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Abstract:
This thesis is a report of the research in. which the temperature coefficient of reactivity of the Montana
State College subcritical assembly has been calculated. This assembly is a light water moderated,
natural uranium system. In order to calculate the temperature coefficient of reactivity, the temperature
effect on the diffusion length and buckling has been determined. The diffusion length has been
measured at 10°, 27°, 50°, and 75° C. Experimentally, the variation of the diffusion length with
temperature, ΔL/ΔT, is 0.00778 cm./°C; whereas the accepted variation is 0.006 cm./°C. The method
used for measuring the diffusion length of thermal neutrons in light water utilizing a relatively high
energy Pu-Be (α,n.) source is outlined. The vertical as well as the radial buckling has been measured at
13°, 23°, 35°, and 45° C. The temperature coefficient of the material buckling, B^am, is found to be
-2.87x10^-3/°C , The net temperature coefficient of reactivity (assuming k∞ is independ- ent of
temperature) is -16.2 x 10^-5/°C. The contribution to the temperature coefficient due to the change of
k∞ with temperature [l/ΔT (δk∞/k∞)] is -10.6 x 10^-5/°C. Experimentally, the infinite multiplication
factor at 23°C is 0.965• The calculated value of -k∞ is O.960. Using the experimental value of k∞, the
effective multiplication factor is 0.869 and the suhcritical multiplication is 7.64. The ratio of the
volume of uranium to the volume of water is 0.097° The average coefficient of linear expansion, αT,
for the natural uranium-water system is 8.4 x 10^-5/°C. All measurements at both high and low
temperatures have been made with a thermal neutron scintillation counter. 
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ABSTRACT

This thesis is a report of the research in. which the temperature co
efficient of reactivity of the Montana State College- 'suhcritical assembly 
has been calculated. This assembly is a light water moderated, natural 
uranium system. In order to calculate the temperature coefficient of re
activity, the temperature effect on the diffusion length and buckling has 
been determined. - The diffusion length has been measured at 10°, 27?, 50°, 
and 75° C. Experimentally, the variation of the diffusion length with 
temperature, AL/AT, is 0.0077# cm./0Cj whereas the accepted variation 
is 0.006 cm./°C. The method used for measuring the diffusion length of 
thermal neutrons in light water utilizing a relatively high energy Pu-Be 
( oC,n.) source is outlined. The vertical as well as the radial buckling 
has been measured at 13°, 23°, 35°, and 45° C. The temperature coefficient 
of the material buckling, Bal̂, is found to be -7 _
The net temperature coefficient of reactivity (assuming is independ
ent of temperature) is - 16.2 x 10-5/°c. The contribution to: the tempera
ture coefficient due to the change of with temperature f^l/AT .
( S k«D/%.ob)3  is -10.6 x 10“5/oc. Experimentally, the infinite multi
plication factor at 23°C is 0.9 65• The calculated value of -^c6 is O.960. 
Using the experimental value of , the effective multiplication
factor is 0 .8 6 9 and the suhcritical multiplication is 7«64. The ratio of 
the volume of uranium to the volume of water is 0.097° The average coef
ficient of linear expansion, CCp., for the natural uranium-water system 
is 8 .4  x 10“5/°C. All measurements at both high and low. temperatures have 
been made with a thermal neutron scintillation counter.
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INTRODUCTION

A problem of considerable importance to the control of nuclear reac

tors is the evaluation of the temperature coefficient of the reactor sys

tem. The temperature coefficient is defined as the change in the reac-
,

tivity of the system due to a change in the operating temperature of the 

reactor. Therefore, the temperature coefficient is a measure of the in

herent stability of the reactor. If the temperature of the reactor in

creases (this could be due to a change in the power demands of the reactor
(

system) and if the temperature coefficient is positive, the multiplication 

constant and the reactivity will increase; this will in turn cause the 

rate of production of energy to increase and further raise the temperature 

of the system. A system of this nature would be unstable and would re

quire a positive and continuous influence of a control system in order to 

maintain a steady state system. However, if the temperature coefficient 

is negative, the effect of a temperature rise on the neutron population 

(and therefore on the power production) would be to decrease the number of 

neutrons (and.power), so that the temperature would then decrease. Thus, 

in this type of system, temperature "disturbances" would eventually disap

pear ,and the reactor would return to a steady state even in the absence of 

external control orders.

