)s RI(20)s FEDGE1(20Q)>
4 FEDGE2(20)s CO(20)y C1(20)s DDLSEZ(20)s FRACT1(20)s FRACT2(20)

DEN = A¥D=R¥*C

IF (DEN) 1421

G (E*D-BxF) /DEN

H (A¥F-E*C) /DEN

RETURN

PRINT 3sC

FORMAT (60H1DETERMINANT OF SYSTEM TO BE SOLVED 1S ZEROe. VALUE OF
1C IS »1PE1245)

PRINT 4

FORMAT (48H C = VOLUME OF REGION TO WHICH SYSTEM APPLIES.

CALL EXIT

END
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SUBROUTINE INTEGR(R1ls R2s Js VAL)

C SUBROUTINE FOR CODE TULIP. Je HARRINGTON, 4/65.
C SUBROUTINE EVALUATES INTEGRAL OF
C (2%R#ARCCOS(BIGR) * DR)
C OVER INTERVAL (R1,R2) FOR FOIL Je
C THIS 1S THE AREA OF THE FOIL BETWEEN THE TWO RADII.
COMMON NSWs NREGs NSRs NFRs PIs NFF, DFUELs DFOILs ACTs RFs NFUELS
IN1s ENDENs VBARs SIGABSs VOLs SIGACTs RELACT,s ACTFACs MALs CALACT,
2ALFs DIFy VOLMALs ROs RCs RIs FEDGE1ls FEDGE2s COs Cls NFMy VFOILS
3 ALFBARs DDLSEZ
DIMENSION NSW(B8)s NSR(1C)s NFR(10)s ACT(10s50)s RF(2()s ENDEN(10s5
1 O)s VBAR(10s50)s SIGABS(10s5C)s VOL(10s50)s SIGACT(10s50)
2 RELACT(1Cs50)s ACTFAC(10s50)s MAL(10)s CALACT(20)s ALF(20)>
3 DIF(20)s VOLMAL(10450)sR0(20)s RC(20)s RI(20)s FEDGE1(20),
4 FEDGF2(2C)s CO(20)s C1(20)s DDLSEZ(20)s FRACT1(20)s FRACT2(20)
DIMENSION TERM(3,2)
A = FEDGE1(J)
B = FEDGR2(J)
IF (R1=A) 1051972
1 TERM(1s1) = O
TERM(2s1) = O
TERM(3s1) = VFOIL/2.
GO TO 3
2 R1IB = (R1#%2)=(B*%2)
BIGR1 = ((R1%%2) + (A¥3))/(R1¥(A+B))
R1A = (R1%#%2) = (A*%2)
TERM(1s1) = —(R1*%2)%ACOSF(BIGRI)
TERM(2s1) = ( 045)%#SQRTF(-RIA*R1B)
TERM(3s1) = ((DFOIL/24)%%¥2)*%ASINF
1 ((RIA+R1B)/( (A%%2)=(B*%x2)))
3 IF (R2=B) 5.4510
4 TERM(1+2) = Do
TERM(?2,2) = O,
TERM(3,2) = VFOIL/2,
GO TO 6
5 R2B = (R2%%2) = (B*x2)
RP2A = (R2#%2) = (A3 2)
BIGR2 = ((R2%%¥2) + (A*B))/(R2*(A+B))
TERM(1+2) = (R2%#%2)%ACOSF(BIGR2)
TERM(2+2) = (=045)%SQRTF(-R2A%R2B)
TERM(32) = —((DFOIL/24)%%2)*ASINF
1 ((R2A+R2B)/ ((A*%2)=(B¥x%2)))
A VAL = De
DO 7 1=1+3
DO 7 J=1s2
7 VAL = VAL + TERM(I,J)
RETURN
10 PRINT 11s Js R1s R2
11 FORMAT (57THIWHILE IN SUBROUTINE (INTEGR)s FOR INTEGRATION OVER FOIL
1 913y 9H BETWFEN 4 1PE12¢5, 5H AND s 1PE1245s/ €6H AN INTEGRA
2TION LIMIT FALLING OUTSIDE THE FOIL WAS ENCOUNTERED. )
CALL EXIT

