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The propagation of neutron waves in a multiplying

medium was studied experimentally, and the resulting dis-

persion law was compared with that predicted by two

theoretical models: a two-group diffusion theory model,

and a Fermi age diffusion model.

Thermal neutron wave propagation in a subcritical

assembly was studied via numerical Fourier analysis of a

thermal neutron pulse of low spatial harmonic distortion

introduced through one boundary of the assembly. One

detector explored the axis of the assembly and supplied a

description of the pulse in the time domain for input to a



1024 channel analyzer „ A second detector served to monitor

the source strength for each run, providing a means of nor-

malizing data taken at different positions. Corrections for

counting resolution losses and background were given careful

attention. A computer code was used to perform the Fourier

analysis of the pulse, giving amplitude and phase information

as functions of frequency for each detector position. The

experimental dispersion law was determined by further analysis

of this output to obtain the real and imaginary parts of the

inverse relaxation length of the Fourier components

=

Since an almost perfect fundamental spatial mode had

been obtained for the source pulse in the experiment, the

corresponding theoretical calculations were specialized to

this mode in the transverse directions. The source neutrons

were assumed to vary sinusoidally in time, and were intro-

duced into the assembly through the XY plane at Z = »

In the two-group treatment, the model led to an

equation for a buckling-like term from which the parameters

describing attenuation and phase shift as functions of fre-

quency could be found o The Fermi age calculations were

based on a complex equation derived by R. B. Perez, which

yielded two real, coupled, transcendental equations

=

The principal conclusions from the above work are:

(1) The experimentally determined dispersion law is a smooth



function of frequency and both the real and imaginary parts

of the inverse relaxation length increase with increasing

frequency in the range of frequencies studied.

(2) The calculated dispersion laws from both models agree

in general trend with that of the experiment except for a

dramatic failure of the two-group theory for frequencies

over 350 cps

.

(3) Effects of the slowing-down process are important at

high frequencies. (That the Fermi age theory describes

the high frequency behavior in a more correct fashion than

the two-group treatment is probably a consequence of the

more accurate description of slowing-down in the age theory.

)

(4) Since neither model gives entirely satisfactory agree-

ment with the experiment, it appears that the thermalization

effects should be included to describe the dispersion law of

well-moderated systems.

(5) The dispersion law poses a severe test to a theoretical

model.

In addition to the measurements made with the loaded

assembly, the dispersion law for heavy water without fuel

was determined, and further analysis of the dispersion data

yielded the following experimental values for the diffusion

coefficient and the diffusion cooling coefficient, respec-

5 2-1
tivelv: D = (1.996 ± .002) x 10 cm sec , and C =

^ o o
5 4-1

(3.0 ± .381) X 10 cm sec



CHAPTER I

INTRODUCTION

Those involved in the design and control of nuclear

reactors are necessarily interested in neutron kinetics in

various arrangements of materials. Information in this area

has been sought by many persons through the two principal

avenues of scientific investigation: by studying the prob-

lem through a mathematical formulation based upon an assumed

physical model, and by the performance of experimental ob-

servations and measurements. Any genuine difference between

the experimental results and the predictions based on a model

must be attributed to inaccuracies in the model or to errors

in the experiment.

A. Neutron Waves

In this dissertation, neutron behavior was investigated

in a multiplying medium by studying the propagation of neutron

waves in a subcritical assembly of natural uranium and heavy

water. The investigation was conducted by theory and experi-

ment followed by a comparison of the results from the two

approaches.



It should be understood at the outset that the neutron

waves spoken of are not de Broglxe waves, but are temporal

variations in the neutron population density per unit volume,

which may be observed at any position in a moderating or

multiplying medium when an appropriate time-dependent source

of neutrons is placed at the boundary of the medium.

It is also important to note that when one speaks of

a sinusoidal neutron wave, he does not imply a physical im-

possibility. In practice, the sinusoidal signal rides on

top of a background of population density such that the

algebraic sum of this background plus the sinusoidal signal

is never negative. Thus, one is not forced to find a supply

of negative neutrons to compose half of the signal in order

to perform the wave experiment » The bottom half of the

sinusoidal pattern represents negative neutrons no more

than the troughs between the crests of ocean waves represent

negative water = Of course, in this analogy, assuming that

the air-water interface is spatially sinusoidal, one could

represent the depth of the water as the sum of the average

depth plus a sinusoidal term which is negative half of the

time. Such a representation works well for neutrons also,

and is not a source of difficulty in the mathematics.

M. N. Moore (1) draws an illustrative analogy between

neutron waves and elastic waves in a viscous dilute gas.
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He pictures a volume of gas in a container at one end of

which is a flexxble diaphragm and points to the similarity

between neutron waves and the acoustic waves that can be

generated withxn this container if the diaphragm is caused

to vibrate in a harmonic fashion. Moore uses the framework

of this analogy to illustrate various other points not under

consideration here. For our present purposes, one may

observe that the acoustic wave is one in which the popu-

lation density of the gas molecules could be detected by

suitable pressure measuring devices. In the case of neutron

waves, the population density of the neutrons may be detected

by conventional neutron detectors which report a count rate

proportional to the neutron flux. Variations in count rate

as a function of time or position give information concern-

ing the neutron wave. An important difference between the

neutron wave and the acoustic wave, however, is that the

neutron wave is studied in a material medium in which the

neutrons scatter about, colliding with nuclei of the medium,

but not with other neutrons. With the acoustic wave, there

is no medium other than the gas molecules themselves, and

their collisions are with each other. The absorption and

leakage of the neutrons are not described by the analogy.



B . Historical Notes

Although the propagation of neutron waves was investi-

gated in 1948 by Weinberg and Schweinler (2), who used an

oscillating neutron absorber in a multiplying medium, the

subject has not received as much attention since then as

has been given to related techniques such as exponential and

pulse die-away measurements. Ten years later, m their well-

known text on nuclear reactor theory (3), Weinberg and

Wigner included derivations for the amplitude attenuation,

propagation velocity, and wave length of neutron waves in

infinite media. In 1955, Raievski and Horowitz reported

the determination of the mean transfer free path of thermal

neutrons by measurement of the complex diffusion length.

The measurements were made successfully in both graphite

and heavy water, and a mechanical source was used (4).

In the field of Nuclear Engineering, one turns ultimate-

ly to the Boltzmann equation, writing it in a form which

describes the neutron population density as a function of time,

position, speed (or energy), and direction. The solution of

the Boltzmann equation as applied to a nuclear reactor is too

difficult to perform without resorting to simplifying assump-

tions which result usually in an attendant loss of detail in

the description of the neutrons being studied. The detailed
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information most frequently surrendered in order to obtain

a formulation amenable to solution is that of the detailed

direction of travel of the neutrons. Such a surrender is

characteristic of the often-used diffusion theory, in which

isotropic scattering is assumed.

One-group diffusion theory was used by R. E. Uhrig

(5,6) in 1959 and 1961 to relate phase shift and attenuation

to diffusion parameters. The results were compared with

measurements in both water-moderated and graphite-moderated

subcritical assemblies.

R. S. Booth (7) extended the diffusion treatment to

include two groups, and concluded that two-group theory

predicts the presence of two thermal waves that propagate

in the fundamental spatial mode.

Multigroup diffusion theory was applied to a subcriti-

cal assembly by Perez, Booth, Denning, and Hartley (8) , and

showed promise of relating resonance wave effects to the

parameters of the system.

Both the experimental methods and theoretical treat-

ments employed in the study of neutron waves have undergone

considerable refinement. The energy dependence was given

additional attention by Perez and Uhrig (9) by use of an

expansion in associated Laguerre polynomials. A power series

in uu/vD was obtained which related the complex inverse
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relaxation length to thermalization and diffusion properties.

Refinements in experimental work with neutron waves

have appeared in two principal areas: the source used, and

the method of data accumulation and analysis. The earlier

rotating absorbers or rotating sources have been largely-

replaced by the use of sinusoidally modulated neutron gener-

ators using the (D,T) reaction or the (D,D) reaction.

Higher source strengths and a wider frequency range have

been obtained. The use of switching circuits and systems

of scalers to record different intervals of the detected

signal (10) has been replaced by the use of multichannel

time analyzers and computer codes.

The use of numerical methods to Fourier analyze the

pulses represented an improvement over the data analysis

performed by Raievski and Horowitz, who did not have time

analyzers, and hence were restricted to less sophisticated

evaluation procedures

.

Moore (11) extended the Fourier analysis by the in-

clusion of the Fourier widths, which allow the calculation

of not only the dispersion law but also of its higher deriva-

tives. An application of Moore's method was performed by

Perez, Booth, and Hartley (12) in the pulse propagation of

neutrons in graphite.



Since it is not possible to review here all the liter-

ature now in print on the subject of neutron waves, many-

good papers, both theoretical and experimental, will not

be mentioned. However, the reader would find the work of

R. L. Brehm (13) helpful, as he explores the use of both

one-velocity diffusion theory, and age theory in the P

approximation as tools for analyzing neutron wave experi-

ments, and deals with the dispersion parameters of the

system as functions of frequency.

The experiment described in the body of this work

is of such a nature as to afford an opportunity to seek

experimental evidence of the existence of the "exceptional

frequencies" first discussed by Moore (14). He spoke of the

interesting possibility that there may exist preferred

frequencies of excitation which produce a wave having either

no spatial attenuation, or no phase change while traversing

the medium, or both. This phenomenon is also discussed by

Brehm (13 and 15) , but it has not yet been found experi-

mentally.



C . A Description of This Study

The principal emphasis in this work is directed toward

the experimental approach to the study of neutron wave propa-

gation. The theoretical portions of the work make use of

available theories, evaluating the results from these for

system parameters appropriate for the nuclear system in which

the experiments were performed, so that a critical comparison

of theory and experiment can be made. The principal aims

of this work may be listed as follows:

1, To determine the dispersion law for a multiply-
ing system by experimental means.

2. To evaluate the performance of various theoretical
models in describing the dispersion law.

The dispersion law spoken of above is the quantita-

tive relationship between the complex ^inverse relaxation

length of the neutron waves as a function of frequency. The

terminology stems from the use of the term in electromagnetic

theory and the fact that the relationship between the complex

inverse relaxation length and frequency for neutrons is anal-

ogous to that between wave number and frequency for electro-

magnetic waves. Some secondary, although essential, aims of

the work are:

1. To develop a thermalizing apparatus which will effec-
tively thermalize neutrons from the (D,T) reaction to

provide a suitable supply of primarily thermal neutrons
in the fundamental transverse spatial mode to serve as

a source for wave or pulse propagation experiments.



2. To further explore the advantages and disadvantages of
the Fourier analysis of pulse propagation data as a
method of studying neutron wave propagation (16).

3. To determine diffusion and thermalization parameters
of the moderating media by further analysis of the
experimentally determined dispersion law.

4. To give attention to any exceptional frequencies which
may be discovered having unusual properties of propa-
gation.

Wave propagation was studied by means of Fourier analy-

sis of pulse propagation data because:

1. If a modulated source were used, a new set of data
would be necessary for each frequency, whereas one
set of pulse data can be Fourier analyzed as a
function of many different frequencies

o

2. The use of the method in graphite was successful (16),
and the availability of the MOORE MOMENTS code made
the method further attractive.

3. The Fourier analysis of pulse propagation data is a

method which itself was considered worthy of further
use and evaluation.

In Chapters II and III, two different physical models

are adopted and each is adhered to through the mathematical

manipulations necessary to arrive at a useful prediction of

neutron behavior. Both formulations employ a simplified

treatment of the neutron energy variable in addition to using

the diffusion approximation. In each, the neutron population

density is left as a function of only time and space.

In Chapter II, two-group diffusion theory is used, in

which the neutron energy variable is treated by assuming that
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the neutrons are in two energy groups. Chapter III is devoted

primarily to the solution of equations based on Fermi age

diffusion theory. In both of these chapters, a mathematical

prediction of the dispersion law for a multiplying medium is

obtained and is solved specifically for the subcritical

assembly used in the experimental measurements, thus making

possible a comparison of theory and experiment.

Chapters IV through VII describe the experiment—the

physical conditions imposed upon the neutron population under

study, the experimental procedure and data analysis, and the

results, including the dispersion law

=

Throughout this work, the experiment itself is under

study. Measurements are made in order to determine how well

the experimental apparatus performs its task of imposing the

assumed physical conditions upon the neutrons under study.

Remaining chapters compare the results of experiment

and the predictions of theory with the dispersion law being

the principal point of comparison. Some clear disagreements

are found the merits of each theory are evaluated., and

suggestions for future work are made.



CHAPTER II

DERIVATION OF THE DISPERSION LAW
BY TWO-GROUP DIFFUSION THEORY

The two-group diffusion approximation has already been

applied by others to describe neutron wave propagation „ The

brief derivation given here is based on the work of Booth

(7) o The two well-known differential equations for this

approximation are:

D V .:r,t) -2^0 (r,t) +F0 (?,t) = — ~ f r, t) (2-1)11 ^1 o o v ot 1

^^^'0jr,t) -2^^0jr.t) +E^0^(;,t) = ^ ^0o^^^^) '^2-2)

o

The geometry of interest in this problem is that of

a long, box-shaped medium, into which sinusoidally varied

thermal source neutrons enter the boundary surface at Z = 0.

The transverse axes are X and Yc Propagation of the neutron

wave down the Z axis is to be studied. Both fast and ther-

mal fluxes are everywhere zero at times t = 0, and are zero

at the boundaries, except for the source neutrons entering

the surface Z = 0, where the diffusion theory relationship

between current and flux gradient is used.

11
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The fast and thermal fluxes will have the form:

i^(r; t) = 0'x,Y) A^ e

d (r, t) = 0''x, y) A e
o o

-pz + jiot

-pz + juut

(2-3)

(2-4)

Inserting Eqs o 2-3 and 2-4 into the initial set yields:

Td^B^ -CE„+-i^)lA, +FA =0 (2-5)Ll ^R V, -^Jl oo

(2-6)

(2-7)

r 2 ^
Z A, + D B - (R 1 L o V

2 _ r V 4. iiLE + -^
) A =

ao V yj o
o

2 2 2
where B = D - B_l

The Eqs o 2-5 and 2-5 form a homogeneous set for which

the compatibility condition is:

[^^ - C^R
^ ^)]

R L o V ao V yj

=

By developing the determinant: one obtains an equation

4
for B

V T D,v, y V L^ D V y

i_ \

i"r

k

2
B +

1 1
TL'

(2-8)
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Neglecting the term with juu/D v , the roots of Eq. 2-8 are;

r-i-- , 1 . oiLT r^_i. 1 ^ IS! y , 4 K
^^.

L L^ T D V J LV L^ T D V -^ r 1,2 J J

o o o o

(2-9)

. , r-2 - - - ^^1 + \(-2 - - + ^^y - - ^ f
1 2 L L L^ T D V J LV L"' T D V y T L^ J

o o o o o
(2-10)

2 2 2 2 2 2Where p=B+B p=B+B.
o o X 1 1 i

2
The quantity, p , is the squared inverse complex relaxation

o

length of the thermal neutron wave of frequency uu . The

following relationships and definitions will be used to

obtain a and 5 , the real and imaginary parts of p , the

inverse complex relaxation length.

2 2 2
p^ = a + J5 Pq = X + Ja

2 4 4
r = X + a

With the above relationships and Eq, 2-9, a and ? can be

calculated for a nuclear system provided the nuclear param-

eters m Eq , 2-9 are known. The results of such a calcu-

lation, performed through the use of a computer program based

on these equations, are presented in Chapter VIII.



CHAPTER III

AGE-THEORY TREATMENT

The dispersion law for the subcritical assembly was

calculated using a Fermi age diffusion treatment. In this

treatment the fission spectrum was described by a Dirac

delta function in lethargy, and the frequency dependence of

the fast fission factor was not taken into account. Under

these conditions, and for the fundamental spatial mode, the

resulting equation for this model is

:

V
2 2 " ,2 2 .^x 1 ^^ /:, ->\

B - p = r— exp -B T + p T - xL uu) - —r - — (3-1)

CL L D
o

A similar result was obtained independently by R. L. Brehm

in Ref. 13.

The dispersion law is contained within Eq. 3-1, but

its solution is not entirely simple. The method by which

the exact solution was obtained will be outlined first; then

a useful series approximation will be derived.

Re B. Perez, personal communication,

14
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A. Exact Solution of the Age-Theory Ecfuation

First express the complex inverse relaxation length,

p, in terms of its real and imaginary parts:

2 2 2
p = a + i^ Hence p = (a - E, ) + i2Ci^.

2 2 2 2Letting y^ = a - E. and a = 2a^, we next

2 2 2substitute the expression ( x + ia ) for p in Eq. 3-1

to obtain:

222^«r22 2 1
B, - X - la = J exp - (B_^-X)T + i(aT-Luu)

eL-

1 _ 10)

o

:3-2)

or:

22 2 ^" r22"ir 2B^ - X - iCT - exp ^- (B^ - X )tJ1cos (a t - l yu)

£L

+ i sin {a\- L uu)! - Ji - i^
^ ^ L^ D

o

(3-3)

Equating real and imaginary parts of Eq. 3-3, and using

the equalities:

2 2 2 2 2B^ - B - X and B . = -a gives

2
2 K^ exp(-B^T)

^ ^
B = 2 Cos (B.T + L uu) 7- (3-4)

2
, K exp(-B T)or (1)B. = ' -2 Sin (B.T + L UJ) (3_5)

o
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2 2
From these two equations, B and B. were computed for

2 2
selected values of uu, and from the B and B. values so ob-

r 1

tained, ot, and ? were calculated as functions of uu, thus

yielding the dispersion law as predicted by the slowing-down

model,

2
Some difficulty was encountered in solving for B and

2
B. since Equations 3-4 and 3-5 are coupled in both unknowns

2 2
and are both transcendental in either B or B . . Also, the

r 1

periodic nature of the trigonometric functions make possible

the existence of solutions related to a multiplicity of slow-

ing-down modes. It was found, however , that the additional

2
solutions lie far outside of the range of values of B and

r

2
B. encountered in the experimental results. Therefore,

attention was directed toward the finding of solutions

related to the experiment.

The exact solution of Eqs . 3-4 and 3-5 was first accom-

plished by the use of a lengthy semigraphical method. Briefly,

2 2m this method, values of B and B. which satisfy both
r 1

Eqs. 3-4 and 3-5 for a particular value of uu were obtained

2 2
by plotting B versus B . for each of the two equations for

various values of uu, and observing the points of intersection.

For a given UU, the coordinates of the point of intersection

are solutions to both equations. The reader is referred to

Appendix H, where the method is described more fully, and a
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sample calculation is given with the associated graphs and

results based upon the initial set of parameters used. The

semigraphical solution is a valuable check for alternate

methods, and can be used to find the solutions related to

higher slowing- down modes. The semigraphical method is also

useful because the graphs reveal the manner in which the

functions vary, and provide a basis for an estimate of the

region of values which should be examined in the search for

the higher mode solutions.

Coupled transcendental equations may also be solved

by the Newton-Raphson method (17) . A computer program for

solving Eqs . 3-4 and 3-5 by this iterative technique recently

became available, making parameter studies feasible.

B. Approximate Solution to the Acre-Theory Equation

The usefulness of the age-theory model would be greatly

enhanced if one could obtain from Eq. 3-1 a simple approxi-

mation to the dispersion law which would give answers of

reasonable accuracy over a useful frequency range. This was

The semigraphical solution was performed in late 1965.
In 1966, R. G. Cockrell adapted the Newton-Raphson method to
the transcendental equations encountered in this work, and Nils
J. Diaz wrote a computer program employing this technique in the
solution of Eqs. 3-4 and 3-5 and studied the dependence of the
results upon the values of various parameters. (N. J. Diaz,
personal communication)



found to be possible, and the derivation is now presented, in

2 2
which the real and imaginary parts of the quantity (B - p )

are expressed as a power series in frequency.