Ordinary reactors are designed to have negative temperature coeffi- . 

cients of reactivity to ensure adequate stability. These ordinarily lie 

in the range 10 ^ to 10 .^reactivity per degree centigrade.

In a.subcritical assembly the reactivity, being negative and not
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necessarily close to one, is not of tod great interest. However, a sub= 

critical system, still has a temperature coefficient and this coefficient 

for the Montana State College subcritical assembly was calculated. This 

assembly is a light water moderated, heterogeneous, natural uranium sys

tem.

For the theoretical treatment, to be outlined later, it is conven

ient to separate the'effect of temperature on reactivity into two main 

parts: the nuclear temperature coefficient, which is determined by the

effect on the nuclear cross sections, and the density temperature coef

ficient, due to changes in density (and volume) of the system. The dis

cussion which follows applies particularly to a homogenedus reactor sys

tem, but the general conclusions will hold, to a good approximation, for 

most heterogeneous reactors and were applied in the calculations of the 

temperature coefficients in this.report.

(



DESCRIPTION OF THE HEATING AND COOLING MECHANISM 

The aluminum tank that contains the moderator'*', reflector , and fuel 

was covered with three inches of fiber glass insulation to reduce heat 

losses. A thin aluminum cover was then placed over the insulation in or

der to preserve the appearance of the subcritical assembly.

The complete heating and cooling system consisted of a pipe extending 

from the bottom of the tank, a series of valves, a pump (capacity ̂ lO 

gal./min.), a heat exchanger and a pipe connecting the heat exchanger with 

the top of the subcritical assembly. In order to heat the assembly, steam 

(at about 40 psi) was introduced into the heat exchanger. Cooling was ob

tained by running cold ground water' through the heat exchanger.

-6-

A diagram of the system is given below: (not to scale)

fiber ̂ IolSS 
IiaSV-I fc-tion

Vtt-Ivft
Figure I. Heating and Cooling Mechanism.

I. There were 1.19 x 10& cm.3 (approximately 315 gal.) of water and 
1.15 x IO^ cm.3 of natural uranium.
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^ THEORY

THE DIFFUSiON.LENGTH

Before a description of the diffusion length, L, is attempted, one ..has

to understand what is meant by a thermal neutron. Imagine a fast neutron

undergoing elastic scattering with molecules of hydrogen. After a number

of scattering collisions, the velocity of the neutron is reduced to such

an extent that it has approximately the same average. kinetic - energy - asr-

the molecules-of the hydrogen medium in which it is undergoing scattering.

The energy depends on the temperature of the medium and is called thermal

energy. Neutrons whose energies have been reduced to values in this

region are designated as thermal neutrons. .At 25°C the energy of thermal
2neutrons is approximately 0.025 ev.

In reactor physics, the diffusion length, L, of thermal neutrons in a 

medium is defined as L§^^, where D is the diffusion coefficient and is 

the macroscopic absorption cross section of the particular scattering 

medium. The diffusion coefficient, in general, will be a function of the 

nuclear properties of the medium and of the neutron speed.

As seen from the. defining equation of the diffusion length, it varies 

inversely as^sT ; hence, if the scattering medium has a relatively large 

absorption cross section (for light water and 0.025 ev neutrons, Z ck. =0.022

2. In atomic studies, energies are frequently expressed in electron volt 
units. The electron volt, that is, I ev, is the energy acquired by 
any charged particle carrying a unit electric charge when it passes, 
without resistance, through a potential difference of I volt. It is 
equivalent to 1.6 x 10“ ergs. The million electron volt (or'Mev) 
unit is I x 10  ̂ ev or 1 .6 x 10”^ erg.

I



„cm!}^ the.diffusion length will be small„ It should be noted that L has 

. the dimensions of length. For light water. L=2.85 cm. at 25°C.^

In order to obtain a physical picture of just what the diffusion 

length is, consider a point source of thermal neutrons and let <§ be the 

thermal neutron flux of neutrons per cm. per sec. at a distance r. The 

rate at which neutrons are absorbed is then equal to^^per cm? per sec., 

where Z<^is the macroscopic absorption cross section of the medium. In a 

spherical shell element of radius r and thickness dr1 , that is, volume

clY1 , surrounding the point source, the number of neutrons captured per 

second will be 4TT This is a measure of the probability that a

neutron will be absorbed within- the element at a distance Y* from the 

source. It is preferable now to consider the second spatial moment of P ; 

therefore, the mean square distance, f ', which a neutron travels from its

source to where it is absorbed is given by
__ ^ rM4ifraz».<iO A*

It can be shown"* that for a single point source in an infinite

(I)