END



CODE TULIP

0253A2B1 COREseeRUN 4640 ¢SERIES 11

1
06 1
06 0
19050
65547
663,2
67943
70344
843,6
79761
146394E-2
1.3239E~1
2¢7093E-1
4e2331E-1
6¢0120E~1
8¢42470E~-1
5¢7581E~2
2¢1005E~1
2¢2231E~1
3e2793E-1
98899E~1
1¢6823E-0
363684F=2
5¢5769E~1
Q¢6816E~1
144651€E-0
443556E~-2

96740
1012,2

SAMPLE INPUT DECK

2 3
0 1
0415875

04218186
04436626
06654812
04872998
0e872998
1457030
1656662
1.55788
1654285
1652037
1,48572
145575
1¢45128
1644596
le42641
142270
141582
1,40906
1441594
le41238
1,40748
140319
1443160
140933
138929
138929
1440435
1639502
1438691
138691
1438910
1639022
1439057
138789
138910
1,38691
1639267
1439502
138929
1.40351
1¢39874

1 3
0 1

2e6945E~1
2¢7014E-1
2¢T179E~1
247470E-1
2e7914E-1
248625E-1
5e4955E-5
945525E=-3
945876E-3
22402E~1
202460E~1
2+2569E~1
2+3510E~1
2+2567E~1
202624E-1
2¢2703E~1
243608E~-1
09.5952E~5
09.7470E~-5
0948874E~5
09.8874E=-5
09.7814E-5
0948469E~5
09¢9043E=5
0949044E=-5
09 ,8886E-5
09.8809E~5
09+8785E=~5
09+8974E~5
09.8886E=5
0949043E=-5
09.8635E~5
0948469E~5
09,8874E=-5
09.,7873E-5
09.8207E~5

0,0000E-O
0,0000E-0O
0,0000E~0O
0.,0000E-0O
0,0000E-0O
0,0000E-0
641129E-2
241906E-1
242700E-1
1.,9793E-2
549168E-2
9.8543E~2
1.9469E-3
1649793E-2
3e4109E~-2
50847E-2
1,4968E-3
0626572
0445926
0437042
0433259
0456189
0633595
0429863
0635484
0,41102
0.24612
1415138
0s16408
0041102
0459726
0470637
0456189
0433259
0.15079
0.06202

061936
000000
0.,00000
0400000
0e62332
0,00000
0.00000
0.,00000
0661648
0.62492
0463278
063278
0662684
063052
063373
0.63371
063302
0.63268
063254
0463334
0463302
0463373
Ce63144
0663052
063278
0.%2783
0662971

19
19

10000
140091
l1¢0318
10735
lelsgll
le2483
00000
00000
00000

THERMOS DATAs¢eMOD SUBREGION SET 2

0662219
062219
0e62219
0662219
0e62219
0662219
0600000
NeNO000
0670000

180

RUN
RUN
RUN
RUN
RUN 46
RUN 46
1253A2812
1253A2812
1253A2B12
1253A2812
1253A2812
1253A2B12
1253A2812
1253A2B12
1253A28B12
2253A2B12
2253A2B12
2253A2B12
2253A2812
1253A28B12
1253A2B12
1253A28B12
1253A28B12
4253A2B12
4253A2B12
4253A2812
4253A28B12
4253A2812
4253A2B12
4253A2B12
4253A2B12
4253A2B12
4253A2B12
4253A2B12
4253A2B12
4253A2B12
4253A2B12
4253A2B12
4253A2B12
4253A28B12
4253A2812
4253A2B12
RUN 46
RUN 46

46
46
46
46



898,1

63045
103867

105049

97749

998,43
105640
1088,6
1054,2
1030.7

1067.3
104746

107341

106743
1033,7
1009,9

107047
1067.2
1069,9
0253A2B1 COREeeoRUN 46e0e¢SERIES II THERMOS DATAseeMOD SUBREGION SET 2
-1 1 1

0 END OF RUN,

RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN

181

46
46
46
46
46
46
46

46
46
46
46
46
46
46
46
46
46
46
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APPENDIX F

APPROXIMATE METHOD FOR CALCULATING
THE EFFECT OF ADDED THERMAL ABSORBERS

The steps taken in the planning of the experiments discussed here
are recorded in this appendix for the convenience of future workers.
The method is approximate but gave satisfactory results. The notation
of Chap. II is used.