2 2 2 2
Defining F ^ k / eL and B = B - p , Eq. 3-1 becomes

2 , 2 . , 1 i(JU

B = F exp(-B T - iL uu) • -

Multiplying through by t gives

:

2 , 2 . , T iTuu
B T = FT exp(-B T - iL uu) - —y - —

^ L^ D
o

Add iL uu to both sides; and let
s

2
f (oj) = B T + iL uu

s

¥(uu) = FT exp[- Y(uu)] - ^ - iuu Q— - L^^
L D

o

Develop Y(uu) in a power series:

2

Y (uu) = * (o) + ( -^—) (i"u) + -i
(f

-^-^ ) (i"")
^ S(iuu)^ 2! ^ d(iuu)2 ^o

+
S(iuu)-'^o

Where

* (o) = FT exp[-^ (o) ] - ^

1^, _P. _i^exp(-.)-(— -L3)
a(iuu) sdou) D^

J = - FT exp(-Y)L 2 "C ) J
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3
IT -FT exp

3

L 3(i

- 3

2
BY

(iuj)^ S(iuu)2 9(iuu) ^d (iuj)

Y and its derivatives at uu = can now be obtained.

Y(o) = FT exp[-Y(o)] - -2-
J_l

using FT exp[-Y(o)] = Y (o) + -^ '

L

i^)3^ L^ 3{iuu)^o S(iuu)^o a(ia)) c

3
/-S Y

S{iuj)

S(iuu) o
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Or:

1 - L

^'"^^^°
1 ^ Y(o) +

2̂
L

V d(iuj)yo

[^'°>^^]^^^-
V S(ia))2yo 1 + ¥ (o) +- :^

S^f \ /dY ^ ^9Y -
^•

^3^ [^^°^ + 2 ] [ ^ Cs(iaj)2) C8(ia)))o" G(iuu))o]

L

The last two equations above may be rewritten

2

c^^.x -
[^<°'^i][r--J,2,., , ^ ^

"'<^""' ° [1 + T(o) + I^]'

3 _ _ __ ^3

(luu) o r Ti5 r Tn4
[l + Y(o) +

-2J [1 + Y(o) + —J
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Next, express B as the sum of its real and imaginary parts,

and substitute the above results into the power series for V ((ju)

(b^ + i B^ T + i L uj = Y(oj

— - L ; (ic.)

o

1 + ^(0) + —
L

21

31

L o

[1 + Y(o) + ~
~f

Li

L o

[l..(o) .^f

L o

[1 + no) + -V]

(iou) +

Separation of real and imaginary parts yields:

[Yfo) + ^ ] [
— - L

I
uu-

b' . 11^-
r T

2 J L D s
L o

(3-6)

[ 1 + Y(o) . ^]



t[i + Y(o) + -2 ]

22

[y(o) +^ ] [
o

2Tri + Y(o) + ^ 1

L

L o

6t| 1 + Y(o) +
-2-J

-^ . (3-7)

Since B (o) = —^ , Y (o) can be replaced by B (o) t in Eqs

.

r 1" ^

3-6 and 3-7 to yield the following:

2 2
B (uu) = B (o) -
r r

L o

2[l + B^o)T + Y]
(3-8)
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B. (uu) = -
1

2t[i + B^(o)T + ^]

L o

6[l +B_^(o)T + -]
3

uu +

(3-9)

B^(o) for the above equations can be obtained by solving

Eq. 3-1 for uu = .

(3-10)
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2 2
From the above results, B (x) and B. (a.) can be computed if

2 2
T , L , L , D , e

f and k are known. Then, from B (x) andso" r

2 2
B, (uu) , and knowing B , one can calculate a and c as functionsIX
of X through the use of the relationships

:

2 2 2B = B - q'^

2 2.2
B = B + iB.

r 1

9 2 ,2 .2,p2 = B _ B + xB
^ r i

p = a + i?

The coefficients in Eqs . 3-8 and 3-9 were evaluated for

the parameters in Table 3-1, yielding the following approxima-

tions :

B (x) = 7.17 X 10~ - 1.044 x 10~"^° x^ + . . . (3-11)

B^(x) = -2.024 X 10~^ X + 5.843 x 10~^^ x^ + . . . (3-12)

In order to test the usefulness of the series approxi-

2 2
matrons, B and B. were evaluated from Eqs. 3-11 and 3-12.

r 1

2 2 2 2
From these values of B and B., a - 5 and 2aS were easily

r 1 " "
^

obtained and are listed in Table 3-2 for comparison with the

results from the exact solution of Eqs. 3-4 and 3-5 by the

Newton-Raphson method, using the same input parameters listed

in Table 3-1.

An examination of Table 3-2 shows that the series

approximation obtained by keeping only the first two terms

yields results differing from the exact solution by less than
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TABLE 3-1

VALUES OF PARAMETERS FOR THE SUBCRITICAL ASSEMBLY
USED IN THE SOLUTION OF THE AGE-THEORY EQUATIONS

BY THE NEWTON-RAPHSON METHOD

Parameter
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1 per cent for frequencies under 400 cps . The only entry in

the table with an error exceeding 1 per cent is the 500 cps

2 2
value of a - 5 , which differs from the exact result by 1 .

3

per cent. Therefore, it is seen that the series approximations

as set forth in Eqs. 3-8 and 3-9 introduce little additional

error compared with that inherent with the age-diffusion-theory

model, and is useful over a reasonably wide frequency range

»

Four digits are used to present the values in Table

3-2 in order to show the difference between the approximate

solution and the exact solution. The reader must not assume

from this that the theory itself, even when solved with no

further approximations, is good to four-figure accuracy. In

Chapter VIII, the accuracy and usefulness of the age-theory

model in this application is evaluated by comparing the

results of the exact solution of the age-theory equations

with the experimental results.



CHAPTER IV

EXPERIMENTAL APPARATUS

A. Introduction

The apparatus assembled for this work consisted of

four units or systems: the subcritical assembly within

which the principal measurements were performed, the neutron

generator which externally supplied the input neutrons for

the subcritical assembly, the thermalizing apparatus inter-

posed between the neutron generator and the subcritical

assembly, and the detector systems . Figure 4-1 shows the

subcritical assembly, neutron generator, and thermalizing

apparatus in their relative operating positions o Each of

these systems will be discussed in turn.

B , Subcritical Assembly

General aspects

A rectangular subcritical assembly using heavy water

as moderator and natural uranium as fuel was designed and

constructed at the University of Florida for this and future

28
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experimental work „ Figures 4-2 and 4-3 present front and

end views of the assemblyo Above the lower tank which con-

tains the core, is a separate inverted tank with a window,

light, and two gloves on both sides. These features permit

manual positioning of the neutron detector (or detectors)

without opening the assembly and exposing the heavy water

to evaporation or to contamination by light water present

in the air„ A small positive pressure is maintained inside

the upper tank by leaking in dry nitrogen at a rate of

approximately 1 ml/sec. Thus any vapor leakage through

seals or welds above moderator level is outwardly directed.

For loading or unloading the core, or whenever complete

access to the inside of the assembly is required, the upper

tank may be rolled aside by means of four attached wheels

and an elevated track structure

„

The assembly rests on a heavy steel table inside an

emergency DO catch tank which also contains the necessary

pump, valves, and plumbing for filling and emptying the

assembly „ See Fig. 4-4. The entire assembly., support table,

and catch tank rest on a rigid steel frame equipped with

leveling screws and 9" casters for a moderate degree of

portability,.

Next, the detector positioning apparatus and the core

will be described in greater detail, including not only
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information relative to the use of the equipment, but also

those dimensions, deflections and tolerances which are ex-

pected to be important in core calculations or in the con-

sideration of experimental errors stemming from imperfect

core geometry and inaccuracies in detector placement.

Positioning apparatus for detector

Figure 4-3 shows the manually operated detector

positioning apparatus which rolls the length of the assembly

in the Z direction parallel to the fuel tubes. The tracks

are above the water line, screwed to inside walls of the

core-containment tank. An aluminum measuring rod with

drilled holes spaced every 2o50 ± 0„025 cm engages an

alignment pin on the center line of the detector holder,

providing accurate positioning of the Z detector coordinate

from Z = 5 cm to Z = 12 5 cmo Screw-operated friction brakes

clamp against the tracks to prevent accidental movement

after the Z position has been set„

A nominal 1" diameter, 12" long He-3 detector may be

wrapped with a small amount of tape at each end to improve

centering, and lowered into a 1„25" OD aluminum tube sealed

at the bottomo This tube slides in a vertical guide and is

locked at the desired Y position by a thumb screw. Most

measurements are made with the center of the detector active
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length at Y = 0, the mid-height of the core. Because

the length of the detector lies .\n the Y direction, trans-

verse flux mapping is best done along the X direction,

for then no part of the detector active volume is more

than 0.5" from the nominal detector position. Furthermore,

since the assembly core and the thermalizing apparatus are

both square in the XY plane, a true flux traverse in the Y

direction should differ little from that in the X direction

if the influence of epicadmium neutrons scattered from the

laboratory floor is negligible.

Since a full fuel loading consists of 121 fuel tubes

in a square array of 11 columns containing 11 fuel tubes

each, there are only 10 vertical YZ planes which are midway

between adjacent YZ columns of fuel tubes. These 10 planes

provide the most useful and natural detector positions for

flux mapping across the core if thermal flux depression by

the fuel is not the object of study. For convenient and

accurate detector placement, 10 alignment holes were drilled

into the transverse beams of the detector positioning appa-

ratus for an alignment pin.

Since one column of fuel tubes lies in the central

plane of the core, at X = 0, axial measurements which would

ordinarily be made with the detector placed on the true Z

axis must be made in a plane offset from the center plane.
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If the 10 planes described above are numbered from one side

of the core to the other, planes 5 and 6 are closest to the

Z axis, and are at X = ± 2ol75", where the dimension is half

the lattice spacing of 4.35" . All of the so-called Z axis

measurements in this work were made in plane number 6= No

problem should arise from this offset because if the funda-

mental spatial mode is well established, measurements made

along a line parallel to the Z axis are related to true Z

axis measurements through a multiplicative constant, which

in this case is almost unity.

Core

Figure 4-3 shows the nearly optimum lattice spacing

of approximately 4.35" for a core using DO and Mark I

solid natural uranium slugs in a square lattice o This

spacing produces 11 unit cells across the inside tank dimen-

sion of 47o87"o Other lattice spacings are obtainable by

leaving some fuel positions vacant or by constructing

additional pairs of core support plates. The full loading

requires 726 slugs in 121 horizontal fuel tubes 51" long,

each containing six slugs with an accumulated length of

50o5"= Moderator (and possibly a few tenacious gas bubbles)

occupy the small remaining volume of the tubes. The machined

diameter of the uranium metal is loOOO". Aluminum cladding
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adds 1/15" to the diameter,, giving a nominal outside diameter

of 1=0625" ± manufacturing tolerances. The length of each

slug, including end cladding measures approximately 8.41".

The fuel tubes have an OD of 1.25", a wall thickness

of 0,049" (stubs gauge no, 18), and are of ALCOA alloy

6051-T6,. the same material used in the construction of the

siibcritical assembly. This fully tempered alloy has the

following specifications: tension yield = 40,000 psi, tension

ultimate = 45,000 psi, shear = 30,000 psi. Its alloying ele-

ments have relatively low absorption cross sections and are:

0.25% copper, o 6% silicon, 1.0% magnesium, and 0»25% chromium,

Aluminum and "normal impurities" constitute the remainder.

A calculation of the thermal neutron cross section for this

alloy is included in Appendix E. The resulting alloy is

also unusually resistant to corrosion in water o Each fuel

tube constitutes a uniformly loaded horizontal beam supported

near the ends and has a measured maximum deflection of 1/8"

at the middle. It is likely that deflections up to 1/4"

could be tolerated, particularly since the deflections are

in the Y direction and since most transverse flux studies

with this assembly are done in the X direction for reasons

already given. The design calculations had selected stubs

no. 20 (0.035" wall), but 1.25" OD tubing was not available

in wall thickness less than no. 18. Since the 18 gauge
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tubing used weighs 0,210 pounds per foot, 121 tubes put 108

pounds of structural material into the core.. This figure

could be reduced to 77 pounds safely if 20 gauge 6061-T6

tubing were available

o

Ignoring deflections caused by hydrostatic forces, and

provided that the correct amount of moderator is present, core

dimensions are 47.87" x 47.87'^ x L, where L = 50.5" if the

core length is taken to be the accumulated length of 6 fuel

slugs o L = 51.12" if the core length is taken to be the

moderator-filled dimension between fuel tube support plates,

(The moderator-filled dimension exceeds the fuel length be-

cause the fuel tubes extend beyond the slugs by about 0<,25"

on each end, and because of clearances required for loading

and unloading the core,) If one wishes to take into account

the additional small thickness of moderator present in the

0.38" space provided for movement of the cadmium shutter,

L = 51o50" with shutter up, and about 51=4'' with shutter

down„ (The shutter is a 0.030'- sheet of cadmium cemented

to a 0o0625" aluminum backing sheet ») When the shutter is

lowered, it displaces moderator » Therefore if the tank is

filled to a depth of 47.87" when the shutter is down, the

level will be less by about 0.08'- when the shutter is raised.

(The 47o87-' dimension corresponds to the lower surface of the

cadmium sheets which cover the upper moderator boundary o)
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The outward deflection of the tank walls mentioned above is

a maximum of approximately Ool" on each of the two largest

side panels, at a depth of about 30". Therefore the maximum

inside tank width would exceed the nominal value of 47.87"

when the tank is filled with moderator. The bottom of the

core tank rests on a steel table of such rigidity that de-

flections in the bottom core boundary are negligible.

Cadmium sheet, 0,030" thick, is attached to all outer

surfaces of the core containment tank except for the end

that has the movable cadmium shutter „ Cadmium sheet in

smaller, movable pieces also lies just above the water-level

surface. Therefore, with the shutter down, the core has

cadmium on all six boundaries,

C „ Neutron Generator

The neutron generator used was model no „ 9505, serial

no = 52, manufactured by the Texas Nuclear Corporation of

Austin, Texas o The neutron generator itself is shown in

Fig. 4-1 along with the other major items of experimental

equipment o The associated high voltage supply and control

console are not shown. Figure 4-1 shows the generator

mounted on a wheeled apparatus with elevating screws and an

eight-foot-long track on which the generator could be rolled

without disturbing alignment with the reentrant tube of the



40

thermalizer apparatus. This wheeled hardware was constructed

at the University of Florida and is not a standard part of

the generator as supplied by the manufacturer.

The original outside dimensions of the target end of

the generator exceeded the inside diameter of the reentrant

tube of the thermalizing apparatus, and was replaced by a

redesigned assembly of smaller dimensions., with no glass

parts and no suppressor ring o This proved satisfactory

o

The neutron generator is basically a Cockcroft-Walton

linear accelerator with a maximum accelerating voltage of

150 KVc Neutrons may be produced by either the (D^n)

reaction with a tritium target, yielding neutrons of 14,74

MeV, or the {D,n) reaction with a deuterium target, which

gives 2=86 MeV neutrons. The lower energy is desirable,

but the tritium target was chosen because of its much

greater yields During this work.- the maximum obtainable

deuteron beam current as indicated by a microammeter circuit

between target and ground was about ISOuamp for continuous

beam operation „ During pulsing- with a typical duty cycle

of 5 per cent, the time-averaged beam current was less than

10p,amp.

No further description of the neutron generator will be

given here as it is described in the manufacturer's literature
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The reader is also referred to the work of Hartley

(18) for a description of the electronic equipment required

to determine the pulse duration and frequency and to synchro-

nize the data-recording equipment with the emission of the

pulse from the generator

o

D, Thermalizing Apparatus

In order to study the propagation of a thermal neutron

pulse or wave in the subcritical assembly, it was considered

necessary to assemble a thermalizing apparatus for the pur-

pose of receiving 14 MeV neutrons emitted from the small

target of the neutron generator and delivering these to

the four-foot-square source boundary of the subcritical

assembly as thermal neutrons in the fundamental spatial

mode having a cosine shape in the X and Y directions

„

After considerable experimentation with various

thicknesses of graphite, water, lead and steel, an almost

optimum arrangement was determined, and is shown in Fig,

4-5 o Graphite serves as the final thermalizing and flux-

shaping medium. A 48" x 48" x 17" stack of machined

graphite is located outside the water tank. An additional

48'' X 47,5" X 12" stack of rough, unmachined graphite was

added inside the 49" x 48' x 31" water tank, bringing the

graphite to a total thickness of 29'
,= and a total weight of
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about 3800 lbs.

Four inches of steel in the form of steel bricks, and

about two inches of lead sheet surround the reentrant tube

housing the target end of the neutron generator as shown in

Figo 4-5 « The relatively large inelastic scattering cross

sections of these heavier materials serve to reduce 14 MeV

neutrons to lower energies at which graphite is an efficient

moderator. The 2" x 4'' x 8" steel bricks, machined and welded

where necessary to reduce streaming and to improve stacking,

were available from earlier neutron wave work.

Ordinary water occupies the remaining volume of the

thermalizing tank, usefully filling voids and cracks

„

Measurements showed that the presence of water reduced the

total neutron intensity at the output face of the graphite

stack by a factor of lo5.. while reducing the epicadmium

intensity by a greater factor of approximately 3,4. These

two effects resulted in an increase in the cadmium ratio

from 40 to 90 upon filling the dry tank with water o These

measurements were made with the thermalizing apparatus away

from the subcritical assembly,, The detector was a 12" He-3

detector. The cadmium measurements were made with a cylinder

of cadmium wrapped around the detector.

Water should not be regarded as merely an inexpensive

substitute for graphite in its use here. A measurement was
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made after approximately 4 cubic feet of additional graphite

was placed adjacent to the stack already in the tank, dis-

placing an equal volume of water. There was no measurable

improvement in intensity or cadmium ratio at the output face„

Therefore that additional graphite was removed in order to

avoid unnecessary broadening of the signal pulse . An effort

was made to use no more graphite than needed to produce a

useful cadmium ratio and to provide a sufficient volume for

adequate development of the fundamental spatial mode at the

output face. Graphs to be presented later show that the

thermalized pulse is much broader than the input width of

two msec, and associated with this broadening is an undesir-

able attenuation of the high frequency content of the source

pulse which presents a limitation in the experiment,,

It was found that the pulse does not broaden nearly

so much in passing through light water as it does in graphite,

A detector placed in the corner of the water tank, about 2 7"

from the target, sees a nearly rectangular pulse with a very

rapid rise to saturation, and a rapid decay„ Graphs of the

pulse are included in Appendix C. The difference between the

two materials is largely related to the absorption cross

sections o Therefore it is concluded that the water used in

the thermalizing tank is far less detrimental in widening

the output pulse than an equal volume of graphite would be

„
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At one time, heavy water was somewhat wishfully considered

for use as the best possible thermalizing medium in place

of part or all of the graphite. Now, in retrospect, it

appears fortunate that this was not done because in view

of the above considerations, it appears likely that the

very low absorption cross section of DO would have resulted

in an even wider output pulse than an equal volume of graphite

in this application.

The water also serves as shielding for the target, and

greatly diminishes leakage of epicadmium neutrons from the

back and side surfaces of the tank o It is important that

such leakage be small because epicadmium neutrons can

scatter into the subcritical assembly and become an extraneous

signal entering the wrong surface and out of phase with the

desired input

o

Flux maps at the face of the thermalizing apparatus

are presented in Appendix A. Further information about the

performance of the thermalizing apparatus is included in

later chapters

.

E o Detector Systems

Two detector systems were employed,. One system used

a 12" He-3 detector and terminated with equipment which pro-

duced binary and digital records of the neutron pulse shape
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in the subcritical assembly. Figure 4-6 describes this

system o A second system, employing a 6'' He-3 detector, was

used to monitor the source strength from the neutron genera-

tor, and is shown m Fig„ 4-7. Oscilloscope displays of

the signal pulse (detector system response to individua-1

neutrons) at various points in each system are reproduced

in FigSo 4-8 and 4-9 for the 12" and 6'' systems respectively.