-KV
medium where K is defined as

Therefore, upon substituting S into the equation for Va one obtains
a / * '4-lTl-a- aJ  ^TTDV__________ ^  / K fr -  & ( g )P=

then.
V v e 3 4 5

3. Etherington, Nuclear Engineering Handbook (New York; McGraw-Hill 
Inc., 1958), p. 12=70.

4. Ibid., p. 1-20.
5. Meghreblian and Holmes, Reactor Analysis (McGraw-Hill Inc., I960),

p. 183. v



However, by definition, Lsfj^' 

for it is seen that

-9“
cm. or La-Ar and after substituting

(4)

so that the diffusion length squared is one-sixth of the mean square dis

tance, as the crow flies, that a thermal neutron travels from the point at 

which it just becomes thermal to the point of capture.

For a right circular cylinder it can be shown that-YS r -rr(£|-i)
<p(i) = c  &  1 1 - e i (5)

where g  is measured from the plane where neutrons are thermalized and
-j !,..-j- '.iV: 'i o' ■ .

Y 1 is defined by
y - =  IJtj I- (6)

For distances not too close to the source and not too close to the top of

the cylinder, the term in brackets is not very different from unity, then

<>(z) = c e*YZ (7)
Therefore, the slope of the straight line portion of In versus %

yields *Y « It should be noted that is the extrapolated radius, that 

is, the radius of the moderator configuration plus 0.rJl iJgft j ; and 2.405
1 " ,  -  ■ - . V i V

is the first zero of the Bessel function (x), Also, is the trans- 

port mean free path.

, In the thermal energy region the absorption cross sections may be 

assumed to follow the l/v law. Since v is. proportional to ‘'{t *-'' and if ^  

is the microscopic absorption cross section at temperature T and is 

the value at T0, then .
6 ^  ( ^ ) 4  (8)

6 . Glasstone and Edlund, The Elements of Nuclear Reactor Theory (Van 
Nostrand Inc., 1952), p. ,2 87. . 1 . .
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Scattering cross sections do not change greatly with temperature and 

through the remainder of this report it will be assumed that they remain 

constant-

^  ~ (9)L -"il; » -  % ,  I!.=jL
then, L' or L (10)

3 2 * . %

This holds for substances of high atomic mass provided’ the medium does not 

absorb too strongly and scattering is isotropic in the laboratory systems - 

Then, L — L© (ll)

3 •if the effect of density changes on the number of nuclei per cm. ̂  which is 

involved in the macroscopic cross section, is ignored.

In contrast to charged particles which have a definable range, neu

trons and ~Y -rays are stopped approximately exponentially. In.this expon

ential approximation, use is made of the relaxation length, which is the 

thickness of material that causes a drop in intensity by a factor of e.

For thermal neutrons the relaxation length is.equal to the thermal diff-

usion length, which can be made quite small in absorbing materials.
-- r y "... ' L I:
.In order to gain an additional physical significance of the diffusion 

length concept, consider a plane thermal neutron source in an infinite 

medium. It can be shown that the flux distribution in a nonmultiplying 

medium has an exponential behavior given by the factor exp (-x/h). Then,

7° Meghreblian and.Holmes,. Reactor Analysis (McGraw-Hill Inc., i960)
p. 1 82. .
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in this form one.can identify the diffusion length L as an attenuation or 

■relaxation length. Therefore, L is the distance from the source plane at 

which the neutron density is reduced to 1/e of its value at the source. 

One.can think of the diffusion length, then, as a.measure of the average 

depth of penetration into a medium by a source neutron. It should be 

noted that a proper measure of the penetration is the "crow^-flight" dis

tance from the.source to the point of capture as was explained previously.

The- thermal neutron diffusion length in a hydrogenous medium can be 

simply determined by measuring the variation of the ..thermal neutron den

sity at relatively.large distances from the.center of the neutron, source. 

The necessary requirement is that the slowing-down length of the source

neutrons in the medium be.less than or equal to the diffusion length,. so
»

that the diffusion length dominates at large distances from the source.