The availability of a THERMOS calculation for a cell of the lattice
to be studied is presumed. Cross sections, concentrations, and
dimensions used in the calculation should be chosen carefully, as the
results are needed for the final data analysis, as well as the approxi-
mate calculations described here. The values of f and n are obtained
from the THERMOS results.

Reasonable estimates of €, 625, and p are next calculated or:
obtained from results of previous measurements, and the value of ke
is obtained from Eq. (2.7).

For the calculation of Vg, the volume of absorber that must be
added to a unit cell of the lattice to obtain a zero buckling value, the

following approximations suffice:

€ =¢€, (F.1)
n’=n, (F.2)
p°=p, (F.3)
1+ 6gs =1+ 6y, - (F.4)

(Of course, a correction factor may be included here if desired, perhaps
based on the results given in Table 5.8.) Then, we have:

f
k°°_f_o’ (F.5)

© = [enp(1+e525)]‘1 , (F.6)

1 -1

o _ 0,,0,,0]  _[1 o
£ —[1+A1+A2+A3] _[?+A3] . (F.7)
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The assumption made in writing Eq. (F.7) is that the Ai terms for the
cladding and moderator are the same in the unmodified and modified
lattices. Table 5.3 shows that this is a good approximation for the
lattices studied here.

From Egs. (F.6) and (F.7), we obtain:

z

<|
w O

373

= o
0“0

_ 1
- 677[)(1"‘625) - f ° (F.S)

<!|<!

osllwzl
<

For the ratio of ;oio and 7353, the ratio of the macroscopic cross
sections (based on the 2200 m/sec microscopic cross section) is a suf-
ficiently good estimate, if all absorbers are 1/v absorbers or are
nearly so. (See Ref. BR1 for a discussion of this point for the lattices
studied at M.I.T..) VO and V(3) are the volume of fuel and absorber,
respectively, in a unit cell. If the fuel rods have radius D and absorber
rods of radius d are to be used, then it may be convenient to replace
the V%)/VO term with mdz/Dz, where m is the number of absorber rods
per unit cell which will bring the buckling value of the lattice to zero.
For present purposes, the neutron density ratio in Eq. (F.8) is

written:

(F.9)

Here, n_ g is the thermal neutron density in the moderator far from
fuel and absorber rods. A good estimate of nmod/ﬁo is obtained from
the THERMOS calculation for the unmodified lattice. The ratio Hg/n
must be calculated, either by a THERMOS calculation, or from a

mod

simpler calculation. Possibilities for the latter include the use of dif-
fusion theory for the moderator, combined with the method of success-
ive generations (SI'1, ST 1) or the self-absorption factors of Royston
(RO 3) for the rod. Equation (F'.8) may now be solved for Vg, or for m,
whichever is desired.

2
B~ , was

m
approximately linearly related to the volume of added absorber, V3,

For the lattices studied here, the material buckling,

for values of B2 between zero and the value for the unmodified lattice,

12at . If an estlmate of the value of B1 at is available, a straight line

may be plotted through the points (0, V%) and (B2

2
lat’ 0) on a graph of Bm
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against V3, to give an approximation of the material buckling value that
will be obtained for a given value of V3. This result may be derived

from Eq. (4.30) under the assumption that the value of Hg/ﬁo is constant,
and that the term %(TBlzat)z is small compared to unity, where 7 is the

Fermi age for the unmodified lattice.
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APPENDIX G

SIMULTANEOUS EXPERIMENTAL DETERMINATION OF
DIFFUSION AREA AND FERMI AGE

Use of the experimental data to obtain values of the diffusion area,
Lz, and the Fermi age, 7, for the unmodified lattices is discussed in
Sec. 2.6.2. In this appendix, an iterative least squares method for the
simultaneous determination of both quantities is presented. The data
available here do not lend themselves well to such a determination,
for reasons discussed below as well as in Sec. 2.6.2. The method is
included here chiefly for the use of future workers who may have data
better suited to it.