In both systems, the signal rise time was = 3 |jsec or less,,

and the pulse fell to 1/e of its maximum value in 2 usee or

less. Figure 4-10 presents graphs of count rate versus high

voltage for the two systems. The operating voltages used

were higher than ordinarily encountered with these detectors

because of the length of cables required.

Additional information related to detector system

resolving time, count rates, and resolution loss corrections

is presented in Chapter V and in the appendices.
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CHAPTER V

EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

A. Introduction

Throughout the experimental work, the temperature of

the moderator was 2 3 ± 2°C, and the purity was 99.5 ± 0.1

per cent DO.

For measurements with the loaded assembly, a full

lattice of 121 fuel tubes was used, with a moderator depth

of 47 »
8". The same full water level was used during the

measurements with the moderator only. Also, when the

thermalizing apparatus was used, the HO level in the ther-

malizing tank was maintained at the normal full level of

approximately 48".

Certain necessary preliminary measurements related

to the construction, adjustment, and performance of the

thermalizing apparatus and the detector systems are not

described in this chapter, but the results of the more

important of these are given in several of the appendices ,=

Tables 5-1 and 5-2 divide the remaining experimental

measurements into six major parts. In Parts 1, 2, 5, and 6,

52
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the relative positions of the neutron generator, thermal-

izing apparatus, and subcritical assembly were as described

in Fig. 4-1 of the previous chapter. Because the behavior

of thermal neutrons was of primary interest, the effect of

the epicadmium neutrons entering the core tank from the

thermalizing apparatus was largely removed from considera-

tion by performing one set of measurements with the cadmium

shutter down (thus permitting only epicadmium neutrons to

enter the core tank), and a second, otherwise identical set

of measurements with the shutter up, permitting both fast and

slow neutrons to enter. After corrections had been applied

to both sets of data for resolution losses, background and

variations in source strength and run times, the shutter-down

counts were subtracted from the shutter-up counts, leaving

counts related to the subcadmium content of the source.

The reflection of neutrons across the boundary between

the thermalizing apparatus and the assembly has an undesir-

able effect in the experiment, which now will be pointed out.

The experiment is one in which a purely thermal neutron

source is desirable, but since none is available, the thermal-

izing apparatus and cadmium shutter are used to permit a sub-

traction of the effect of the epicadmium content in the

source from the effect of the subcadmium plus epicadmium con-

tent of the source to obtain the effect of only the neutrons
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of subcadmium energies. This subtraction may be written:

(A + B) - B = A

The problem in this is that the two B's are not equal in the

actual experiment, because the flux in the assembly caused

by epicadmium neutrons entering the assembly from the ther-

malizing apparatus is greater when the shutter is up than

it is for the same source strength of epicadmium neutrons

when the shutter is down. This is true because when the

shutter is down, it establishes a boundary condition on

the thermal neutrons in the assembly, but when it is up,

thermal neutrons are free to employ the thermalizing appa-

ratus as a reflector, thus increasing the flux in the

assembly, especially in the vicinity of the shutter position.

The subtraction of shutter-down counts from shutter-up

counts is more accurately represented by the equation,

(A + B) - B' = A' or A' = A + (B - B')

Since B > B', as explained above, the subtraction yields

an A' , which though supposed to be the response of the

detector to the subcadmium content of the source with the

shutter up, is actually the sum of that quantity plus the

difference between the response to the epicadmium content

with shutter up minus the response to the epicadmium con-

tent with shutter down. Therefore, not all of the detector

response to the epicadmium content in the source is
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subtracted in the data analysis procedure followed in this

work. No real remedy for this problem was found, but by

using data from only the middle third of the core tank,

when possible, for the determination of oc, the error in

the results is expected to be small, since the quantity

B - B' is small at distances far from the shutter. More

will be said about this matter in connection with some

of the graphs in the next two chapters.

Corrections for background counts were made in differ-

ent ways, depending upon whether the assembly had fuel in

it or not, and upon the mode of operation of the neutron

generator. For the continuous source measurements, the

background rate was determined with the neutron generator

turned off and was found to be negligible (about 2 to 5 cps)

for the unloaded assembly. With fuel, however, the back-

ground was a maximum of approximately 5,000 cpm in the

center of the assembly as measured with the 12" detector

system. Therefore for continuous source measurements on the

loaded assembly, the appropriate background rate correspond-

ing to the correct detector position and shutter position

was taken from Fig. 7-1 for each run. These corrections

were applied to the shutter-up and shutter-down data after

the resolution loss corrections were made„
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With the generator operated as a pulsed source the

situation concerning background was somewhat more complicated

because the data were handled by the computer and because the

neutron generator was not completely "off" between pulses.

During the "off" part of the pulsing sequence, the beam was

deflected away from the target, but stray ions caused a few

neutrons to be emitted. The "on-off" neutron yield ratio for

the generator was sometimes as good as 3000 to 1. This ratio

was not constant, and was dependent upon many largely uncon-

trollable factors associated with the adjustment and condi-

tion of the generator and target. With the pulsed source

measurements, the MOORE MOMENTS code performed corrections

for resolution loss, and variations in source strength first,

then subtracted the shutter-down data (which included the

background for the shutter-down data) from the shutter-up

data plus background. In the subtraction the background

tended to cancel out, but some residual error usually

remained. As a later step, the code called for the sub-

traction of a residual background correction which had to be

calculated by hand and entered as input information for

each detector position.

In practice, it was found that the background in the

pulse runs on DO was about 10 counts per channel, and the

residual background was approximately 2 or 3 counts per
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channel in some test data for which it was computed. There-

fore, for the measurements on DO without fuel no correction

was made for the residual background, because of its small

magnitude o With the loaded assembly, however, the raw back-

ground and residual background were of sufficient magnitude

to warrant the full correction procedure = The hand calcu-

lations of the residual corrections were based on the average

channel content of the last 100 channels for both the shutter-

up and shutter-down runs.

Section B, which follows, describes the measurements

in Parts 3 and 4 of the tables, in which some conventional

die-away techniques were performed using a source pulse of

fast neutrons o Parts 1 and 5 pertain to continuous source

experiments along the Z axis, and are described in Section C

of this chapter. Section D describes the measurements in

Parts 2 and 6, which constitute the heart of the experi-

mental work, as these lead to the determination of the

dispersion law and various parameters for the assembly both

with and without uranium.
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B o Conventional Pulse Decay Measurements

For the conventional pulse die-away measurements out-

lined in Parts 3 and 4 of Tables 5-1 and 5-2- the equipment

was arranged to admit during the pulse a large number of

fast neutrons which would become thermalized throughout the

tank, providing a distributed source of thermal neutrons

whose decay would then be studied. For these measurements

the thermalizing apparatus was rolled aside and the target

end of the neutron generator was placed very near the sur-

face of the core tank, at Z = 0, The cadmium shutter was

in place, covering the input surface of the core tankc

For Part 3 of Table 5-1, the decay constant for the

heavy water moderator was determined with no fuel present.

Appendix F describes this measurement in greater detail

=

In the measurements outlined in Part 4 of Table 5-2,

the decay of the neutron population was observed for several

different moderator levels during the initial filling of

the subcritical with moderator after the full load of fuel

had been loaded into the dry core tank. These measurements

were performed principally for safety reasons during the

initial loading in order to foresee and avoid any possible

criticality accident.
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C . Zero Frequency Measurements

Parts 1 and 5 of Tables 5-1 and 5-2 were continuous

source measurements performed with moderator only and with

the loaded assembly, respectively. Only the experimental

procedure will be described here. The graphs and other

results from these measurements are given in Chapter VI for

the moderator only, and in Chapter VII for the loaded assembly,

For the zero frequency measurements, the neutron gener-

ator was operated in the continuous mode (without pulsing)

and at a nearly constant beam current while counts were

accumulated for a particular detector position. The beam

current was increased for detector positions away from the

source boundary in order to maintain a satisfactory counting

rate from the 12" detector system.

Normally, a counting time of 5 minutes at each detector

position was sufficient to accumulate several million counts,

making the statistical error in the initial count data ap-

proximately 0.1 per cent or less. (Since the resolution

error was usually several times this amount, corrections for

resolution loss were necessary for both of the detector

systems.) The counting time was short enough to permit a

set of data to be gathered in a period of several hours or

less; a fact which later proved to be especially useful
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because these data were found to be largely free of error due

to drift in the detector systems, and were used as a basis for

a drift correction to the pulse data obtained later over a

period of several days. The detector system setup for these

measurements was as shown in Figs. 4-6 through 4-10 in Chapter

IV. Note, however, that the time analyzer and data output

equipment with the 12" detector system were not in use be-

cause only integral count data were needed in continuous

source measurements. Data recorded included detector posi-

tion, run time, and scaler counts for both 12" and 6"

detector systems for both shutter-up and shutter-down runs.

A full list of the column headings on the data and calcu-

lation sheets used is given below, along with explanatory

remarks

.

1. Detector Position.

2. Shutter Position. (Designate up or down.)

3. Neutron Generator Beam Current in taamp. (The
beam current used was from 5 to 80 (aamp. For Z
positions greater than 70 cm, a stronger source
would have been useful to increase the count rate
of the 12" detector, but would have exceeded a

practical limit of 1.5 x 10 cpm for the 6" system
monitoring the source strength.)

4. Run Time in Minutes. (Usually 5 minutes for either
shutter-up or shutter-down run at each position.)

5
5. Observed 12" Detector Counts on Scaler, (From 5 x 10

for Z = 125 cm to 6 x 10^ cpm. Less for shutter-
down runs , )
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6. Observed 12" Detector Count Rate. (Calculated,

in cpm. Typically approximately 1 x 10 , but

less for large Z and shutter-down runs.)

7. 12" Detector Resolution Correction Factor, 1-F.

(This is read from a graph prepared for the

purpose, and is based on the observed count rate.)

8. Observed 12" Detector Count Rate Divided by 1-F.

(This gives the resolution-corrected count rate,)

9. Background Count Rate for 12" Detector. (This was

determined in a separate measurement, and was very

small for the moderator only, but quite significant

in the loaded assembly =

)

10. Resolution-Corrected Count Rate for 12" Detector
Minus Background. (Background was a function of

detector position and of the position of the cad-

mium shutter. This quantity will be referred to

simply as the corrected 12" count rate.)

11. Observed 6" Detector Counts on Scaler.

12. Observed 6" Detector Count Rate. (Calculated, in
5 6

cpm. From 10 cpm for low beam current to 1.5 x 10

cpm at 80 uamp.

)

13. 6" Detector Resolution Correction Factor, 1-F.

14. Observed 6" Detector Count Rate Divided by 1-F.

15. Background Count Rate for 6" Detector. (This quan-

tity was always found to be negligible, and is

listed here only for clarity. The result in item

14 above will be referred to as the corrected 6"

detector count rate.)

16. Corrected 12" Count Rate Divided by Corrected 6"

Count Rate. (This quantity is in a sense output
divided by input. Recall that the 6" detection
monitors the source strength.)
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17. Thermal Flux. (This quantity is found by sub-
tracting item 16 above for the shutter-down run
from item 16 for the shutter-up run. For a

particular detector position, this quantity is
the corrected and normalized response to sub-
cadmium neutrons entering the source boundary
of the core tank. The inverse relaxation length
for this quantity as a function of Z position is
the value of oc for zero frequency. In Part 1,

for the transverse flux mapping, this quantity
is to be compared with the fundamental cosine
distribution.

)

D. Procedure and Data Analysis for the
Neutron Wave Propagation Experiments

For Parts 2 and 5 of Tables 5-1 and 5-2, the place-

ment of apparatus was as illustrated in Fig. 4-1 and the

detector systems were as described in Figs. 4-6 through 4-10.

The neutron generator was operated as a pulsed source of the

subcritical assembly after passing through the thermalizing

apparatus

.

Binary and digital data from the 1024 channel analyzer

described the time behavior of the pulse as detected at the

position occupied by the 12" detector placed in the sub-

critical assembly. This pulse at each detector position

was Fourier analyzed to yield phase and amplitude informa-

tion as a function of frequency and position. For the Z

axis measurements, this information was further analyzed to

give a and ? as functions of frequency. Thus, in a sense.
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a thermal pulse propagation experiment was used to obtain

wave propagation information.

The procedure for the data accumulation and analysis

for the wave propagation experiments is outlined in a flow

diagram in Fig. 5-1. The complete diagram (on three pages)

describes the procedure for the Z axis DO measurements of

Part 2. All but the last two blocks of the diagram also

apply to the analysis of Z axis measurements on the loaded

assembly in Part 6. The analysis of the transverse data for

the moderator in Part 2 ends with the output from the MOORE

MOMENTS code and some hand calculations necessary to put

the code output in a form to be graphed. This FORTRAN code

is the principal tool in the data analysis. Based on a

method suggested by M. N. Moore, and written by R. S. Booth

(16), it was used here to perform the Fourier transform of

the time analyzer data descriptive of the thermal neutron

pulse in order to yield as output the amplitude and phase

of frequencies present in the pulse.

A list of column headings on the data and calculation

sheets used for the wave propagation experiments is given

below, along with explanatory remarks. Some of these quanti-

ties were obtained as preliminary information for input into

the MOORE MOMENTS code for background and resolution cor-

rection of the count data, and for initial plotting of graphs
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to see if the data were worth putting through the Fourier

analysis

.

1. Run Identification Number.

2. Detector Position.

3. Shutter Position. (Designate up or down.)

4. Neutron Generator Beam Current in laamp. (This is

the time-averaged current of deuterium ions received
by the target of the Cockcroft Walton accelerator
and was recorded principally as a guide during
experimentation. It was not relied upon for use
in calculations.)

5. Run Time. (Generally the time necessary to complete
some chosen number of sweeps of the analyzer.)

6. TRIG or TRIGG . (TRIG is the number of triggers or

sweeps for the shutter-up run. TRIGG is the number
of triggers for the shutter-down run. These were
usually equal.)

7. Observed 12" Detector Counts on Scaler.

8. 12" Detector Integral Counts From Analyzer. (Read

from the digital print-out from the analyzer.)

9. Item 8 Divided by Item 7. (This was calculated as

a running check on the electronics. Since the
resolution times for the scaler and the analyzer
were about the same, and since the signal from the
linear amplifier and discriminator for the 12"

system went to both the scaler and the analyzer,
any drift in the value of this constant indicated
a drift in the trigger frequency, in the channel
width, in the pulse shape or resolution time of the
scaler or of the analyzer, or almost any other mal-
function of either the scaler or the analyzer and
its digital print-out system.

)
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10. Background Counts Per Channel. (This quantity-
was the average counts per channel for the last
100 channels, calculated from the digital print-
out. Note that the channel width used must be
long enough for the pulse to decay to background
in the first 900 channels.)

11. Observed 6" Detector Counts on Scaler.

12. Observed 6" Detector Count Rate. (Calculated,
in cpm, by dividing total counts by run time.
Note that the 6" detector accumulates nearly
all its counts in the duration of the target
pulse. This count rate therefore is a time-
averaged quantity and is far less than the
actual count rate during the pulse. See Ap-
pendix C. )

13. Bunching Factor for 6" Detector. (This is that
factor by which one must multiply the average
count rate in item 12 in order to obtain the
effective count rate upon which the resolution
correction for the 6" system can be based. See
Appendix C.

)

14. Effective Count Rate for 6" Detector. (Item 12 x
item 13)

.

15. Resolution Correction Factor, 1-F. (Taken from
Fig. B-2 in Appendix B for the effective count
rate in item 14)

,

16. Observed 6" Detector Counts on Scaler Divided by
1-F. (This resolution loss correction was usually
less than 2 per cent.

)

17. RATIO. (For input to code. RATIO is item 16 for
the shutter-up run divided by item 16 for the shutter-
down run. )
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18. CORFAC. (For input to code. CORFAC is the factor
which takes into account the different source
strengths used for runs at different Z positions,
and is item 16 for the ahutter-up run at Z = 5 cm
divided by item 15 for the shutter-up run at the
detector position for which CORFAC is being calcu-
lated. Note that 5 cm is the first, or smallest
Z position at which the detector could be placed^)

19. 12" Detector Integral Counts From Analyzer Divided
by Observed 5" Detector Scaler Counts. (This is

item 8 divided by item 11, and is in a sense,

output divided by input o Although neither quantity
is corrected for background or resolution loss,

the logarithm of the quotient may be plotted versus
detector position to reveal any large errors in the
integral data prior to performing the Fourier
analysis .

)

20. Item 19 for the Shutter-up Run Minus Item 19 for the
Shutter-down Run at the Same Detector Position.
(Although this quantity contains resolution and
background errors, the logarithm versus position
may be plotted to reveal bad data or mistakes prior
to further analysis. The slope of this graph must
agree closely with that from the zero frequency
measurements described earlier.)

In the analysis procedure outlined above, no provision

has been made for applying an end-effects correction to take

into account the fact that the medium is not of infinite

extent in the Z direction. The possibility of taking end-

effects into account in this work was studied, but it was

concluded that to do so correctly would add considerable com-

plication to the analysis, and, furthermore, no suitable

approximate method was found o It was concluded that, if

possible, the end-effects would be made negligible through

the simple expediency of not using data taken too close to
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the end of the tank„ Some of the findings concerning the

nature of the end-effects error will now be presented,

however, in the event that some reader may be interested

in tackling the problem = The end-effects correction spoken

of here is that complex quantity (having amplitude and phase)

which one would have to add vectorially to the experimentally

determined Fourier component from the MOORE MOMENTS code for

each detector position and frequency analyzed in order to

obtain the same amplitude and phase at that detector position

and frequency that could be obtained from measurements in a

tank of infinite length. The only case that is easy to

calculate is the zero frequency correction wherein the cor-

rection has the same phase angle as the experimentally

measured quantity. For other frequencies, transcendental

equations are encountered because the correction needed is

a function of the inverse relaxation length, which in turn

is dependent upon the experimental quantity and the correction

term. It was found that the amplitude of the end-effects

correction term at a given distance from the end of the

assembly is a maximum for the zero frequency case, and

decreases with increasing frequency, because the relaxation

length decreases with frequency„ Therefore, if the cor-

rection is negligible for the zero frequency case at, say,

55 cm from the end of the tank, the correction is surely
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negligible for all other frequencies. This statement is

further upheld by the fact that the correction term is

usually out of phase with the measured quantity, and this

reduces its effect upon the amplitude data „ For higher

frequencies, the correction sometimes adds., and sometimes

subtracts from the measured amplitude, tending to show up

as point-scatter rather than as a recognizable, systematic

error

.

Before data were taken for the wave propagation experi-

ment, it was clear that good results from the Fourier analy-

sis of the thermal pulse would be impossible without the

accumulation of a large number of counts. Also it was

desirable that the time spent in accumulating counts at a

particular detector position with cadmium shutter up or

down be less than an hour on the average to permit 40 runs

for obtaining shutter-up and shutter-down pulse data at

some 20 detector positions in a period of three or four

working days, assuming no equipment failures in that interval,

The relationships among run time, counts accumulated,

count rates, and resolution errors received further atten-

tion. Preliminary measurements showed that a 20 lasec

channel counting width and a pulse repetition rate of 25

cps were appropriate settings of the 1024 channel analyzer

for studying neutron propagation in the assembly filled with
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heavy water without fuelo With this pulse repetition rate.

one pulse and one sweep of the analyzer would occur every

40 msec Therefore, with a 20 \isec channel width, each

channel would be open to receive counts only one second out

of every 2000 seconds of run time o Furthermore, if from

statistical considerations, 30, 000 counts is taken to be a

reasonable and desirable number to accumulate per channel

in the peak of the pulse, one finds that for a count rate of

10 cpm in the peak, each channel must be open a total of

1„8 sec during a run, and the run time required would be

exactly one hour. To meet the same statistical accuracy

with run times shorter than an hour would require short-term

counting rates exceeding 10 cpm during the pulse peak.