The.square root of the Fermi age.is called the slowing-down length. 

The Fermi age is related to the mean square distance traveled while slow

ing down.^ For thermal neutrons, of age , "^T^.is a measure of the

net vector (crow-flight) distance traveled.from their formation as fission 

neutrons to their attainment of thermal energy.

If the slowing-down ■ length of the source neutrons is greater than the 

diffusion length of thermal neutrons in the medium, then, the.thermal neu

tron flux or, density will decay by means of something other than an expon

ential.

For an Ra-Be (y,n) source - the maximum neutron energy emitted is only 8

8 . Glasstone. Principles of Nuclear Reactor Engineering (Van Nostrand 
Inc., 1955), p. 165.
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0-7 Mev and the slowing-down length of 0-7 Mev neutrons is 2-4$ cm. ̂  This

distance of 2.4$ cm. is less than the diffusion length of thermal neutrons 

in light water at 2$°C which is 2.8$ cm.. Thus, a direct measurement of 

the diffusion length in light water using a Ra-Be ( ,n) source is possi

ble. However, a Pu-Be (oC,n) source emits neutrons of fairly high energies 

ranging from $ to 12 Mev or more. The slowing-down length for fast neu

trons of this energy in light water would be greater than $.74 cm.

Therefore, a direct measurement of the diffusion length in light water, 

utilizing a Pu-Be ( <eC,n) source, is impossible owing to the fact that the 

slowing-down length of the source neutrons is greater than the diffusion 

length. A typical result for the diffusion.length (obtained by making a 

direct measurement of the decay of Pu-Be neutrons in light water) is $.08 

cm."*""*". The experimental procedure used and results found for measurements 

of L in light water, using a Pu-Be neutron source, are given later.

BUCKLING

One of the most important quantities measured in an exponential ex-

periment is the material buckling, B m  . The material buckling, , is
2the value of B ■that satisfies the critical transcendental equation

J j b C  i  (1 2)
I T  13 6 %

' provided the continuous slowing-down (Fermi Age) model is applicable. * 10 11

9« DeJuren and Rosenwasser, "Diffusion Length of Thermal Neutrons in 
Water," Journal of Research of National Bureau of Standards, 
October 19$$, p. 20$.

10. Glasstone, Principles of Nuclear Reactor Engineering (Van Nostrand 
Inc., 1955), p. 166.

11. Curtiss-Wright Research Division, "Laboratory Manual for the 
Subcritical Facility," p. 6$.



Mow, is the infinite multiplication factor of the medium, that is, (or 

--&,%&) is the ratio of the average number of neutrons produced in each gen

eration to the average number of corresponding neutrons in the proceeding 

generation. In other words &  is essentially the value the effective mul

tiplication factor would have if the system were infinitely large and there 

were no loss of neutrons by leakage. Again, rY  is the Fermi age or the 

average (net vector) distance a fission neutron travels while slowing down

to thermal energies.
2B ryj is the parameter of a given fuel lattice which determines the 

critical size of the reactor. In the critical reactor, the spatial flux 

is given by *
V  0 )  +  Brn d?(r) =  O  (U)

-13-

The geometrical buckling, Bbs is defined as the lowest eigenvalue

that results from solving the wave equation
y* y Al'

with the boundary condition that Q/(X) shall be zero at the extrapolated

boundary of the system.

The critical condition for a reactor system can be written as 

In other words, the material buckling, EBprl > for the given, multiplying med
vSc*

(15)

ium is equal to the geometrical buckling, B-P^ , of the critical system of
X % _. .  ̂, -o B

a specified shape." Therefore)" if is less than Braftfv , the reactor will

be larger than the critical size and the system will be supercritical, and

if BlS% is greater than BE&M , the system will be subcritical.

In the ease of the Montana State College subcritical assembly, which

f



is essentially cylindrical in form, Bm is given by the expression

(16)
where Rq is the extrapolated radius and 1Y  is the reciprocal of the relax

ation length. The first term on the right of equation (l6 ) constitutes
2the radial buckling while T  is referred to as the vertical buckling.