The method proposed involves calculating the change in both L2
and T caused by the addition of absorber, and leaving as unknowns the
values of these two parameters for the unmodified lattice. The diffusion

area, Lz, is given by Eq. (4.16):

2

L% = (G.1)

D
B,
where D is the average diffusion coefficient for the lattice, and ia is
the average macroscopic absorption cross section. If the tilde (~) is
used to indicate parameters relating to the assembly modified by the
added absorber, the value of L2 for a modified lattice is given by the

equation:

~J

2

L™ = L. (G.2)

MlZl Ml

)

ol O
()

a

Under some circumstances, as for instance when a small amount of
absorber material is added homogeneously to the moderator, it may
be permissible to assume that the diffusion coefficient is unchanged
by the added absorber; that is,

D=D. (G.3)

The change in the Fermi age caused by the addition of thermal

neutron absorbers is usually so small that it may be neglected (see,
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for example, Ref. CO 1). If such an assumption may be made, we have:
T=T. (G.4)

Assume that measurements have been made on a given lattice at n
different absorber concentrations, as well as in the lattice without
-added absorber. Then a critical equation (such as Eq. (2.30) or Eq.(2.31))
can be written n+1 times, with measured values of ko and Brzn; if Eq. (G.2)
is used for L2, with calculated values of the bracketed term, the values
of L2 and 7 for the unmodified lattice may be left as unknowns. If only
one modified lattice is investigated, the values of L2 and T are specified;
if more than one is investigated, then the system is overspecified, and
a least squares analysis can be used to determine the ''best' values of
L2 and 7 for the unmodified lattice. A suitable iterative least squares
analysis will be described next. |
Consider n+1 sets of values (Fi’ X, yi), assumed to be related by

an equation of the form:

12
F, = L%, + 7y, . (G.5)

Equations (2.30) and (2.31) may be written in this form if the term
eTB in Eq. (2.31) is replaced by its power series expansion, truncated
after the third term. (Further terms may usually be neglected safely.)

The equations are:

Koo - 1 = LZTBfn -L2B% + B2 (G.6)
ko - 1 - L2rBY 1,214,282 )B% - 1252 + rBZ . (G.7)
m 2 m’' T m

Then Y3 in Eq. (G.5) is equal to the material buckling of assembly i, and

X, is equal to the quantity

(G.8)

ol ok

for assembly i. The value of Fi is either (koo—l-'rLzB;ln) or
(koo -1- TLzBfn -%72(1+L2B12n)B;1n> , depending on which model is used
to correlate the data. With the available measured data for each of the

n+1 assemblies (koo, Brzn)’ calculated values of the diffusion coefficient

. . . 2
and average absorption cross section, and reasonable estimates of L
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and 7, the n+1 values of Fi’ X, and y; may be calculated. The best
values of Lz and T for use in Eq. (G.5), in the least squares sense, may

then be written as follows:
5Fp LAY
2
. LyiFy Ly
L® = 5 , (G.9)
) X3 ) XY
2
) XY LY i

Z x;z inFi
LYY LYiF
v = . _ (G.10)
DES ESA
2
) %Y Zyi

All summations are from 1 ton+1.

The values of L2 and T determined will, in general, be different
from the values used to calculate the F.. New values of the F, may be
calculated, using the values of L2 and T just obtained, and the process
repeated. This may be continued until the values of the Fi are station-
ary. The values of L2 and 7 obtained from Egs. (G.9) and (G.10) will
then be the ''best values' appropriate for use in Eq, (2.30) or Eq. (2.31),
depending on whether the Fi were calculated from the left-hand side of
Eq. (G.6) or (G.7).

The method just described is best suited to an experiment in which
a number of assemblies with buckling values lower than that of the un-
modified lattice, but far from zero, are investigated. An assembly with
zero material buckling contributes no information about the age or dif-
fusion area of the unmodified lattice, since in this case, both X, and i
have the value zero. For reasons given in Sec. 2.6.2, most of the
assemblies studied had material buckling values which were too small
to be of use here (see Table 5.1); accordingly, no further discussion

will be given.
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