Table 5-3 presents information concerning run time, counts

accumulated, beam current, pulse width, pulse rates, and

channel widths used for the wave propagation experiments,

A calculation of the counts lost because of the finite

resolution time of the counting equipment yields an error

of 2.83 per cent based on 10 cpm and a resolution time of

lo7 iJsec per neutron countedo If this error were ignored,

it would likely be the largest source of experimental error

in the initial data for the wave propagation experiments.

If the experimenter does not plan resolution corrections.
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he should use lower count rates and compromise between sta-

tistical errors and resolution errors.

The effect of uncorrected resolution errors in the

sort of data encountered in this work is worthy of comment.

The fractional error in the counts stored in each channel of

the analyzer is proportional to the instantaneous channel

count rate, and hence proportional to the channel content.

This error would reach a maximum of 2 ,,83 per cent in the

peak channels for the resolution time and count rate assumed

in the above example, but is proportionately less in the

channels describing the rise or the fall of the pulse in

time. Thus the raw data from the analyzer give a distorted,

somewhat flattened picture of the pulse. Without resolution

corrections, the flattened pulse would contain a somewhat

smaller amount of the higher frequency Fourier components

than the true pulse, and this error, being itself a smooth

function of frequency, would probably propagate through all

the ensuing calculations without giving warning through

point-scatter

.

The analyzer data require the application of a differ-

ent correction factor for each channel. Such a correction

would be tedious to do with manual calculators, but was

easily built into the MOORE MOMENTS code by R» S. Booth, in

the following manner: For each channel. F was computed first
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and then the channel content was divided by 1-F.

_ observed channel counts x t

(channel counting width) (number of sweeps)

^ _ ,
-I -u n ,

observed channel countsCorrected channel counts = ^^
1-F

T is the resolution time in i-isec per observed count o The

channel counting width is also expressed in (jsec and does

not include the 10 usee that the TMC logic unit uses as

storage time between channels » Note that F is the fraction

of counting time lost because of finite resolution time, and

is proportional to the average count rate during the counting

time at each particular channel. The correction is quite

simple and straightforward.

The resolution time of the detector system beginning

with the 12" detector and ending with the analyzer as shown

in Fig. 4-6 was found to be 1„7 ± 0„1 ijsec for count rates

up to 2.3 X 10 cpm. Also the resolution time of that por-

tion of the system in Fig. 4-6 beginning with the 12" detec-

tor and ending with the scaler was 1.6 ± 0.1 |jsec for count

rates up to 2.3 x 10 cpm. The resolution time of this

second combination of components was needed because count

data from this scaler were used during constant source flux
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mapping, for which the time analyzer was not needed o For

the monitor detector system in Fig, 4-7, from 6" detector

through scaler j the resolving time was 1„47 ± 0,1 |jsec for

observed count rates up to 4.8 x 10 cpm. The method em-

ployed to determine the resolution times mentioned above

is explained in Appendix C

„



CHAPTER VI

EXPERIMENTAL RESULTS FOR HEAVY WATER

A. Continuous Source Measurements in
Transverse Direction

In this chapter the results of the measurements out-

lined in Parts 1 and 2 of Table 5-1 in Chapter V are

presented. The geometry for the transverse flux measurements

is shown in Fig. 6-1, where the 10 detector positions shown

lie in the 10 planes described in Chapter IV under "Position-

ing apparatus for detector." Note that the cadmium shutter

was not placed around the detector, or even located at the

detector position, but was lowered into the moderator

adjacent to the end of the tank, near Z = 0.

Graphs of the transverse flux in the core tank along

a horizontal line at mid-height and in the plane Z = 5 cm

are given in Figs. 5-2, 5-3, and 6-4. Figure 5-2 was

obtained with the cadmium shutter raised. Figure 5-3 is the

shutter-down curve, and Fig. 5-4 presents the difference

between the shutter-up and the shutter-down flux. The

graphs are normalized to unity at the center line to
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facilitate comparison with the cosine shape for the funda-

mental spatial flux distribution. In all three figures,

the spatial distribution is very nearly cosine in shape;

especially so for the shutter-up and difference curves,

which depart from the plotted cosine by 3 per cent or less„

It is clear that the fundamental spatial mode is well estab-

lished especially for the lower energy neutrons, even at

the short distance of 5 cm into the tank.

One finds that the curves here agree more closely

with the cosine shape than do the curves in Appendix A for

the output of the thermalizing apparatus. The explanation

for this difference seems to lie in the fact that for the

measurements in Appendix A, the thermalizing apparatus was

not adjacent to the assembly, and the neutrons were detected

immediately after emerging from the graphite face of the

thermalizing apparatus without further diffusion or reflec-

tion back into the graphite. The situation is quite differ-

ent when the thermalizing apparatus and the subcritical

assembly are placed adjacent to each other. Then neutrons

originating at the target and emerging from the face of the

graphite may diffuse across the boundary between the two a

number of times before being absorbed, leaking out, or being

detected. This additional diffusion causes the spatial dis-

tribution to approach the fundamental mode more closely than

the initial source current from the thermalizing apparatus.
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B. Continuous Source Measurements Along the Z Axis

Figure 6-5 presents the results of the continuous source

(zero frequency) measurements along the Z axis as outlined

in Part 1 of Table 5-1. (Actually, since fuel occupies the

Z axis, the detector was placed in the plane, X = 2.175", as

explained in Chapter IV.) The corrected and normalized

detector response is plotted as a function of position for

the measurements with shutter up, and with shutter down.

The difference between these two curves is plotted, and the

ratio of shutter-up results divided by shutter-down results

is also shown in the same figure o Sufficient counts were

accumulated with both the 12" and 6" detector systems to

maintain a standard deviation of 0.1 per cent or less in

the most important measurements. The table below gives

additional information concerning the counting errors.

TABLE 6-1

STANDARD DEVIATION FOR FIGURE 6-5

Detector Standard Deviation of Points Plotted

Position For Shutter-up Curve ^^^ Shutter-Down Curve
And Difference Curve

5 to 100 cm 0.1% 0.2%

105 to 125 cm 0.2% 0.4%
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The peak of the shutter-down curve at 17 cm is due

to the thermalization of the epicadmium neutrons, and to

the increased sensitivity of the He-3 detector for neutrons

of lower energy o After the peak the slope of this curve

becomes remarkably constant from 45 cm to 90 cm The slope

does not approach that of the shutter-up curve „ It appears

that there is a significant number of epithermal neutrons

which travel considerable distances into the moderator be-

fore becoming thermalized, thus giving the shutter-up curve

a longer relaxation length than that of the subcadmium neu-

trons „ That the slopes of the three flux curves show little

if any tendency to approach the same value indicates that

the neutron energy distribution even at distances of 90 cm

from the shutter remains dependent upon the initial energy

distribution permitted to enter the assembly,. The downward

turn of the three flux curves is an effect of the finite

length of the tank.

The slope of the difference curve appears to be con-

stant from approximately 30 cm to approximately 75 cmo The

gradually changing slope over the first 30 cm may be explained

by the presence of transverse spatial modes in addition to

the fundamental, or by the presence of higher energy modes

in the end of the tank facing the source. However., the flux

maps presented above show so little deviation from the
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fundamental spatial mode that the changing slope mentioned

must be principally due to higher energy modes. This con-

clusion is strengthened by the shape of the shutter-down

curve, where the slope changes markedly over the first 30 cm»

A third effect which may contribute to the nonlinearity of

the difference curve is the flaw in the experimental method

pointed out in the previous chapter. In the subtraction of

the shutter-down curve from the shutter-up curve, the con-

tribution due to epicadmium source neutrons is not fully

subtracted, especially for detector positions near the

shutter position. This error would result in a difference

curve in which the first portion would lie above a straight

line drawn tangent to the later portion. Therefore, this

error would result in a difference curve resembling the

experimental curve, at least in character if not in magni-

tude „ Although the relative magnitudes of the three effects

discussed here are difficult to estimate, it seems that the

energy mode contamination is the major effect, that the

spatial mode contamination is quite small, and that the

inherent error in the experimental method is probably in

between these two in magnitude. All three disturbances

decrease with increasing moderator thickness and seem to

be negligible for detector positions 30 cm or more from

the shutter .
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Since the end-effects become significant at about 50

cm from the other end of the tank, approximately 80 cm of

the available 12 5 cm of tank are not suitable for good deter-

minations of relaxation lengths. Fortunately, this assembly

was of such a size as to leave a middle region of about 45

cm suitable for amplitude measurements in DO. (That region

would be much larger if HO were used.) With detector posi-

tions spaced 5 cm apart, 10 data points are available in this

region. It will be seen later that for the higher frequency

Fourier components, the amplitude of the signal was so small

that data at 40, 50, 60, or 70 cm from the shutter were not

as good as those closer to the shutter. In such cases, data

taken closer to the shutter were used in the analysis. It

will also be seen later that for phase measurements, the

phase shift per centimeter of path was found to be essen-

tially constant over a portion of the tank considerably

larger than 45 cm. Hence, if an assembly is large enough

for good amplitude measurements, it is surely of sufficient

size for phase measurements. One fairly obvious conclusion

which may be drawn from the above is that if the assembly

had been only 80 cm long, there would have been no middle

region suitable for the intended amplitude measurements.
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C . Pulse Propagation in the Transverse Direction

In this section, the results of measurements outlined

in Part 2 of Table 5-1 will be presented. The detector

placement was along a horizontal line at Z = 5 cm, as shown

in Fig. 5-1 for the continuous source transverse measure-

ments in Section A of this chapter. In these measurements,

the neutron generator provided a pulsed source and the data

were accumulated and Fourier analyzed as described in Chapter

V. These pulsed measurements were conducted to study the

spatial and temporal distribution of neutrons on a trans-

verse plane near the shutter position in order to view the

extent of the deviation from plane wave conditions and to

determine the extent of higher spatial mode contamination

as a function of frequency content of the source pulse.

Both studies are important in that the theory employed

assumed a source pulse consisting of only the fundamental

spatial mode propagating down the Z axis as a plane wave.

It was needful to obtain the information necessary to evalu-

ate the validity of these assumptions. To accomplish this,

the output of the MOORE MOMENTS code for the various detector

positions was normalized to the same source strength by hand

calculations, and two kinds of graphs were produced. The

graphs will be presented later.
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Comparison with plane wave

The perfect theoretical source needed for this work

would be a plane source of dimensions 48" x 48", lying in

the XY plane, and having an emission strength per unit area

which varies in the shape of the fundamental cosine in both

X and Y directions. With such a source, the pulse front

would propagate as an XY plane moving down the Z axis, and

having the fundamental cosine flux distribution in both X

and Y directions = In this theoretical case, therefore, the

transverse flux distribution at any time would have the same

shape, though not the same magnitude. And in this case,

the shape would be that of the fundamental cosine. These

are exactly the conditions assumed when one writes the flux

as a product of one factor defining a constant transverse

cosine shape times other factors carrying the dependence

upon Z, time, and frequency.

However, since the target of the neutron generator is

only about an inch in diameter, the pulse front and the wave

front of each of the Fourier components would travel from the

target in a nearly spherical fashion. The wave front passing

from the thermalizing apparatus and entering the 48" square

end of the heavy water tank would approximate a plane wave

front if the solid angle measured at the target and subtended

by the end of the tank were reasonably small » In the
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experiment, however, this angle can hardly be said to be

small, because the thickness of thermalizing materials be-

tween the target and the heavy water tank is only about three

feet. Therefore, one may expect the wave fronts entering

the heavy water to deviate from plane waves by a demon-

strable amount. Figure 6-6 presents evidence of this

deviation.

Figure 6-6 gives the transverse flux distribution at

several different time intervals after the beginning of the

target pulse. The data for this figure were essentially the

difference between the shutter-up counts and the shutter-down

counts in the same channel. The subtraction was performed

after appropriate corrections had been made for resolution

loss and differences in source strength. In viewing this

figure, one may make use of the physical symmetry of the

experimental apparatus, and assume that the curves are

symmetrical about the center. Each curve is somewhat

peaked about the center, especially for short delay times.

This peakedness is consistent with the postulated curvature

of the traveling pulse front, because of which the pulse

reaches the detector positions near the tank center line

first. For the higher channel numbers (or longer times

after the pulse trigger) , the flux shape becomes more nearly-

like the cosine. This may be explained in part by the fact
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that the pulse decays less quickly than it rises. The curves

would be more dramatic if the pulse retained the abrupt rise

and fall of its original rectangular shape before passing

through the thermalizing apparatus. Note that a different

scaling factor was used for each curve to cause each to pass

through the same magnitude at position 6, for ease of com-

parison. The deviation from plane wave conditions is evi-

denced by two features of Figure 5-5: the fact that the

transverse flux shape is a function of time, and the fact

that each curve is more peaked than the nearly cosine-shaped

result obtained from the continuous source transverse

measurements.

A cross check between the pulse data and the continuous

source measurements was performed by plotting the integral

counts from the analyzer for both shutter-up and shutter-

down runs (corrected for resolution losses and variation in

source strength) in the set of data that yielded Figure 5-5.

The integral count curve was very nearly cosine in shape,

agreeing well with the continuous source measurements, as

it should when the time dependence is integrated out.

The effect that the somewhat nonplanar source pulse is

expected to have upon the principal experimental measurements

in this work is that the relaxation length would tend to in-

crease as the curved pulse front progresses down the Z axis.
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becoming more nearly planar with increasing Z coordinate.

No correction was made for this error, and none is proposed,

but it is reasonable to expect that the departure from plane

geometry is less in that portion of the tank in which the

principal measurements were made than that found on the 5 cm

plane =

Spatial mode contamination as a function of frequency

Figure 6-7 presents the amplitude distribution along

the transverse plane at Z = 5 cm as a function of frequency

for several different Fourier components. (Table 6-2 gives

the same information in greater detail.) These graphs are

therefore transverse flux maps for various frequency values.

They are not, however, flux maps for any particular time

after the pulse trigger, because the content of all 1024

channels of the analyzer entered into the numerical Fourier

analysis, and the entire pulse was taken into account in

the integration. It also follows that the non-planar nature

of the source neutrons is not revealed in the shape of the

graphs because the data are not sensitive to the time of

arrival of the pulse or wave in the detector position. The

amount by which the curve for a particular frequency deviates

from the fundamental cosine is due to higher spatial modes

for that Fourier component as evaluated over the entire pulse;
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not for some instant in time. The curves are normalized

such that the amplitude of the zero frequency Fourier com-

ponent at each detector position agrees with the continuous

source measurements at the corresponding detector positions

=

The amplitude distribution is peaked about the center line,

departing from the fundamental cosine shape in progressively-

larger amounts as the frequency increases = This result was

expected, and can be explained as follows. Consider first

the geometry of the detector and source. Since detector

positions 6, 7, 8, 9.- and 10 are not equidistant from the

target, the neutrons that are detected at position 10, for

example, have diffused further on the average than those

which are detected at position 6. There is some average

frequency-dependent attenuation factor associated with

traveling that extra distance, and this attenuation fac-

tor increases with frequency, as will be seen in Section D

to follow. Therefore, when the curves for various fre-

quencies are normalized to the same magnitude at position

6, one finds that the amplitude at detector positions away

from the center line drops off by increasingly larger amounts

as the frequency increases., producing the peaked shape, and

revealing a higher mode content that increases with in-

creasing frequency.

From the above results, one wotild expect the shape of
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the pulse seen by the detector to become wider (in time)

as the detector is moved from position 6 toward position 10.

Such is the case. Graphs of the normalized output of the

analyzer for several detector positions were plotted, and

a progressive widening was observed to take place as the

distance from the tank center line increased. It is un-

desirable, of course, for there to be any difference in the

pulse shape as detected along a transverse path, but since

this widening is present, it is of interest to evaluate its

severity. A useful way to do so is to compare the widening

of the pulse as one moves transversely, with the widening

that is seen as one moves the detector down the Z axis. It

was found from such a comparison that the pulse shape and

width seen at position 10 in the Z = 5 cm plane is slightly

narrower than that observed with the detector in position 6

in the Z = 10 cm plane. In other words, the undesirable

distortion of the pulse shape which is seen as one moves

the detector transversely from near the center line of the

tank to a position near the side wall of the tank (a distance

of approximately 44.2 cm) is approximately equivalent to the

change in shape which accompanies only 4 cm of travel down

the Z axis. (Note that a broadening of the pulse with in-

creasing Z coordinate is desirable, as without such, we could

not observe the dispersion law.) If the same study were
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made of the pulse shapes on a transverse plane at, say,

Z = 50 cm, one would probably see less distortion than this,

since the Z = 5 cm plane is much nearer the source plane

„

One may conclude from these results that plane wave

conditions are very nearly obtained, and that the plane

wave approximation should introduce only negligible errors,

especially if the measurements are performed near the

center line of the tank.

D. Pulse Propagation Measurements Along the Z Axis

At the outset, the reader is reminded that the

measurements "along the Z axis" were actually made in a

plane parallel to the Z axis and approximately 2.175" from

it, for reasons given in Chapter IV. These measurements

were made in detector position row number 6, as illustrated

in Fig. 6-1 in Section A above. The offset is not harmful

to the results, and was a matter of necessity when the

assembly was fueled; and a convenience when unloaded.

The results to be presented here came from measure-

ments outlined in the second half of Part 2 in Table 5-1.

The data analysis was conducted in accordance with the flow

diagrams in Fig. 5-1.

Figures 6-8, 6-9, and 6-10 show the shapes of the

shutter-up, shutter-down, and difference pulses as seen at
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three different detector positions along the Z axis, and as

plotted from the analyzer data after corrections for reso-

lution loss and variations in source strength had been made.

Figure 5-11 shows the shape of the difference pulse

at several detector positions along the Z axis,. These

graphs are normalized to 30, 000 counts in the peak channels

to facilitate a comparison of the shapes.. Note that the

width of the pulse and the delay of the peak both increase

with distance along the axis,. In the Fourier analysis of the

pulse, this delay and the dispersion give rise to frequency-

dependent quantities describing the phase shift and the

amplitude attenuation of waves traveling down the Z axis.

Another interesting feature of Fig. 5-11 is that it

shows a different decay rate for each detector position

»

The pulse decays more slowly as the detector is moved

further down the Z axis„ (This is true at least for Z

values of 70 cm or less„ It appears that the decay con-

stant at 90 cm is approximately equal to that at 70 cm.

Analyzer data were not taken beyond the 90 cm position.)