The geometric buckling for a finite, cylindrical reactor, in terms

(17)

(18)

of its radius and height is

= V - C - T i r r ^ t )
Zee-

where H0 is the extrapolated height of the system* ■

TT0 =  A T K  o.710 4. '

where Ho is the actual height of the reactor and ’ is the transport 

mean free path of a thermal neutron in water. For light water the value 

of Xfcr is 0.48 centimeters. 12

The flux distribution in a subcritical assembly does not satisfy the 

wave equation for a critical reactor, but for a relatively large assembly 

the thermal neutron flux variation at a distance from boundaries and the

(19)

extraneous neutron source cem be represented by

where <j) is the thermal flux and , the material buckling, a constant 

for the particular assembly. The solution of equation (19) can be obtain

ed for a cylindrical reactor-by setting

J e n s ' ) -  6 0 ) Zc*) (2 0)

This is then substituted into equation (19) and the terms in G  (Y* ) and 

12l Etherineton, Nuclear Engineering Handbook (McGraw-Hill Inc., 1958)
p. 6-8 6.
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F(z) are set equal to the constants'eC6, and T 2" so that
a, x  a

B ln = *  - T  • (21)
The genera.1 solution of equation (19) using the correct Laplacian operator 

is eo
Jo C=Inr) ^

Previous experimentation has shown that for flux measurements not too 

near the source the fundamental (n=l) term is sufficient for good accur

acy.

Thus, the radial flux distribution becomes

©O') ̂  =  Ri Jc r) (23)

The constant << can be evaluated from the boundary condition that the flux
2.405falls tb zero at the extrapolated radius R«, and is found to be .

Then, the radial flux distribution becomes

(24)
It can be seen from equation - (l6>) that $< is the radial buckling which is

equal t o ^ ) \

Therefore, radial flux measurements at a constant height above the source 

should provide data from which a graph can be made which will yield the 

extrapolated radius. The extrapolated radius can be gotten from the graph 

of relative thermal neutron flux versus radial distance either by visual 

extrapolation or by fitting the graph to a Bessel curve. Using only the 

fundamental term (nsl) of equation (as), the flux variation along the 

E —  axis may be represented as

ZCz)- (QCz) - R a xwwSu t ( H " 2^ (25)
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or p.,

<§Cz) = R3 e  ^ l~ e  j (26)
For measurements taken not too near the top of the assembly

r T 2<#(%)= R=, e (27)
Therefore, if relative flux measurements are made in the core along lines 

parallel to the cylinder 's axis T - can be determined from the semilogarith- 

mic plot of activity versus vertical distance
I
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TEMPERATURE COEFFICIENTS

A temperature increase in a nuclear'reactor will alter the reac~
13tivity for at least two reasons: first, the thermal neutron mean energy

changes and, therefore, their, absorption is affected since nuclear cross 

sections vary with energy; and, second, the mean free paths and the non- 

leakage probabilities are temperature dependent.

Nuclear Temperature Coefficients-- Previously, ignoring the effect of den-
3

sity changes on the- number of nuclei per cm. , it was shown that

This means that the diffusion length is temperature dependent.

The Fermi age, defined by
1D1ReoD  ox

(29)
will be temperature independent. This will be so because the temperature

D  Ivariation of will be determined by the effect on e f  or and %% is

regarded as being temperature independent.

The infinite multiplication,%ep)is independent of temperature. The 

factor^is defined through the four factor formula"1'9

(30) * 14 15

13.. The reactivity, 0 . , is defined as

where ,^che effective multiplication factor, is the ratio of the
average amber of neutrons produced by fission in each generation to 
the total number of corresponding neutrons absorbed or leaking out, 
on the average.

14. Glasstone, Principles of Nuclear Reactor Engineering (Van Nostrand 
Inc., 1955); p. 162.

1 5. Ibid., p. 298.
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where is the average number of neutrons liberated for each neutron 

absorbed, £• is the fast fission factor, p is the resonance escape prob

ability and y  is the thermal utilization. If all the absorbers present 

obey the law, then the thermal utilization will not be affected by 

temperature very much. The resonance escape probability may decrease 

somewhat as the temperature is raised while f  increases slightly. How

ever, as a reasonable approximation, since and 6 remain unchanged, 

it may be assumed that -$^Ls independent of temperature.