One reason for this dependency upon position is that al-

though the fundamental transverse spatial mode in the source

neutrons entering the end of the tank is well established

from the outset, the fundamental flux distribution along

the length of the tank is much slower m being established;
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especially so because of the size of the medium and the

use of a thermal source at a boundary of the tank = These

findings are not new to those who are famxliar with con-

ventional pulsing techniques, in which a fast neutron

source is used to minimize the problems touched on above-

but perhaps the quantitative findings are of interest. If

one assumes that the time required for the axial fundamental

mode to be established is several times the length of time

required for the thermal pulse to travel the length of the

assembly, one finds that at least 20 or 30 msec is required:

(With a propagation speed of 177 m/sec, obtained later in

this section, the pulse requires over 7 msec to travel down

the length of the tank.) Since the pulse as observed near

the middle of the tank decays a decade in approximately 6

msec, one finds that 4 or 5 decades or more of amplitude

would be lost before the fundamental mode would be adequately

established for decay measurements to begin. In Fig, 6-11,

there is little observable tendency for the decay slopes

to reach a common value in over two decades of decay. No

use is made of the decay txme constants in this work=

The width of each pulse m Fig. 6-11 after the ampli-

tude has fallen to 10 per cent and to 1 per cent of the peak

value is plotted as two curves in Fig. 6-12. These curves

extrapolate to values of 8 and 13 msec respectively- giving
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an estimate of the width of the source pulse at the position

Z = 0. Comparing these results with the 2 msec pulse width

at the target, one might conclude that the thermalizing appa-

ratus has a marked dispersive effect upon the pulse « That

the thermalizing apparatus does broaden the pulse is doubt-

lessly true.- but it would not be accurate to attribute all

the broadening of the pulse as seen at Z = to the size,

geometry, or materials making up the thermalizing apparatus,

nor solely to the collision events that took place in the

thermalizing apparatus before the neutron made its first

trip across the graphite-D boundary. One comes to think

of the pulse at Z = C as having come from the thermalizing

apparatus. But this is approximately half true, since the

presence of the DO adjacent to the thermalizing apparatus

acts as a reflector of high efficiency. From albedo con-

siderations, almost half of the thermal neutrons one detects

at Z = have made their last collision in the DO, not in

the graphite. Furthermore, from albedo considerations, one

finds that the average neutron detected at Z = has crossed

the boundary between the thermalizing apparatus and the DO

tank a number of times. In view of this, one may state that

even with a perfect thermalizing apparatus—one which could

deliver an output thermal pulse with exactly the same shape

and width as the target burst—once this apparatus is placed
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adjacent to a tank of Do, the true or effective source

pulse for the experiment as defined by a detector at the

interface would have a new shape and a greater width than

that of the target burst

„

The time required for the pulse peak to reach various

detector positions is shown in greater detail in Fig,. 6-13,

which gives graphs of the channel number in which the pulse

peak occurs for each detector position along the Z axis.

Since the channel number can be converted to time by multi-

plying by 30 lasec/channel the inverse of the slope of the

curves in Fig= 6-13 gives the velocity of the pulse peaks.

For the difference curve, the velocity is nearly constant.

(The velocity should be constant if the pulse is traveling

as a plane wave, with the fundamental spatial distribution,

and with a constant energy distribution. All three of these

conditions are very nearly met..)

By extrapolating this curve back to zero cm, the peak

is found to pass through the thermalizing apparatus 2.88

The point-scatter in this graph is largely due to the
fact that an abbreviated output from the MOORE MOMENTS code
was used in these runs, with a print-out of the corrected
and subtracted analyzer data for only every eighth channel.
Hence, the location of the pulse peaks involved judgment
based on the shape of the peak as described by the available
information in the vicinity of the peak. The abbreviated
output was elected in order to reduce the volume and time of
a complete print-out for all 1024 channels-
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msec or 96 channel widths after the trigger of the target

pulse. Assuming that the peak corresponds approximately to

the middle of the original 2 msec pulse the time required

to pass through the thermalizing apparatus is approximately

1=9 msec. Once in the heavy water, the peak required 4,8

msec to travel 85 cm giving an average speed of 177 m/sec

.

The temperature was approximately 2 3° C , It is of interest

to note that 177 is only 8 per cent of 2200 m/sec

,

The shutter-down curve is not at all linear. It is

practically constant for about 20 or 30 cm into the heavy

water. This may be understood m view of the fact that with

the cadmium shutter down, and for detector positions not too

far from the cadmium, the detector response is principally

to epicadmium neutrons On the oscilloscope display of

the analyzer memory, one could see a sharp peak which fell

rapidly at a time corresponding almost exactly to the end

of the target pulse Although the initial delay of the

shutter-down curve appears to be 63 channels, or 1,89 msec,

note that this peak corresponds to the cut-off of the

nominal 2 msec target pulse. For greater distances from

the shutter, the detector response continues to increase

even after the cut-off of the target pulse, the peak becomes

more rounded and the fall is delayed and not so sharp For

detector positions exceeding 30 or 40 cm a significant
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amount of thermalization occurs, and the pulse begins to

move more slowly. The slope of the shutter-down curve

increases with increasing moderator thickness, but remains

significantly less than that of the difference curve, even

at the 90 cm position. The dependence upon the initial

energy distribution is again quite evident- as it was with

Fig. 5-5, given earlier with the continuous source results.

Since the propagation of the shutter-down pulse is so

strongly dependent upon thermalization effects it suggests

that a careful study of this pulse as a function of position

and frequency could yield information on the slowing-down

process in heavy water o In the present study, however,

attention is given to thermal neutron behavior,,

Figure 5-14 shows the relative amplitude of the Fourier

components of the pulse as a function of frequency for three

different detector positions., This graph may be regarded as

the signal strength in relative units per unit frequency

plotted as a function of frequencyo

The analysis was performed for 50 different frequencies

in the range from to 500 cps.. in steps of 2 cps from to

10 cpS; and in steps of 10 cps from 10 to 500 cps= The numeri-

cal Fourier analysis method was capable of handling an ampli-

tude range of 3 decades in DO before the statistical error

in the analyzer data became too large relative to the
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amplitude of the signal. The amplitude results from the

analysis appear to te useful up to 490 cps for the 5 cm

position, up to 400 cps for the 50 cm position, and up to

350 cps for the 90 cm position. However, further analysis

of the data will reveal that the frequency ranges over which

truly useful results were obtained are narrower than these

by about 100 cpso

Of course, since the statistical error in the results

from the Fourier analysis is dependent upon the number of

counts accumulated to describe the pulse, one could increase

the sensitivity of the method and extend the frequency range

somewhat by accumulating more count data. For these measure-

ments in DO. from 4 to 12 million counts were accumulated

by the analyzer for the shutter-up run at each detector

position „ Further comments on how the experiment might be

improved are presented in Chapter IX

»

Figure 5-15 is a plot of the logarithm of the ampli-

tude of the Fourier components as a function of detector

position for several frequencies. (Sufficient information

was obtained for plotting such graphs for 50 different

frequencies, but only 8 are shown here to illustrate the

results o) Note that the amplitude falls somewhat more

quickly in the first 25 cm of the tank than it does in the

central portion „ This same effect was observed for the
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continuous source results presented earlier.

The phase angle versus position for a number of fre-

quencies is shown in Figo 6-16 „ These graphs show almost no

variation in slope over the full range of detector positions.

The ALPHA AND XI code was used to obtain linear leas-t

squares fits of the logarithm of the amplitude for each fre-

quency as a function of position, and of the phase angle for

each frequency as a function of position, to obtain the real

and imaginary parts, respectively, of the inverse relaxation

length as functions of frequency. The resulting values of

a and E, and other quantities of interest are given in Tables

6-3 and 6-4. Notice in Table 6-3 that the least squares fit

was performed twice on the amplitude data; once including

data from the portion of the tank close to the source, and

later with the first 4 data points omitted except as noted.

(A careful examination of detailed graphs of the amplitude

data showed that the first 4 data points should be dropped

because the slopes of the graphs did not become constant

until after about 25 cm of penetration into the heavy water.)

The fit to the reduced data yielded values for a which are

smaller than the values based on the larger range of detector

positions, as would be expected from inspection of the curves

in Fig. 6-15. The systematic difference in the results of

the two computations is a maximum of approximately 3 per cent
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TABLE 6-4

EXPERIMENTAL VALUES OF ^

IN DO AS A FUNCTION OF FREQUENCY

Frequency
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TABLE 6-4 (Continued)

Frequency
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for the low frequencies, and becomes somewhat less as the

frequency increases. For the higher frequencies, data from

detector positions far from the source were omitted as noted

in the table. For frequencies exceeding 350 cps, the analy-

sis of the amplitude data included the first 4 data pointa

of necessity because of the rapid attenuation of the high

frequency wave, and its small representation in the source

neutrons for the experiment

o

The error in the values of a given in Table 6-3 ranges

from somewhat less than 1 per cent for the lower frequencies

to approximately 5 per cent at 400 cps „ However, in some

columns, a large number of digits was used to report the

results in order to show clearly the change in the results

for each change in the frequency of analysis „ The error in

the values of E, in Table 6-4 ranges from approximately 0„2

per cent for low frequencies to approximately 2 per cent

at 400 cps.

Of course., the least squares fit of data to a straight

line yields both the slope of the line and its intercept at

the origin. Tables 6-3 and 6-4 give these quantities for the

amplitude and the phase data as functions of frequency. These

quantities define the effective source for the experiment

,

By regarding the results of the Fourier analysis at each

position and frequency as the output, and the appropriate
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effective source as the input, one can determine the transfer

function for the system. Transfer function graphs of gain and

phase shift versus frequency for several detector positions

are given in Figs. 6-17 and 6-18.

The best values for a and E^ from Tables t-3 and 6-4 are

plotted as functions of frequency to 350 cps in Figs. 6-19

and 6-20. One may observe that the point-scatter in both

curves increases with frequency.

2 2
The two quantities, 2clZ and a - ^ , are of special

interest in that from the frequency dependence of these quan-

tities, one can determine certain diffusion and thermali-

zation parameters of the moderator

„

Figure 6-21 is a graph of 2a? as a function of frequency,

2 2
and Fxg. 6-22 is a graph of oc - Z as a function of the

square of the frequency. Note that the graph of 2cl5 is almost

linear, and passes through the origin. The point-scatter in

this graph becomes severe at frequencies in excess of 350 cps

o

There is considerable point-scatter in the graph of

2 2
. ,

oc - ? , and most of it is due to errors m ex. By comparing

Fig., 6-22 with Fig= 6-17, one can see that when the value of

oc is slightly low for a particular frequency, the quantity

2 2 2 2
a - I is greatly affected. This sensitivity of oc - ? to

errors in either oc or ? increases with increasing frequency

since oc and ? become more nearly equal in magnitude as the
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frequency increases = (See Table 5-5„) This is unfortunate,

because the experimental errors in both a and 5 also increase

with increasing frequency, and the overall result is that a

good quantitative determination of the frequency dependence

2 2
of the function a - ^ is rather difficult to obtain.

Next, certain diffusion and thermalization parameters

will be obtained by a procedure used by Booth (15). His

symbolism will be adopted, as well. Beginning with a rela-

tionship due to Perez and Uhrig (9),

.2 =b2 + E q(-) ^^ ) (6-1)

and substituting the relationships,

juj = -\

and -p - jB
z

one obtains:
N ^cc - ^ - ^

-b' = -(b' + b') = S q(^) v^ J
n=l

The above can be written as a series in powers of B

2 4 6
a +DB -CB +FB
o o o o

Thus one has an expression which will permit comparison with

coefficients from die-away measurements. The coefficients

are functions of the Q coefficients, as follows:
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TABLE 6=5

2 2
SENSITIVITY OF THE FUNCTION a - g;

TO EXPERIMENTAL ERRORS IN THE VALUE OF a IN D^O
2

Frequency Per Cent Error in tiie Quantity
2 2

a. - g for an Error of

(cps) 1 Per Cent in the Value of %

2 %

100 4 %

200 5 %

300 6 %
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a = V >^

o o ao

o o

O

F
o

= [v/(q'1')"] [2(q'^>)^ -q'^'q'^']

Therefore, one can calculate the D , C , and F if v and
o o o o

In )

the Q coefficients are known

o

The Q coefficients can be determined as follows

s

Note that Eq. 6-1 is an expression of the squared complex

relaxation length in a power series in «j, and can be written

in the following form, keeping terms up to the fourth power

of (ju:

p2 = p(0) . p'2) „2 ^ ^(4)^4^ . ^^(1) ^1 ^ ^(3)
^3J

^^_^,

Where

P<°> =B^ ^f Q(n)c!o^"
n-± o

pd.^i {,a),,^!a),U,,3^!s)%(3.,,(!.)%,4,}
o o o o
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o o

(v )

o

2
Note from Eq. 6-2 that the real part of p is described

by terms in the series with even values of n, and that the

imaginary part involves terms with the odd n coef ficients

o

Recalling next that:

p = a + j^ and p^ = (a - ? ) + j (2a?)
,

one finds that the coefficxents P , P , and P can be

2 2
obtained by fitting the function a - ? to the form:

2 Jl (0) (2) 2 ^(4) 4
a -? =p+puu +PUU,

Likewise, values for P' and P may be obtained by least

squares fitting of the experimentally determined values of

the quantity 2a 5 to the form:

2a? = P U) + P UJ'^

The above procedure of (1) least squares fitting the

experimental data to obtain the P coefficients, (2) calcu-

lating the Q coefficients from the P coefficients, and

(3) calculating the diffusion and thermalization parameters

from the Q coefficients was carried out, and the results

are given in Table 6-6. In the fitting, the weight factor
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2
assigned to each data point was l/(Y ) , thus giving more

weight to the better data.

The values of 5.0083 x 10~ for P^"^^ and 1.8026 x 10~

(3)
for P in Table 5-6 were obtained from a two-parameter fit

of 2CL% data through 350 cps . The 2clZ function is nearly

linear. As a matter of interest, it was fitted to a straight

line in a one-parameter least square determination, and the

resulting value of P was 5.0352 x 10~
. Since 5.0352

differs from 5.0083 by less than 1 per cent, it is clear

3
that the uu term has little representation in the 2a§

function from zero to 350 cps in heavy water.

Because of the large amount of point-scatter in the

2 2
results for a - | , least squares fits were made to this

function over several different portions of the available

data in order to provide a basis for estimating the experi-

mental error in the P coefficients and in the values calcu-

lated from these coefficients.

In Table 6-6, the results of calculations based on

2 2
three different frequency ranges of the a. - E, curve are

presented. Although the variation in P for the three

(2)
computations is less than 1 per cent, values for P vary by

(4)
a factor of 2.5, and the values of P vary by a factor of

4.6.
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The effect of errors in the P coefficients upon

the values of Q , C , D , and F will now be considered.
o o o

The value of Q is determined principally by P . Since

P is known with a relatively high degree of accuracy in

this experiment, the value obtained for Q is also reliable,

And, one finds that the error in D is small since D is
o o

determined principally by Q

(2)
The effect of errors in P can be followed in a simi-

lar fashion. This error carries through to C , propagating

through Q

The value of F is dependent upon all four of the Q

coefficients. Although the expression for F contains Q

to the fifth power, this is not the principal source of error

in F because Q is known so much more accurately than
o

(2)
some of the other coefficients. Q appears m the ex-

pression as a squared term, and although it reflects the

(2)
errors m P , it does not appear to be the principal source

of error in F either. Using the values in Table 6-6, one
o

finds that the term Q Q is the principal quantity that

lends uncertainty to the value of F . This is so because
o

this product is both large (using the values of the table)

compared with the other terms in F , and because this product

(3)
is subject to large errors since Q is directly sensitive

to errors in P , and indirectly sensitive to P through
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the secondary dependence of Q upon Q . A trial calcu-

lation of F based on the values in the table gave a result
o

which was considered to be large and too uncertain to be

included in this work. It appears that the point-scatter in

2 2
the experimental determination of a - ^ limits the deter-

mination of parameters to D and C ,

o o

Final values of C and D from the experiment are
o o

shown in Table 6-7, along with other published results for

these parameters in heavy water, determined largely by the

die-away technique. In view of the wide spread in the values

of oc chosen by various workers, it is fortunate that these
o

parameters are not very sensitive to the value of a. .
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CHAPTER VII

EXPERIMENTAL RESULTS FOR THE SUBCRITICAL ASSEMBLY

A. Introduction

In this chapter, the results of the measurements out-

lined in Parts 5 and 6 of Table 5-2 are presented.

The neutron generator, thermalizing apparatus, sub-

critical assembly, and detection systems were as described

in Chapter IV. The fuU fuel loading was employed. The

reader is referred to Table 3-1 for the calculated neutron

parameters for the assembly, and to Appendix E for details

concerning the core calculations. The temperature and

purity of the moderator were as given in Section A of

Chapter V.

The experimental work with the loaded assembly was

performed after the measurements of Chapter VI were made

in the moderator without fuel. Since in Chapter VI, the

transverse flux studies as a function of time and frequency

had checked out the performance of the thermalizing appa-

ratus and had verified the fundamental mode and plane wave

140
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assumptions, it was not necessary to do a transverse flux

analysis m the loaded assembly „ Other than the conventional

pulse die-away measurements in Appendix G, only Z axis (in

position 6, offset 2ol75" as explained in Chapter IV) measure-

ments were performed with the loaded assembly. As indicated

in Table 5-2, the Z axis was explored first with the neutron

generator operated as a continuous source; then pulse propa-

gation measurements were performed for the determination of

the dispersion law in a multiplying system,

B. Background Measurements in the
Si.ibcritical Assembly

In the loaded assembly, the background rate was too

large to be ignored. Figure 7-1 shows a background flux map

along the Z axis of the assembly with the cadmium shutter

up, and again with the shutter down. No extra neutron source

was used, and the neutron generator was off. With the shutter

down, the heavy water assembly was effectively isolated from

the thermalizing apparatus, and the background curve is quite

symmetrical, having a nearly cosine shape. With the shutter

up, the graphite of the thermalizing apparatus at one end of

the assembly acts as a reflector causing an increase in the

background rate at that end of the assembly.
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Because the background rate seemed unusually large

,

a test was performed to determine if the background was

caused by sensitivity to gamma radiation of the core » A

graph of count rate versus detector voltage was obtained

with the detector near a moderated Pu-Be source, and this

curve agreed well with a similar characteristic curve ob-

tained with the background as a source, indicating that

the radiation being detected was of the same type in both

cases. Further direct confirmation was obtained when the

detector showed very little response to a Co-60 source at

close range. The background was evidently due to neutrons

released primarily by spontaneous fission in the fuel, along

with some contribution from the (Y^ri) reaction in DO,

C o Continuous Source Measurements
Along the Z Axis

The procedure for these measurements has been de-

scribed in Chapter Vo Figure 7-2 gives the results of

continuous source (zero frequency) measurements made with

the cadmium shutter up, and with the shutter down „ Curve B

is related to the thermal neutron content of the source,

and was obtained by subtraction of the shutter-down data

from those obtained with the shutter up. Measurements in

the range from about 30 cm to 75 cm appear to be free of
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the effects of the finite length of the assembly and of

disturbances due to higher energy and spatial modes. The

shape of Curve C, with its peak at about 15 cm, reveals the

effect of thermalization of epicadmium neutrons. The initial

curvature of Curve B may also be partially due to the imper-

fection in the procedure of using the shutter and subtracting

one run from another, as discussed in Chapter V and later in

Chapter VI concerning Fig, 5-5 „ Note that Curve C lies two

decades below A or B,

Do Pulse Propagation Measurements
Along the Z Axis

The shape of the 2 msec target pulse after passing

through the thermalizing apparatus is shown at the plane

Z = 5 cm in Fig, 7-3= This figure may be compared with

Fig, 5-8 for moderator only. Here again the broadening of

the pulse is associated with a loss of amplitude of the

higher frequency components of the signal. The data for

this graph were corrected for resolution loss and variations

in source strength, but the background has not been sub-

tracted at this stage o Only every tenth channel was

plotted in this figure.
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As the pulse propagates down the assembly, it loses

amplitude and continues to broaden, as the higher frequency

content is lost more rapidly than the lower frequencies.

This is seen in Fig. 7-4, in which the fully corrected,

subtracted pulse is shown for three widely spaced detector

positions
„ Note that a longer time is required for the

peak to reach the more distant positions „ The arrival time

of the peak and the width of the pulse as a function of

position are shown in greater detail in the next two

figures

„

In Fig„ 7-5, the propagation velocity of the pulse

peak is found to be essentially constant. The velocity as

calculated from the slope of the straight line is 260 ± 10

m/sec. Therefore, approximately 5 msec is required for the

peak to travel the full length of the loaded assembly^

(Recall that in moderator only, the velocity of the peak

was 177 m/sec, requiring 7,4 msec to travel the length of the

tank.) Extrapolation of the graph shows that the pulse peak

enters the source boundary about 3 msec after the beginning

of the target pulse. If the peak is assumed to represent

the middle of the 2 msec target pulse, one finds that the

peak of those neutrons which arrive at the source boundary

with energies less than the cadmium threshold require 2 msec
travel time in the thermalizing apparatus.
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The width of the pulse as a function of position is

shown in Fig„ 7-6 o Extrapolation of these curves to zero

centimeters would yield widths descriptive of the pulse

entering the asseinblyo

The relative amplitudes of the Fourier components of

the fully corrected; subtracted pulse as a function of fre-

quency for three widely separated detector positions are

shown in Fig, 7-7, These graphs represent only a portion

of the experimental results obtained. The analysis was per-

formed for detector positions spaced 5 cm apart, and for

frequencies at intervals of 10 cps from zero to 350 cps

„

Above 350 cps,, and especially for large distances from the

source, the amplitude of the signal became small relative

to the statistical error in the content of each channel,

and the point-scatter in both the amplitude and phase

results from the analysis became excessive » (The moderator-

only results in the previous chapter had less point-scatter,

in general, than was encountered here. The higher back-

ground, greater absorption, and fissions in the loaded

assembly all contribute to this difference in the appearance

of the data points,) As would be expected., a comparison of

the three curves shows that the high frequency content of

the pulse received at distant positions is proportionately
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less than at positions closer to the source. If the pulse

were a delta function in time, these curves would be hori-

zontal straight lines, indicating an equal representation

for all frequencies. If a narrower pulse could be delivered

by the thermalizing apparatus, the measurements could cover

a wider frequency range than is the case here.

Amplitude and phase results for several frequencies

are plotted as functions of position in Figs„ 7-8 and 7-9.

The zero frequency amplitude curve agrees with that obtained

earlier in the continuous source measurement. (This agree-

ment is essential, and constitutes a cross-check between

the continuous source measurements and the pulse measure-

ments.) The amplitude curve for each frequency is essen-

tially a straight line on the semilog graph except for the

positions nearest the source, where the effect of several

factors named earlier is seen. Careful inspection of

Fig„ 7-9 reveals a steeper slope in the portion of the

curve near the source. A break in the slope of the phase

curves at about 25 to 30 cm was somewhat more distinct in

another set of data not shown here. The departure from

linearity in both graphs is more pronounced than that found

in the moderator-only results, where no detectable breaks

were seen in the slopes of the phase curves „ In both the
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moderator results and the loaded assembly results, the

phase calculation is less affected by disturbances near

the source than the amplitude calculation = Of course, the

slopes of both the amplitude and phase curves become steeper

with increasing frequency, and both a and ^ therefore in-

crease with frequency

o

The data analysis was performed as described in Fig,

5-1 o The resulting values of a and ^ are plotted versus

frequency in Fig, 7-10, and listed in Table 7-1 o The point-

scatter in the values of ? was disappointing in that much

smoother phase results were obtained in an earlier analysis

which had to be discarded because of flaws in another area.

Ordinarily, the point-scatter in = has been found to be

considerably less than that in a= (Smoother results could

be obtained by including the data from detector positions

close to the source, but this would introduce a systematic

error even more objectionable than the more random point-

scatter,)

The error in the values of a and c, presented in

Table 7-1 is estimated to range from approximately 1 per

cent for low frequencies to approximately 5 per cent for

330 cpSo A sufficient number of digits is used to show

the change in the result for each frequency.
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TABLE 7-1

EXPERIMENTAL VALUES OF a
AND 5 IN THE SUBCRITICAL ASSEMBLY
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Frequency
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TABLE 7-1 (Continued)

Frequency
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Transfer function graphs of the gain and phase versus

frequency for several detector positions were calculated

from the experimental values of a and ^ , and are pre-

sented in FigSo 7-11 and 7-12

„
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CHAPTER VIII

COMPARISON OF THEORY AND EXPERIMENT

In this chapter the calculated results from the two-

group model and from the age-theory model are presented for

comparison with the experimental results for the subcritical

assembly. Also, the power series in the angular frequency

derived in Chapter III will be explored as a tool for obtain-

ing lattice parameters directly.

A. Comparison of Experiment and the
Results from Two-group Theory

The calculation based on two-group theory was carried

out as outlined in Chapter II, using the parameters of Table

3-1. The resulting values of a and f are shown in Table

8-1 and in Figs. 8-1 and 8-2 along with the experimental re-

sults for comparison. Two-group theory yields values of cc

which generally lie within two per cent of the experimental

values throughout the entire range of the experiment. The

calculated curve for a falls below the experimental results

by 1.5 per cent at zero frequency. One should not assume
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that this disagreement is inherent with the model used, as

the value of oc is quite sensitive to errors in the param-

eters used in the computations, (For example, an error of

1 per cent in k was found to result in an error of approxi-

mately 5 per cent in a.. )

Figure 8-2 shows that the two-group values for § agree

with the experimental results at low frequencies, but fall

below the experimental curve for frequencies above approxi-

mately 50 cps . Furthermore, Table 8-2 shows that the

calculated ^ reaches a maximum value at approximately 550

cps and decreases thereafter. Since there is no reason to

expect the phase shift to actually decrease with an increase

in frequency, this behavior is believed to be evidence of

the failure of the two-group model outside the low frequency

range. This failure appears to be of such a nature that it

could not be remedied by simple adjustment of the values of

the parameters used in the computation. It is possible that

the limitation of the model is a consequence of the lack of

provision for the neutron slowing-down time in the group-

diffusion model.
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TABLE 8-2

RESULTS OF THE TWO-GROUP THEORY CALCU-
LATION USING THE PARAMETERS IN TABLE 3-1

Frequency cc_ Z

(cps) (cm ) (rad/cm)

0.0229
20 0.0236 0.00507
40 0„0251 0.00950
60 0o0271 0.0132
80 0.0292 0.0163

100 0.0314 0.0190
150 0.0366 0.0244
200 0.0416 0.0285
250 0.0464 0„0318
300 0.0511 0.0344

350 0.0558 0.0365
400 0.0604 0.0381
450 0.0650 0.0393
500 0.0697 0.0400
550 0.0744 0.0401

600 0.0791 0.0395
650 0.0837 0.0380
700 0.0877 0.0354
750 0.0905 0.0323
800 0.0922 0.0293

850 0.0931 0.0267
900 0.0937 0.0246
950 0.0941 0.0228

1000 0.0943 0.0212
1050 0.0945 0.0199

1100 0.0946 0.0188
1150 0.0947 0.0178
1200 0.0948 0.0169
1250 0=0950 0.0161
1300 0.0950 0.0153
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B . Comparison of Experiment and the Exact
Solution of the Age-theory Equations

Table 8-1 lists values of a and 5 obtained from the

experiment and from the Newton-Raphson computer solution of

Eqs , 3-4 and 3-5, using the parameters listed in Table 3-1,

Table 8-1 and Figs. 8-1 and 8-2 show that for both a and %,

and for frequencies up to 330 cps , the agreement between the

experimental results and the results from the exact solution

of the age-theory equations is within approximately 6 per cent,

In general, age theory appears to give good results for low

frequencies. Between 150 cps and 330 cps, age theory tends

to underestimate a. by several per cent. It should be pointed

out that the almost exact agreement in the values of cc at

zero frequency is not entirely accidental because after it

was found that the age-theory results are sensitive to the

, 2
value of the quantity, k^eL , the value of e in the calcu-

lations was adjusted by trial from the original assumed value

of 1.03 to 1.027 in order to normalize the curves at zero

frequency. This change of only 0.3 per cent is well within

the uncertainty of most of the parameters used, and this was

the only value which was adjusted to facilitate the com-

parison.

The experimental results and the results from the exact
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solution of the age-theory equations are further compared

in Figs. 8-3 and 8-4. In Fig= 3-3, the rather sensitive

2 2
quantity, Cc - ^ , is plotted versus frequency. Figure 3-4

shows 2a5; versus frequency. These quantities, as calcu-

lated from age theory, differ from the experimental values

by around 10 per cent for some frequencies.

In general, the agreement between age theory and the

experiment is quite good at low frequencies. For higher fre-

quencies, disagreement is to be expected for several reasons:

1. The model uses only one group of thermal neutrons.

Hence thermalization phenomena are not included.

These effects are significant in a well- thermalized
medium such as that used, and should begin to affect

the results at about 50 cps

.

2. At still higher frequencies, the higher roots of the

dispersion law (roots associated with higher slowing

down modes) will influence the results. However,

from the semigraphical study of the dispersion law

(Appendix H) , it appears that those roots are much

larger than the roots associated with the fundamental
mode. Therefore higher mode contamination is expected

to be small.

3. The relatively large scatter of the experimental data

around 300 cps is due to the fact that the frequency

spectrum of the input pulse falls off for higher
frequencies. The relatively small high frequency
signal results in the poor statistical accuracy of

the experimental values.
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C . Determination of Lattice Parameters
from the Dispersxon Law

Unless the reasonably good agreement between theory and

experiment shown in the previous section is merely accidental,

this agreement implies that the three basic ingredients of the

comparison: (1) the theoretical model, (2) the numerical

values for the nuclear parameters used in the calculation

based on the model, and (3) the experimental results, are all

reasonably correct. The view taken thus far has been that

the nuclear parameters and the experimental measurements are

both accurate enough for the comparison to be essentially a

text of the theoretical models as a function of frequency.

Now, since the validity and usefulness of especially the

age-theory model in the appropriate frequency range has been

demonstrated, consideration will be given to methods of

determining nuclear parameters by making use of the experi-

mentally determined dispersion law.

The direct comparison method

Suppose one wishes to determine the value of one of

the parameters in the age-theory equations, already know-

ing all the other parameters, and having a reliable experi-

mental determination of the dispersion law. The unknown

parameter could be determined in trial-and-error fashion
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by repeatedly calculating the dispersion law based on

assumed values of the parameter, and comparing the result-

ing dispersion law with that from the experiment. Agree-

ment would indicate that a good value for the parameter

has been obtained. This direct comparison method could be

applied to find values for two or more parameters at the

same time, though probably with some loss of accuracy.

Use was made of this direct comparison method on one

occasion in this work to improve the value of one parameter.

Actually, in this work, three sets of lattice parameters

were used in the calculations. Except for the instances

explained below, the parameters were obtained through CEPTR

and BUCKSHOT calculations as described in Appendix E. The

three sets of parameters differ in the following way: In

set A, the fast fission factor was taken as unity. The dis-

persion law based on this set had the usual overall shape in

that both a and 5 increased with frequency, but the quantita-

tive agreement with the experiment was poor, even for low

frequencies. In set B, the average velocity of the thermal

neutrons was slightly changed in accordance with some esti-

mations derived from the work of Diaz (25) and Meister (26),

and the fast fission factor was taken to be 1.03. With this

set, agreement with experiment was improved. At this point

the Newton-Raphson computer code was available, and the
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sensitivity of the dispersion law to the ratio k /e was dis-

covered and investigated. It was found that agreement

(especially for oc) with the experiment for low frequencies

is obtained for a value of k /e = 1.1684, as used in Set C,
00

given earlier in Table 3-1. (Actually, since k and e appear

in the ratio, it does not matter which is varied for the pur-

pose of finding a satisfactory value of the ratio. By

leaving k constant, e took on the value of 1.027, which-^00

should not be regarded as the absolutely true value of this

parameter, but merely a value which when used with the other

parameters results in a set which describes the system

satisfactorily. ) Set C therefore was taken as the set which

best describes the natural uranium, heavy water moderated

system for the static case and for a reasonable frequency

2
range as well. In this set, t and L are in very good agree-

ment with a wealth of results from static experiments per-

formed at the Savannah River National Laboratory (27), and

at the University of Florida (25,28) for lattices of natural

uranium and heavy water. See Table 8-3. The value

5 2-1
D = 2.22 X 10 cm sec is also consistent with the
o

measured value found for heavy water in Chapter 5.

The power series expansion method

With the above method it is difficult, if not impossible*
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TABLE 8-3

LATTICE CONSTANTS FOR TWO SUBCRITICAL CONFIGURATIONS*

Pitch



177

to predict the influence of a given lattice parameter upon

the dispersion law without repeated numerical calculations.

Also, the transcendental equations descriptive of the dis-

persion law do not lend themselves to the extraction of

parameters. This difficulty is overcome through the use

of the power series expansion outlined in Chapter III.

2
For convenience in nomenclature, let B (n) be defined

as the coefficient of the term containing uu in Eqs . 3-8

2
and 3-9. These various B (n) coefficients could be ob-

tained by least squares fitting the experimental results to

2
the appropriate power series in uu. From the B (n) coeffi-

cients so obtained, various parameters can be computed,

using the series expansions. Also, the effect of a given

parameter upon the dispersion law can be easily investigated

because the power series method yields combinations of

2
parameters (that is, the various B (n) coefficients) which

impose restrictions on the values that can be assigned to

the lattice constants. In the event that enough constraints

of the above type can be extracted from the experiment the

question of self-consistency of a given set of constants

describing the nuclear systems may be examined. In the limit

2
with this procedure, a large number of B (n) coefficients

are determined by fitting the experimental results, and all

the lattice constants are found, one by one. In practice.
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2
of course, the nurtiber of B (n) coefficients and the corre-

sponding number of lattice constants which can be determined

from the experimental results as outlined above are limited

in number and accuracy by the reliability associated with

the age-theory model and the accuracy and frequency range of

the experimental work. It appears unlikely that one could

obtain the experimental dispersion law with sufficient ac-

curacy over a sufficiently wide frequency range to permit

2
the determination of as many B (n) coefficients as would be

necessary to determine all of the nuclear parameters that

appear in the age-theory representation. The practical

limitation lies largely in the sensitivity of the quantity

2 2
a - 5 to errors in either ex or ? , especially for higher

frequencies since the magnitudes of ex and ? become more

nearly equal as the frequency increases. Since the function

2a e; is less sensitive to errors than the above, it appears

2
that there may be less difficulty in obtaining the B (n)

coefficients for odd n's than for even n's.

The method proposed in this section was tried on the

experimental results from the subcritical assembly. The

practical limitations mentioned above permitted an accurate

2
determination of onlythe zero frequency intercept, B (0),

2
and the slope, B (1) . Table 8-4 shows the experimental

2 2
values of B (0) and B (1) from this work, along with similar
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results from another source for comparison. From the experi-

mental values in Table S-4 and Eqs. 3-9 and 3-10, one obtains

the following two conditions:

^» - B^(0)T 1 ^ _ __4
2 r2eL L

= 7.17 X 10 (8-1)

-^ + L^ (1/L^ + B^(0)
)

= 2.03 X 10 (S-2)

2 T
1 + B (0) T +

If one is interested in determining some parameter from

each of the above equations (knowing the other parameters),

he can now do so. For example, suppose the ratio, k^e,

and the slowing- down time, L , are to be determined and
s

that the other parameters have been determined from some

independent measurement or calculation. Using parameters

from Set C in Eqs. 8-1 and 8-2, the ratio, k^e, and the

-6
slowing-down time are found to be 1.169 and 48 x 10 ,

respectively. These results are in good agreement with

their corresponding values in Set C, and demonstrate the

internal consistency of the set of lattice parameters used

in the direct method.



CHAPTER IX

CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

The main goal of this dissertation, the measurement

of the dispersion law for a subcritical reactor, has been

achieved for the first time.

A considerable fraction of the time associated with

the experiment was required for the construction of the

subcritical assembly with its special features designed to

protect the valuable investment of heavy water from evapo-

ration and from contamination by atmospheric moisture

o

The end product has proven to be a versatile apparatus

which is presently being used in a variety of neutron wave

experiments

»

The thermalizing apparatus also represents a signifi-

cant achievement. It was designed and built as an

integrated system optimized to provide thermal neutrons

in the fundamental transverse spatial mode for delivery to

the subcritical assembly as plane waves. The success of

181
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the thermalizing apparatus made it possible to describe the

experimental results with reactor equations m which the

higher spatial modes are eliminated and the longitudinal and

transverse parts are separable.

Although the procedure for the data analysis followed

the general pattern developed for previous neutron wave

experiments at the University of Florida, significant refine-

ments were introduced, especially in the resolution correction,

which was applied to each channel of the analyzer data. The

method of determining resolution times (Appendix B) , and the

method of making resolution corrections for the reference

detector in pulse work (Appendix C) were devised to meet

specific problems, but are of a sufficiently general nature

to have application in related work. The main conclusions

which may be drawn from this study are listed below.

1. Both the real and the imaginary parts of the com-
plex inverse relaxation length for thermal neutrons
were found to increase smoothly with frequency in

both the moderator without fuel present, and in

the loaded subcritical assembly. No exceptional
frequencies, pass bands, or stop bands were found
by theory or experiment in the range of fre-

quencies studied.

2. Effects of the slowing-down process appear to be
important at high frequencies. (That the Fermi
age-diffusion theory describes the high frequency
behavior in a more correct fashion than the two-

group treatment is a consequence of the more accu-
rate description of slowing down in the age theory.)
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3. Since neither model gives entirely satisfactory
agreement with the experiment, it appears that
thermalization effects should be included to
describe the dispersion law of well-moderated
systems

.

4. The corollary of the previous conclusion is that
the neutron wave propagation technique imposes a
stringent test on the theoretical model.

5. An interesting discovery made in the parameter
search performed in the process of fitting the
age-diffusion model to the experimental results
was the sensitivity of the dispersion law to the
value of the infinite multiplication factor, K .

This property of the dispersion law could become
in the future a powerful tool for the measurement
of reactor shut-down margin. See Table 9-1.

6. The age-diffusion model, using lattice parameters
computed by the CEPTR and BUCKSHOT codes, describes
well the low frequency behavior of the system
investigated in this dissertation. Therefore, the
lattice parameters (Set C, Table 3-1) constitute
an accurate and consistent set of design parameters
for heavy water natural uranium reactors „ These
results are in agreement with the results obtained
by Parkinson and Diaz (23), using combined die-
away and static measurements.

7. The high frequency range of the dispersion law
gives information on the fast transient behavior
of the system at zero power. The fact that this
region is not well described by our theoretical
model points out the need for further research
in this direction.
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TABLE 9-1

2 , XSENSITIVITY OF THE B (n) COEFFICIENTS TO SMALL
CHANGES IN THE INFINITE MULTIPLICATION FACTOR

^^. . ^ Per Cent Change in Coefficient
Coefficient

For a 1 Per Cent Change in k

B^ (0) + 12.5 %

B^ (1) + 5,7 %

B^ (2) + 8.8 %
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B . Recommendations

Theoretical

To obtain a better description of the high frequency-

range, the age-diffusion model should be refined to take

into account the higher slowing-down modes and thermaliza-

tion effects „ It would be of interest to compare the

results from an improved age-theory model with those from

an improved multigroup model containing several thermal

neutron groups and various narrow groups in the epithermal

region.

There are areas which were touched upon but not ex-

plored in this work, such as the interesting shapes of the

shutter-down flux curves and the thermalization process

causing this. Also in this work, in order to avoid the

problem of applying an end effects correction for the

finite tank, no use was made of data taken in the end

third of the tank. Someone may wish to undertake the prob-

lem of deriving the expression for the amplitude and phase

of this position and frequency dependent end correction

term.
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Future research with the present equipment

The accelerator, thermalizing apparatus, and subcriti-

cal assembly used in this dissertation could be used after

minor modification to study several new problems:

Anisotropic effects . --Anisotropy in reactor lattices

can be studied by causing the wave to propagate in a direc-

tion transverse to the fuel rods instead of longitudinally

as in this dissertation.

Shut-down margin . --Wave propagation as a function of

lattice pitch can be studied to measure reactor shut-down

margin

.

Control rods . —^The effect of control rods upon neutron

propagation can also be investigated with minor changes in

the present equipment.

Cadmium shutter . —A quantitative study of the effect

of the cadmium shutter, as discussed in Chapter V, would

also be of interest.