For a large reactor, the effective multiplication factor is given 

by16 '

but,

then,

but,

then,

L  + : T :

The nuclear temperature coefficient, at constant density, that is, the

(32)

(33)

(34)
(35)

temperature coefficient of p  due to changes in the cross sections is 

given by

( l f ) d (36)

The subscript d indicates constant density and it is assumed that the 

law is applicable. The temperature coefficient at the temperature T is

lSl Glasstone and Edlund, The Elements of Nuclear Reactor Theory (Van 
Hostrand Inc., 1952), p. 5^1.
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(37)
obtained, by setting T = To, so that

( § f ) j  =' ‘
Density Temperature Coefficients-- An increase in temperature causes expan

sion of the reactor materials} and. this affects the reactivity in two ways: 

first, by changing the mean free paths for absorption and. scattering and., 

second., by an over-all change in the size of the system.

In a homogeneous system where density Changes have the same effect o n '

all components, it is possible to write

L % V =  ^  +
or jvf =  M o

then substituting’into equation (33) it is seen that

? =  4 » - i  - G j K L  I 4fY
1̂-O

- ^ J 2- 
•feoO

(38)

(39)

(40)

If the volume is held constant, Bg is constant, and if it is assumed that 

Dscopic cros
=  a  . dc . ag. (4i)

the microscopic cross sections are constant, then
=  2. N\l . do7, . 3d

j<36,<Ss W  <3 T
If oC is the coefficient of linear expansion of the material, that is,

S
tl-+-c4(r-To)7 j> then V =  Vo^l+ U CT-TcXl , so that

cl - cL

then
t 1  + o(. (T-To)I 

Q d — do

3

4-31 t l +  OL(T-T6)J 
substituting for from (43) into (4l) gives 

3r - .2 „ "2 /3 _ „
/ W j —  — G Nlo Pt . gfo 
i  3T  #8^66,6s '"t’S-00 . d 3

At T = T0 this becomes

/ ̂  9\  —  — G /V) t> ^
x S T  '8 ^ 6 , 6s ^

L 1+ <=l (T-To)I4-

(42)

(43)

(44)

(̂ 3)



Hie reactivity change due to an over-all change in the size of the 

reactor is small, The effect would be due to a change in the buckling; 
thus from (33)

, J g 1  - A M

> Z- £o406 ̂  2.
'r "b : = ( ^  + a t

For a finite cylinder"1"' 

where ^ !.+Ol(T-Tc)XI o-nd Ho —

now

where

now

also

thus

A l
3 6 ^ ) 7

v ar/ a&, ar awa ar ^
3̂ cZ Rb

# r

a Ro a HB
o l  <x \d d

— 2. Cz Q̂y) &tu{ 3i B
-Z C z - ZTT7CA ;

42a-," ̂ S r

no rvo

Consequently, from (46), (49), and (53)

C U )  ;x 2)t /M s

4- CL Ba
4.0

(46)
(47)
(48)
(49)

(51)

(52)

(53)

(54)

The net temperature coefficient -is obtained by taking the algebraic sum 

of equations (37) (45) and (54).

17, Glasstone, Principles of Huclear Reactor Engineering (Van Fostrand 
Iric,, 1955), P« I7 5.
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DIFFUSION LENGTH EXPERIMENT

For the measurement of L all of the fuel tubes of the subcritical 

assembly were removed„ A four curie Pu-Be. (ot,n) source (the source was a 

right circular cylinder of diameter 3„31 cm. and height of 5.85 cm.) was 

used. The source was positioned with its axis horizontal on a lucite 

table. The detector used throughout the diffusion length experiment was 

a- thermal neutron scintillation crystal with the associated circuit. The 

thermal neutron crystal was a disc of plastic 1/4 inch in diameter and 

3/16 of an inch thick. The plastic contained 95% enriched boron-10 and 

silver-activated zinc sulfide. The neutron probe consisted of an alumi

num housing, 5/16 inch outside diameter and 42 inches long, a light pipe, 

the thermal neutron crystal and a probe adapter with a screw cap. The 

rest of the circuit consisted of a preamplifier, amplifier, scalar, and 

timer. The lucite table only served the purpose of raising the source 

high enough so that measurements near to the source could be made. The
I

table and source were then put into about'400 gallons of distilled light 

water (see figure 2).