Improvements in the experimental apparatus

The frequency range from zero to approximately 350 cps

can be investigated with the present equipment. The upper

limit xs established by the necessity of using a relatively

large amount of moderator material to develop the funda-

mental transverse spatial mode and to thermalize the 14.7
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MeV source neutrons from the tritium target. The thermal-

izing apparatus itself absorbs the high frequency signal

preferentially, and delivers a neutron pulse which is broad

in time. One avenue of improvement would be the use of a

deuterium target in order to obtain neutrons of lower initial

energy which would not require so large a thermalization

apparatus, but the yield from this reaction for a 150 KeV

machine is very low, and the loss in counting rate would

make this change prohibitive. Significant improvement of

the experiment at the University of Florida appears to be

possible only through the use of the 4 MeV pulsed Van de

Graaff accelerator, which can produce neutrons copiously in

the KeV range by use of other reactions.

A second limitation encountered in the experiment was

found in the instability of the electronic gear used. The

detector systems were checked against a standard Pu-Be

source almost daily, and were found to drift about 1 or 2

per cent per day--an error 10 times as large as the statis-

6
tical error m 10 counts. Also, some of the electronic

equipment tended to be unreliable if the room temperature

exceeded approximately 70° F. In view of these troubles,

it appears that a special cooling system for the equipment,

in addition to ordinary building air-conditioning may be

needed

o



APPENDIX A

SPATIAL DISTRIBUTION OF NEUTRONS
FROM THE THERMALIZING APPARATUS

A physical description of the thermalizing apparatus

is given in Chapter IV= This section contains the results

of flux measurements across the horizontal mid-line of the

graphite output face of the thermalizing apparatus. In terms

of the coordinate system described in Chapter IV, the flux

measurements were made along the X axis=

These measurements were performed with the thermaliz-

ing apparatus rolled away from the subcritical assembly.

This fact is mentioned to emphasize that except for room

scattering, the spatial flux distribution presented here is

entirely that of neutrons leaving the graphite face for the

first time, and not the result of albedo effects between a

graphite source region and an adjacent DO reflector

=

(Such albedo effects would result in a more nearly cosine

distribution at the interface than that for source neutrons

crossing the interface from graphite to DO for the first

time. A comparison of the following graphs with the trans-

verse flux map in Chapter VI for zero frequency at Z = 5 cm

188
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in DO will illustrate the above effect ' Because of its

localized sensitive volume a Li-6 scintillation detector

was used for these measurements. For the epicadmium measure-

ments, the entire detector was wrapped with cadmium^

The following three graphs show total, epicadmium, and

subcadmium flux distributions for continuous mode izero

frequency) operation of the neutron generator.. Each curve

is slightly more peaked than the plotted cosine, showing a

detectable amount of higher spatial modes. Separate measure-

ments with a He-3 detector gave a cadmium ratio of approxi-

mately 90 at the center of the graphite surface <,

The subcadmium flux distribution could have been

brought into even closer agreement with the plotted cosine

by a careful distribution of a few square inches of cadmium

sheet inside the graphite, placed near the Z axis, and about

a foot or so from the outer faceo A few trials were made

using cadmium in this way to reduce the flux peaking, and

the results looked promising but the idea was not pursued

to completion for lack of time, and because the flux distri-

bution was quite satisfactory without further refinements
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APPENDIX B

DETERMINATION OF RESOLUTION TIMES
FOR NEUTRON DETECTION SYSTEMS

It was desirable to determine the resolution times of

the detection systems under the same operating conditions as

would exist during the experiment,. The method used and the

results obtained are described in this section.

To determine the resolution times of the three combi-

nations of equipment described in Chapter IV, a method using

count data from two detector systems to determine the reso-

lution time of one of the two systems was applied three times.

The necessary range of neutron flux levels was provided by

the neutron generator and thermalizing apparatus. Because

the ion beam current of the neutron generator as read from

the meter on the control console was not a sufficiently accu-

rate indication of the neutron output, it was necessary to

use one of the two detector systems to determine the relative

neutron output of the generator at each flux level.

The approach involved in the resolution time determina-

tion was first to determine (1 - F) , and then with F known, to

use the second equation below to obtain the resolution time,T.
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1 - F = (observed counts) / (correct counts)

_ [
observed counts/min) ( la sec/observed count )

60 X 10 [jsec/min

F is the fraction of counting time lost because of the

resolution time interval following each observed pulse

o

Referring to two detector systems as X and Y, and

letting X cpm = count rate of system X, and Y cpm = count

rate of system Y, the resolution time of system X may be

determined as follows: Detector Y is partially wrapped with

cadmium to reduce its count rate relative to that of X, and

both detectors are then placed in a thermal flux region

where high count rates can be obtained = with the cadmium on

Y adjusted so that X cpm = 20Y cpm, the fractional resolu-

tion loss in the counts recorded from Y is small enough

either to be ignored, or to allow the use of an assumed

approximate resolution time for Y during the determination

of the resolution time of X. Without disturbing the

positions of the two detectors, counting data are recorded

for both X and Y over a wide range of count rates for X by

operating the neutron generator at different levels of

beam current.

The ratio, (observed X counts) /(observed Y counts),

decreases with increasing count rate because of resolution

loss in Xo A graph of observed X cpm plotted versus this

ratio is a straight line and may be extrapolated to zero
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count rate to obtain the ''true" value of the ratio in the

absence of resolution error Next, resolution-corrected X

counts may be obtained by multiplying the corresponding Y

counts by the extrapolated ratio. Then the value of (1 - F;

may be determined for each data point by the relationship:

_ .
observed X counts )

1 — F —
,Y counts) (extrapolated ratio)

A graph of observed X cpm plotted versus (1 - F) for each data

point may be fitted by a straight line over the range of

useful count rates. Note that (1 - F) is unity for zero

count rate. This graph itself is useful because (1 - F) is

the resolution correction factor. Any point on the line

(other than the origin) may be used to yield values of F and

observed X cpm for use in the following equation, which

yields t in units of (asec per observed count.

7
_ 6 X 10 F lasec/min

observed X cpm

Figures B-1 and B-2 illustrate the method. Figure

B-1 yields an extrapolated value of 17 c 58 for the ratio

spoken of above, and Fig. B-2 leads to a value of 1^47 lasec

for the resolution time of the reference detector system

shown earlier in Fig. 4-7 of Chapter IV.

Linearity to 5 x 10 cpm is not typical For the

other detector system used, a gradual departure from the
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straight line in the second graph began at about 2,3 x 10

cpm„ A final observation concerning linearity seems worthy

of recording here « At first, because it seemed natural to

work with a multiplicative correction factor greater than

unity, the equation relating corrected counts to observed

counts was written in the form:

1 + F = (correct counts) / (observed counts)

o

However, the graph using this form was a smooth, gradual

curve from which no single value of t could be obtained.

The form,

1 - F = (observed counts) /(correct counts),

was found to be nearly linear, and yielded a single value of

T fitting a wide range of count rates. The two forms are

approximately equivalent because (1 - F) = 1/(1 + F) for F<<1.



APPENDIX C

A METHOD FOR DETERMINING THE RESOLUTION LOSS COR-
RECTION FACTOR FOR A DETECTOR EXPOSED TO A FLUX
FIELD WHICH VARIES IN A REPETITIVE FASHION IN TIME

As explained in Chapter V, a six-inch He-3 detector

was placed in one corner of the HO tank of the thermaliz-

ing apparatus and served as a standard measure of the

output from the neutron generator during both continuous

mode and pulsing mode operation of the generator. For

continuous mode runs the resolution loss correction factor

may be based directly upon the time-averaged count rate

for the run and can be read from a graph such as Fig. B-2

in Appendix B. However, for the pulsing mode of operation,

the observed time-averaged counting rate is frequently far

less than the true counting rate of the detector during the

pulse, and to base the correction factor on this average

count rate would result in a smaller correction than is

needed. To meet this difficulty, a method was devised by

which the effective counting rate, ECR, could be determined

as a function of the observed average count rate, the pulse

width, detector position, and pulse repetition rate. The
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following nomenclature and relationships will be useful:

CR(t) = Time-dependent count rate of the detector.

ACR = Time-averaged observed count rate. This is the
average of CR{t) , and is an "observed" rather than
true count rate because it contains the resolution
error

.

T = Run time.

TC = CR(t) dt = (ACR) (T) = Total counts for a run.
''o

This quantity is recorded from a scaler after each
run. It contains the resolution error.

ECR = Effective count rate. This quantity is to be

determined for each run in such a way that it

can be used with graphs such as in Fig= B-1 of

Appendix B to obtain (1 - F) , ECR is also the
height of ERP.

1 - F = Resolution loss correction factor. 1 - F < 1.

1 - F = observed count/correct count.

ERP = Equivalent rectangular pulse.

W = Width of ERP.

BF = Bunching factor. BF = P/W.

P = Period of pulse. P = time per trigger, time

per pulse, or time per sweep.
P = inverse of pulse repetition rate.

The method being discussed has as its central idea

the replacement of CR(t) by an equivalent rectangular pulse,

ERP, with width W and height ECR such that the resolution

loss of a detector reporting this rectangular pulse would

be precisely the same as the resolution loss of the same

detector reporting the observed CR(t) , See Fig. C-1. The
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Time, t

Fig. C-1. Illustration of the Nomenclature for
the Derivation of the Equivalent
Rectangular Pulse.
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necessary relationships between ERP and CR(t) are:

P . P

J
CR(t)dt =J ERP dt = ^ECR) (W) :.C-i;

o o

P P

J
[CR(t)] dt =

J
(ERP) dt = (ECR;'^(W) (C-2)

The first equation equates areas, requiring that the total

counts represented by ERP be equal to the total counts in

CR(t) over one period. The second equation makes the

resolution loss for the two shapes equal. In this connection,

refer to Fig. C-1. Note that the counts lost during At is

proportional to the number of counts observed during At

times a loss factor which is proportional to the count rate

2
during At. Or counts lost in At = KAt[CR(t')] , Since the

factor K is a characteristic of the detector system, it

cancels through on both sides of Eq. C-2. K is a function

of the resolution time of the system and the units employed.

To apply the above relationships to the reference

detector system used in the experimental work, it was

necessary to determine the shape of the pulse as seen by

the detector. The 1024 channel time analyzer was used to

closely approximate CR{t) by yielding 1024 values of C..

Let C. - Counts accumulated in the ith channel.
1

Let N = The number of channels enclosed in W, the width
of ERP.

Let C = Height of ERP in terms of counts per channels
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Then Eqs , C-1 and C-2 become

1024
EC. = NC (C-3)

i = l
"

1024 _ 2
Z C. = N(C) (C-4)
i=l

^

Since N is of greater usefulness than C, eliminate C from

the set to obtain:

2 _ ..FCil2 .,..,.. *2Ci,22 fEC 1*^

EC . = N ^
, from which N =

1 >- vr JN ^ ' '""
'

EC.

2

1

From the above equation can be drawn a very important

conclusion: That the content of each channel may be multi-

plied through by any constant without changing the value of

N, the width of ERP= This fact makes it possible to analyze

the reference flux once and use the same value of N for all

pulse runs regardless of the use of different beam currents

or run times, provided the target pulse duration and refer-

ence detector position remain unchanged. N is only a func-

tion of pulse shape; not overall magnitude. The method

discussed here therefore does not require the use of two

analyzer systems to conduct a wave propagation experiment

at flux levels for which resolution losses are significant.

Figure C-2 shows the shape of the pulse as seen by the

reference detector placed m the corner of the H c tank, its
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standard position throughout the wave propagation runs „ The

neutron generator was operated with a pulse width of 2 msec,

the same as used during the experiments. This width was

determined by observing the oscilloscope display of the beam

current received by the target of the neutron generator „ The

pulse seen by the detector continues to rise through channel

no. 68, and then falls. For a 20 Msec channel plus a 10 Msec

storage time, the duration of the target pulse is therefore

68 X 30 Msec, or 2.04 msec. The width and height of the

associated ERP was calculated as follows, using a desk

calculator

.

(2C.)^
, 2

w - ^. 1,741,40 1)^ ~ 7~2- — z- =81.9 channels
SC^ 3,700,631 X 10

W = (81.9) (30Msec) = 2.46 msec.

C = 1,741,401/81.9 = 21,270 counts/channel.

The equivalent rectangular pulse is also plotted in Fig. C-2

for comparison with the actual pulse. The two areas must be

equal.

Figure C-3 presents the squared functions. If the

correct ERP has been found, the area under the square of C

must equal the area under the square of C.(t). This require-

ment, as set forth in equations C-2 and C-4, is also satisfied.

From the above measurements, the quantity of greatest

usefulness is W = 2.457 msec, the width of the equivalent
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rectangular pulse, a constant so long as the target pulse

width and reference detector are not changed. With W known,

and if the pulse width and detector position are held con-

stant, the appropriate ECR for any pulse run may be obtained

from integral count information without further use of the

analyzer by use of the following relationship:

„ /,„.,\/.,„\ (total detector counts) (period of pulse)
ECR = (ACR) (BF) = ,^ ^ . ^. \ „,.

^
(total run time) (W)

The resolution loss correction factor (1 - F) iS obtained

by using a graph such as Fig. 8-2 in Appendix B, and reading

(1 - F) for a count rate equal to ECR„



APPENDIX D

A TEST OF THE TMC ANALYZER FOR ACCURACY OF TIME DIVISION

The author was informed that certain strange results

from a student laboratory experiment could be accounted for

nicely if either the channel width or the storage time of

the TMC Model 212 Logic Unit and Computer Unit Model CN

1024 were out of calibration. Since this equipment was

used in the work with the rectangular subcritical assembly,

it was considered necessary to check the time calibration.

Ao Method

The method used is simple and, except for a Pu-Be

source, no equipment other than that already associated

with the analyzer is needed. A Pu-Be source supplies

neutrons for the 12" detector system and TMC analyzer.

The method makes use of a peculiarity in the performance

of the analyzer: if the time between sweep triggers is

less than that required for the complete sweep of that

portion of the 1024 channels in use, there is an abrupt

loss of counts recorded in one or two channels which are
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open during and immediately after the trigger pulse, and a

general reduction of counts in the remaining channels. An

experimental value of time per channel may therefore be

obtained by dividing the time between triggers by the number

of channels which complete their counting before the distur-

bance created by the early-arriving trigger

»

B o Procedure

Since channel width settings of 20 |j.sec and 40 lasec

had been used in taking data for DO and for the loaded

assembly respectively, the equipment was checked for these

two settings o Consider the 20 lasec case: With an additional

10 tisec storage time between channels, the total nominal time

associated with each channel is 30 lasec „ Hence if the equip-

ment is functioning properly, the time required to sweep 1024

channels would be 30 \isec x 1024 = 30.72 msec,. Therefore, a

trigger frequency greater than 32„55 cps should cause clip-

ping of some of the channels, as desired in this method

=

For each trigger frequency used, the analyzer was run for 100

sec with the memory location knob set on position — to put

the entire memory into action o However, one finds that with

this full memory setting and a trigger frequency exceeding

approximately 32„55 cps,. the analyzer does not count every

trigger. (It counts about half of them.) Therefore, a
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second 100 sec run was performed with the memory location

knob set on a sufficiently small portion of the memory to

allow each trigger to be counted. For this second run,

only the trigger information is used. Dividing the run

time by the number of triggers counted yields the time per

trigger. From the print-out of a channel number and content,

one finds how many channels completed counting. Finally,

division of time per trigger by channels counted between

triggers gives time per channel, which may then be compared

with the nominal channel width plus storage time. Note that

time and paper are saved by printing out only the last

quarter of the memory. But if this short cut is taken,

the channel numbers printed out for the last quarter will

begin with one, and the quantity 3 x 255 must be added to the

channel number read directly from the print-out in order to

obtain the true channel number. Table D-1 shows both ob-

served data and related calculated results.

C . Results

The analyzer is not out of calibration. Since no

interpolations can be made between channels, an error of

less than about 0.1 per cent cannot be claimed for a single

observation. However, for the 20 lasec channel width setting,

and an assumed 10 lasec between channels, one gets 30 lasec
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per channel, which compares well with the experimental

results of 30 ± 0,02 ^isec . For the single measurement

with the 40 [isec channel width setting, the calculated

value of 50 ^isec compares well with the experimental value

of 50.02 ± .05 usee. Reliability of the method is demon-

strated by 9 measurements for the 20 ^isec setting. Only

one measurement is really necessary, as shown in the test

on the 40 fisec setting.

Note that the trigger frequency as read from the

frequency dial setting is in error 50-100 per cent for

the above settings, and is given for reference only.



APPENDIX E

CALCULATION OF LATTICE PARAMETERS

It was necessary to calculate certain basic lattice

parameters before use could be made of the two-group equations

of Chapter II or the age-theory equations of Chapter III.

The calculations for these parameters and others are presented

in this section in sufficient detail so that future users of

the subcritical assembly may know how these parameters were

obtained, and may thereby have a better basis upon which to

decide whether to use the same values for their purposes, or

to compute them again by some other method. A significant

change in moderator purity or in lattice spacing, for ex-

ample, would necessitate a new calculation.

In brief, two computer codes were employed. CEPTR (29)

was used to compute average fluxes for various regions of

the lattice unit cell. These average values were needed as

part of the input to the BUCKSHOT code (30) , by which most

of the parameters of interest were obtained. Therefore,

this section is organized largely in terms of input and out-

put of these two codes.
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The basic dimensions of the fuel slugs are presented

in the following table

.

TABLE E-1

BASIC NOMINAL DIMENSIONS OF FUEL SLUGS

Diameter of Uranium 1,000 in

Length of Uranium 8.000 in

Outside Diameter of Uranium Slug 1.0625 in

Outside length of Slug 8.40 in

Thickness of Side Cladding 0.03125 in

Thickness of Cladding End Plugs (Approximate) 0=20 in

The unit cell has a square pitch of 4.35", and a

length of 8.40". The length of the cell was selected to

enclose one entire fuel slug and its corresponding length

of aluminum fuel tube of 1.25" OD and 0.049" wall thickness.

The lattice pitch was computed by dividing the undistorted

inside dimension of the tank by the number of fuel tubes

across that width: 47.87/11 = 4.3518". Volumes of the

various core materials based on this unit cell are presented

in the following table.
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TABLE E-2

CALCULATED VOLUMES AND
VOLUME RATIOS BASED ON THE UNIT CELL

Total Volume of Unit Cell 159^081 in"^

D^O Volume Per Unit Cell 150.080 in^

Total Volume of One Fuel Slug 7.448 in"^

Volume of Uranium Per Slug 6 283 in"^

Total Volume of Aluminum Per Unit Cell 2„718 in"^

Volume of Aluminum Fuel Tube 8.40 in long 1.55 3 in^

Volume of Aluminum Radial Cladding Per Slug 0=850 in^

Volume of Two Aluminum End Plugs (End Cladding) 0,314 in^

Total Volume of Aluminum Cladding Per Slug 1.165 in"^

Volume of Uranium / Volume of Unit Cell 0.03 950

Volume of Aluminum / Volume of Unit Cell 0,01708

Volume of D^O / Volume of Unit Cell 0.94342

Volume of D^O / Volume of Uranium 23.886

Note that the result of 23.886 above is literally the

moderator-to-fuel volume ratio., with the aluminum counted as

neither moderator nor fuel. This figure does not agree with

that ratio computed by BUCKSHOT because BUCKSHOT counts the

fuel slug cladding and plugs in with the fuel volume.
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The method by which this error was taken into account is

presented later in this section.

Since CEPTR was written for cylindrical geometry, it

was necessary to compute the radius of a cylindrical unit

cell equivalent to the actual square unit cell. By requir-

ing that the cylindrical cell have the same area as the actual

square unit cell, the radius of the cell was found to be

2,4552".

similarly, since BUCKSHOT was written principally for

the case of cylindrical fuel rods arranged in a hexagonal

array, the input to this code calls for the triangular

lattice pitch, and the code computes volume ratios on the

assumption that the fuel rods are located at the corners of

equilateral triangles, A study of the geometry reveals

that if P is the pitch of the square array, and P' is the

triangular pitch of a hexagonal array having the same

volume ratios, the relationship between P and P' is:

By setting P equal to 4o3518", P' is found to be 4,678",

The same result can be obtained by dividing the radius of

the equivalent cylindrical cell by the constant, 0=5240

.

Reference 31 was the source of the information in the

first four columns of Table E-3 . This reference also states

3
that the density of 6061-T6 is 0.098 lbs/in , from which the
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3density in grams/cm was found to be 2.71. The basic cross

section information in the table was taken from ANL 5800,

and is for 2200 m/sec neutrons. Several problems arise in

making such calculations for a commercial alloy, principally

because the composition is not known exactly. It is well to

understand that though Si, Cu. Mg, and Cr are the only

alloying elements which are deliberately added to the alumi-

num to make the alloy; Fe Mn, Zn, Ti.- and other unnamed

elements are present in amounts up to the maximum weight

per cent listed. Note in Table E-3 that Si, Cu, Mg , and Cr

are not necessarily present in the amounts listed in the

nominal composition column, but have the maximum and minimum

concentrations listed. The absorption cross section for

"others" is, of course, merely a guess.

The contents of Table E-3 were used to produce Tables

E-4 and E-5 „ Table E-4 presents the results on the unlikely

assumption that the impurities are present in the maximum

allowable amounts, thereby establishing an upper limit to

the absorption cross section of the alloy within the accuracy

of the assumed values for "other" elements. Table E-5 pre-

sents the results on the more reasonable assumption that the

impurities, both named and "other, " are present in amounts

equal to one third of the maximum allowable amounts. In

this section, the term, "impurity, '' refers to elements not

present in the nominal composition of the alloyo
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Table E-4 shows that the maximum impurities in 6061-T6

increase the absorption cross section by about 10 per cent

over that of the nominal alloy- and for the case presented

in Table E-S., the impurities add about 3o3 per cent to the

absorption cross section. From this second more realistic

case, one may conclude that the penalty paxd in the use of

this alloy is not excessive since the absorption cross

section is only about 7 per cent greater than that of

absolutely pure aluminum.

Next, attention will be given to the problem presented

by the presence of aluminum cladding on the ends of the fuel

slugs. Both CEPTR and BUCKSHOT treat cylindrical geometry,

looking upon the unit cell as being of infinite length.

All fuel dimensions enter the code in terms of radial dimen-

sions; hence there is no provision for taking axial in-

homogeneity into account. The presence of two end plugs,

each approximately Oo2" thick, on a slug 8.4" long- reduces

the fuel present by the factor: {8.4 - 0=4; /(8..4) = 0.952,

Therefore, to ignore the presence of the aluminum end plugs

would result in an error of about 5 per cent in the quantity

of fuel. This error would be reflected in the moderator-to-

fuel ratio o To correct for this situation, two basic steps

were taken:
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1„ The aluminiam of the end plugs was added to the
radial fuel cladding and to the aluminum fuel tube

o

2, The 8,0" uranium slug was spread over the full 8=4"
length of the clad slug by reducing the density of
the uranium by the factor 952

»

In keeping with the reduction m density- all macro-

scopic cross sections for the uranium were reduced by multi-

plication by 0=952. To accomplish step (1) above without

reducing the amount of volume left for the moderator, the

extra aluminum was added to the radially distributed

aluminum by in effect, packing it into the volume already

occupied by the cladding and the fuel tube. This called for

an appropriately estimated increase in the cross sections

for the aluminum occupying that volume. The computation of

the cross sections takes several facts into account:

1„ The cladding and fuel tubes are of different alloys,

2= The end plug cladding is in a region of relatively
low flux

.

3. BUCKSHOT assumes that the cladding aluminum and
the aluminum of the fuel tube have the same cross
sections, and has provision for reading in only
one set of cross sections for all the aluminum
in the problem

„

4o The fictitious cross sections should be such as to
produce the same number of absorption and scattering
events per unit time for the geometry assumed by
the code as occur in the actual existing geometry^

Item (1) above made it necessary to compute the cross

sections for the cladding alloy,, for which, unfortunately,
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only the nominal composition is known See Table E-6,

Items (2) and (4) require either a guess or a preliminary

computation of the flux depression in the fuel relative to

that on the surface of the fuel and in the fuel tube.

This information was obtained by doing a calculation with

CEPTR in which the end plug problem was ignored. This

preliminary CEPTR calculation yielded a volume-averaged

flux in the fuel region equal to 81.5 per cent of the

volume-averaged flux in the aluminum cladding and fuel tube

regions. It was assumed that the radial flux distribution

in the end plugs is approximately the same as in the fuel.

This assumption seems reasonable since the thickness of

two adjacent end plugs is considerably less than the

diameter of the uranium slug.

The calculation of the required fictitious aluminum

cross sections is carried out in Table E-1 , where the

volume and flux-weighted macroscopic cross sections for

the three aluminum regions are first added together, and

then divided through by the sum of the volume of the radial

cladding and the volume of the fuel tube. The final results

are: T^ = 0.0162, and Z^ = 0.114. Both values are about

10 per cent higher than the true cross sections for the

alloy.
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It should also be explained that the quantity, 0=0174,

for T, of the cladding alloy in Table E-7, was obtained by
3,

adding an assumed 0„0005 to the Oc 01686 result in Table E-6.

The quantity, 0.0005, is an estimate of the effect of unnamed

impurities in the cladding alloyc

Reference 32 was used to obtain much of the infor-

mation in Table E-8, The equations by which E ^ E , and E ^
sO, si s2

were calculated for DO are given below, M and N are the

fractional concentrations of DO and HO respectively

o

E ^ = .4637 M + 3 .196 N
sO

E , = .0665 M + 1.023 N
si

E ^ = .00432 M + .153 N
s2

Table E-9 gives the dimensions of the regions into

which the unit cell was divided for use in the CEPTR code.

Table E-10 gives the information contained on the data cards

used with the final CEPTR calculation.

The average scalar fluxes for the 5 regions of the

unit cell as calculated by CEPTR are given in Table E-11,

and the spatial variation of the scalar flux is presented

in Figo E-1. For these calculations, the moderator tempera-

o

ture and purity were taken to be 2 C and 99.62 per cent,

respectively.

The remainder of Appendix E will deal with the use of

BUCKSHOT, This code was written by Re Razminas, and uses
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TABLE E-ll

AVERAGE SCALAR FLUX FOR REGIONS
OF THE UNIT CELL AS CALCULATED BY CEPTR CODE

230

Region Relative Average
Scalar Flux

1

2

3

4

5

Entire Unit Cell

70.903

83.906

85,946

88. 156

112. 32

110.00
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recipes employed at the Savannah River Laboratory to calcu-

late reactor parameters of lattices using natural uranium

and heavy water. The equations were developed in close

association with experimental work, and one may expect

their use to result in reasonably accurate values.

The equations by which the calculations are performed

in the code are valid for solid or hollow uranium fuel slugs,

but the input format is specialized for hollow slugs, and

it is necessary to look upon the solid slugs as hollow

slugs in which the hole and internal radial cladding are

of zero dimensions. Moderator is assumed to fill the hole.

Beginning with the axis of the slug, one must assume that

region 1 is moderator, region 2 is cladding, and region 3

is fuel. The fuel must be in region 3. See Table E-12

.

The cross section information read in for the inner

cladding is assumed to apply also to the fuel housing tube,

if any„

The cross sections obtained for CEPTR were also appro-

priate for BUCKSHOT, except for the P-3 scattering cross

sections which were employed by CEPTR but not by BUCKSHOT^

As before, the aluminum cross sections were increased some-

what to take the end cladding into account, and the uranium

was looked upon as having reduced densityc

Tables E-13 and E-14 complete this appendix.
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TABLE E-12

REGIONS INTO WHICH THE UNIT CELL
WAS DIVIDED FOR USE IN BUCKSHOT CODE

Region No. Material Outer Radius
(cm)

1 None

2 None

3 Natural 1.27
Uranium

4 Aluminum 1.34937
Cladding

5 DO Gap 1.46305

6 Aluminum 1„5875
Fuel Tube

7 DO 6.2357
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APPENDIX F

CONVENTIONAL DIE-AWAY MEASUREMENTS FOR DO

The last measurements performed on the DO moderator

before the tank was emptied in preparation for the loading

of the fuel into the core were conventional die-away-

measurements using a fast neutron pulsed source. The ther-

malizing apparatus was rolled away, and the neutron

generator was moved forward so that the target end came

almost in contact with the middle of the end of the tank.

The target itself was therefore outside the tank, on the Z

axis at about Z = -5 cm. All boundary surfaces of the medium

were covered with cadmium . (The shutter was down.) The

water temperature was approximately 23° C, and the D„0 was

99.5 ± 0.1 per cent.

The neutron generator was adjusted for a beam current

of 1.5 namp, a pulse width of 10 msec, and a repetition rate

of 13.6 cps. The analyzer channel width was 40 ^sec, not

including the 10 usee storage time between channels. The

4
run lasted 10 sec (or 166.7 min or 136,066 triggers),

resulting in a maximum of 132,000 counts in the peak channels.
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The long run time supplied high counts also in the portion

of the pulse from which the decay constant was computed; with

51,000 in channel 334, and the minimum of 1,850 in channel 500,

The detector system was as described in Fig. 4-6, ex-

cept for the use of a 6" He-3 detector instead of the 12"

detector indicated in that figure. For the results presented

here, the detector was submerged to mid-depth of the tank

at Z = 75 cm. Trial measurements had been made with the

detector at other Z positions, both closer to the source

and farther from it, and in the middle of the tank, but the

75 cm position resulted in a decay curve which established

a constant slope more rapidly than was the case for other

positions. With the detector closer to the source, the decay-

ing pulse approached a constant slope after decaying too

rapidly for awhile o With the detector too far from the

source, the opposite was true: The pulse decayed more and

more rapidly until it approached a constant slope after a

considerable loss of amplitude. With the detector at 74 cm,

a satisfactory compromise between the two situations was

obtained.

For the 75 cm position, a least squares fit to the

analyzer data was performed through the use of a computer

code which corrected for resolution loss channel-by-channel,

and subtracted a background based on an average calculated
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from channels 785 through 1024.^ A separate least squares

fit was performed for each of 13 "channel chops" within the

range of channels 334 to 500, and the results of all 13

calculations were as follows:

Decay Constants, (sec ): From 399.605 to 400,989

Chi Square Test Results: From 0.9400 to 1,049

Correlation Coefficients: From 0.999897 to 0.999942

The statistical tests show an unusually close agreement

between the data and the fitted line. Although the results

above might justify a claim of a 0.25 per cent error in the

decay constant, the result will be quoted with a 1 per cent

error, in view of the fact that experience with similar

experiments has shown that the dependence of results upon

2
detector position is difficult to eliminate. The decay

constant is therefore 400 ± 4 sec

-'-The data analysis was performed by Nils J. Diaz^
2
Private communication with Nils Jo Diaz.



APPENDIX G

CONVENTIONAL PULSE MEASUREMENTS IN THE
SUBCRITICAL ASSEMBLY FOR SEVERAL DIFFERENT WATER LE\^LS

Following the measurements described in Appendix F, the

D^O tank was drained and dried, and the full fuel loading was

installed for the first time. In the interest of safety,

the filling of the fueled tank with D^O was performed in

steps, and pulse die-away measurements were made at several

different moderator levels. As expected, the assembly

proved to be safely subcritical with the full (and optimum)

lattice o

The measurements and results will be described here

because they may be used to furnish a rough experimental

value of the prompt critical geometrical buckling of the

assembly, and because it would be possible for some inter-

ested party to subject the experimental decay constants

and buckling values to further analysis to obtain certain

other parameters characteristic of the assembly. This is

especially so if the results from Appendix F are used in

conjunction with these.

The thermalizmg apparatus was not in use. The target
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position, cadmium placement., detector system, water temper-

ature and water purity were the same as given in Appendix F=

The detector was at Z = 75 cm,, and at mid-depth of the

moderator

.

Table G-1 gives the results of measurements and calcu-

lations for five different water levels. The decay constants

were computed through the use of the SIMPLE ALPHA code fit of

the channel data (after subtraction of background which

included the delayed neutrons) to a single exponential

„

Figure G-1 shows a graph of decay constant versus the

geometric buckling of the moderated portion of the core.

The curve may be extrapolated to a rough estimate of the

prompt critical geometrical buckling for the lattice

=
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APPENDIX H

EXACT SOLUTION TO THE AGE-THEORY
EQUATIONS BY A SEMIGRAPHICAL METHOD

In this section the semigraphical method introduced

in Chapter III will be illustrated in detail through a calcu-

lation of cc and ^ as functions of frequency for a subcritial

assembly described by the parameters in Table H-1.

TABLE H-1

VALUES OF PARAMETERS FOR THE SUBCRITICAL ASSEMBLY
USED IN THE SOLUTION OF THE AGE-THEORY EQUATIONS

BY THE SEMIGRAPHICAL METHOD

FORTRAN Symbol
Parameter Value Used in Table H-4

B lo2616 X 10
^

cm "" BT2

kVeL^ 1.087 x 10~^ cm~^ Fl
OO'

2 2
T 1.2753 X 10 cm TAU

-5
L 4.6 X 10 sec ELSLO
s

1.641 X 10 cm D
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Note that these parameters are not all identical to those

listed earlier for the subcritical assembly used in the

experimental portion of this work, and the numerical results

obtained differ from those given earlier for that reason.

2 2
Values of B and B. which satisfy both equations 3-4

r 1 J T.

and 3-5 for a particular value of uu were obtained by plotting

2 2
B versus B. for each of the two equations for various values
r 1

of uu , and observing the points of intersection. For a

given uu , the coordinates of the point of intersection are

solutions to both equations.

Figure H-1 presents these graphs for 0, 50, 100, 200,

and 300 cps . Figures H-2 and H-3 deal with 400, 600, 800,

and 1000 cps. The technique by which these graphs were con-

structed is described later in this section. The coordinates

of the intersections for these frequencies are presented in

2 2
Table H-2 along with the corresponding values of (a - ? ) ,

2 a ^, a, and Z, all as functions of uu.

In the above description of the method of solution,

nothing was said about how points on the graphs in Figs.

H-1, H-2, and H-3 were calculated. These details will occupy

the remainder of this section.

Equations 3-4 and 3-5 were rewritten as follows, for

greater convenience in the computer program used.
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Fig. H-1. Solutions to Equations 3-4 and 3-5 for
Frequencies From cps to 300 cps

.
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-1

-2

(N U
CQ

-3

-4

-6 -8 -10 -12

B^ X 10^

-14 -16 -18

Fig. H-2 , Solutions to Equations 3-4 and 3-5
for 400, 600, and 800 cps.
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-32

-40

-48

-56

<N U

-64

-72

-80

-88

10

Equation 3-4

For (1) = 1000 cps

Equation 3-5

For uu = 1000 cps

-12 -14 -16 -18

2 3
B. X 10
1

Fig. H-3. Solutions to Equations 3-4
and 3-5 for 1000 cps.
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K^ exp [- (BR2) t]
^

BR2CAL = ^ Cos (BI2) T + L uu - --,
£•1.2 L s J L'^

(H-1)

-K<„ exp [- (BR2) T 1

BI2CAL = ^5 Sin (Bl2) T + L W -

ô

(H-2)

2 2
The symbols BR2 and BI2 replace B and B.o Also, the use

of the letters, CAL, on the left-hand sides of the equations

serve as a reminder that BR2CAL and BI2CAL are calculated

values based on assumed values of BR2 and BI2 used in the

right-hand sides of the equations. Note that BR2CAL and

BI2CAL are not in general equal to BR2 and BI2 , When values

are found such that BR2CAL is equal to BR2 in Eq. H-1, one

has a solution to Eq. 3-4o Likewise, when values are

found such that BI2CAL is equal to BI2 in Eq^ H-2, one has

a solution to Eq . 3-5.

A short FORTRAN program was written to calculate

BR2CAL as a function of some arbitrarily fixed values of

and BI2 , and for assumed values of BR2 , using Eq. H-lo The

calculated values of BR2CAL were plotted versus the corre-

sponding assumed values of BR2 for each frequency and Bl2

considered. Figures H-4, H-5, and H-5 were obtained in

this way for frequencies of 0, 100, and 500 cps respectively

=
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BR2 X 10

Fig. H-5. Solutions to Equation H-1 for 100 cps
for Various Values of BI2

.
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Fig. H-6. Solutions to Equation H-1 for 600 cps
for Various Values of BI2 .
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(similar graphs not included here were obtained for 50,

200, 300, 400, 800, and 1000 cpsj Note that for each

frequency considered, BI2 was varied, and for each differ-

ent combination of ta and BI2, BR2 was varied. For each

combination of w , BI2, and BR2 , BR2CAL was calculated

and plotted versus BR2 = On each graph, the intersections

of the line BR2CALr = BR2 with the line whose points repre-

sent solutions of Eq,, H-1 are solutions to the trans-

cendental Eq, 3-4. Curves A, C, and G in Figs. H-1 and

H-2 are solutions to Eq. 3-4 and were obtained by plotting

values of BR2 and BI2 taken from the intersections of FigSo

H-4, H-5, and H-6

=

The same FORTRAN program treated Eq . H-2 in a similar

way. For each frequency considered, BR2 was varied, and

for each combination of uj and BR2 , BI2 was varied. For

each combination of uu . BR2 , and BI2 , a value was computed

for BI2CAL. Again, the resulting BI2CAL values were plotted

versus BI2 to find the intersections with the line BI2CAL =

BI2 as illustrated in Figs o H-7 and H-8 for several differ-

ent frequencies. These intersections represent solutions

to Eq. 3-5, and furnished the remaining information necessary

for plotting the graphs in Figs. H-1, H-2, and H-3

„



254

-6

For 300 cps
BR2 = +0.0004-
BR2 =0
BR2 = -0.0004-
BR2 = -0.0005-

-5

-4

-3

-2

-1

For 200 cps
BR2 = +0.0004
BR2 =

BR2 = -0,0004

For 100 cps

— BR2 = +0.0003
— BR2 - -0.0003

For 50 cps, BR2 = +0.0003

-1 -2 -3 -4 -5 -6

BI2 X 10-

Fig. H-7. Solutions to Equation H-2 for 50,

100, 200, and 300 cps for Various
Values of BR2

.
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It should be understood that the computer program was

not written to find directly solutions satisfying both

equations simultaneously, as such a program would have been

much more complicated and actually less revealing of the

behavior of the equations.

The structure of the FORTRAN program is presented in

Table H-3.

TABLE H-3

STRUCTURE OF FORTRAN PROGRAM WRITTEN
TO AID IN THE SOLUTION OF THE AGE-THEORY EQUATIONS

Loop
Diagram

FORTRAN
Statement
Number

Loop Function of Loop

83

70

75

None

87

None

89

85

A Fix Frequency.

B Fix BI2 for Equation H-1.

Fix BR2 for Equation H-1,

and compute BR2CAL as a

C function of w and BI2
as fixed by loops A and
C, respectively.

D Fix BR2 for Equation H-2,

Fix BI2 for Equation H-2
and compute BI2CAL as a

E function of uu and ER2
as fixed by loops A and
D, respectively.
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Control statements near the beginning and end of each

loop govern the range and mesh of each quantity varied.

These statements were altered several times in the use of

the code because the range of interest for BI2 and 3R2 was

dependent upon the frequency, and occasionally it became

clear that the solutions lay outside the range of trial

values first used in the code

o

The program as given in Table H-4 has the control

statements which were used to investigate frequencies from

400 to 1000 cps in steps of 200 cps, working a range of Bl2

values from -.020 to -.010 in steps of +.001= The range of

BR2 values is from -.0040 to -,0004 in steps of +.0004 in

loop B, and in steps of +.0002 in loop D. The solutions

for 800 and 1000 cps lay outside the above ranges, and the

program was altered for the high frequency investigation.
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