Owing to the previously mentioned fact that the slowing down length 

of the neutrons given off by a Pu-Be (oC,n) source is greater than the 

diffusion length of thermal neutrons in light water, a direct measurement 

of the diffusion length is not possible„ Therefore, an aluminum cylinder 

of. diameter 27.9 cm. and a height of 61.1 cm. was covered with a sheet of 

cadmium 20 mils thick. When this cadmium cylinder was placed into the 

water its surface area represented a physical boundary for neutrons whose
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energy was. less than or equal to 0.4 ev. This cylinder was centered on 

top of the Incite table directly over the source. Another sheet of cad

mium 40 mils thick was used as a removable bottom of the cylinder. The 

cylinder was not covered on the top with cadmium for two reasons:

1. To facilitate raising, lowering, and positioning of the thermal 

neutron probe.

2. The cadmium covered cylinder was made long enough so that end 

effects due primarily to the open top of the cylinder would be 

smaller than the inherent source of error of the experiment.

When the cadmium covered cylinder with its cadmium bottom is in posi

tion, over the source, there are effectively within the cylinder only neu

trons whose energies prior to entering the cylinder are greater than 0.4 

ev. ' Thus, if a vertical traverse at selected heights above the source is, 

made with the thermal neutron probe, any counts recorded would be due to : 

fast neutrons that were thermalized within the boundaries of the cylinder. 

Now, if the cadmium bottom is removed and a similar traverse is made at 

exactly the same heights, the increase in counts is due only to neutrons 

with energies less than 0.4 ev entering from the bottom of the cylinder. 

That is, the difference in the two trials, at corresponding heights, is 

equal to the number of thermal neutrons. Therefore, there is effective

ly present a plane source of thermal neutrons whose subsequent behavior 

can be analyzed.to give the thermal neutron diffusion length.

This was the procedure followed throughout the experiment. A typi

cal count of the number of thermal neutrons emanating from the plane
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source was about 18,000 counts per minute. Fifteen minute counts were 

taken at every l/2 inch above the top of the Incite table. The same 

measurements were made- with both the bottom cover on and off. Measure

ments were made at temperatures of 10°, 27°, 50°, and 75° C.

The particular crystal that was used in this experiment could not be 

heated over 650C  } therefore, at the two high temperatures, 50°C and 75°

C, an additional aluminum tube with a one inch outside diameter was used. 

One end of the tube was capped with an aluminum cover„.and sealed so that 

the tube would be watertight. Provisions were also made in the tube so 

that cold air could be blown into it and hot water could be added to it 

(see figure 5)- This pipe was then centered inside the cadmium cylinder 

and placed directly over the source. Extreme care had to be taken in 

order to insure that the aluminum tube was exactly vertical. The neutron 

scintillation probe was then raised and lowered inside this watertight 

tube.

The procedure for making the measurements at 50° and 75° C differed
0 'from the procedure at 10 and 27 C in one respect. Before each measurement^ 

other than the first, an amount of water at the correct temperature was 

added to the tube so that the water level in the tube was raised l/2 inch 

after the probe had been raised l/2 inch. This was accomplished by means 

of a hypodermic syringe. All the time that the neutron probe was inside 

the tube, cold air Was blown into the tube to insure that the probe would 

not get too hot. Actually, there was an air gap of at least l/k to l/2 

inch between the thermal neutron crystal and the height of the water in
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.the tube (see figure 3).

It is essential that the flux within the. cylinder be symmetric„ The 

thermal neutron diffusion.length is obtained from the relationship - 

( V l?) + C 3 where 'Y is the slope of the straight line plot of

JBijthermal neutron (counts/min)3 versus vertical distance from the source 

(cm.)o It should be noted that in this particular measurement the term 

^ was neglected. This . factor would subtract a term from of the 

order of magnitude of 0.025 cm., and the experimental' error was much

greater than this == probably of the order of five times this figure.

As seen from figure 4, a plot of In[counts/min. versus vertical dis

tance^ there is a position on the curve where the higher harmonics die 

out. It can be seen.from the graph that the flux distribution in the

range from 8.85 cm. to 17.74 cm. varies essentially as an exponential.

In every trial it was the points in this region through which a least 

square straight line was fitted. The slope of this straight line yielded 

V. It was found that the experimental variation of the diffusion.length 

with temperature agrees fairly well with the accepted variation; however, 

the good agreement was obtained by fitting a least square line to the ex

perimental points. The slope of this line was taken as the experimental 

value of AL / At. Table V summarizes the findings of this experiment 

and compares these with the accepted values.

It should be noted that for this part of the experiment a long 

counting time is a necessity in order to obtain statistics that are good 

enough to give a relatively accurate value for the diffusion length. It
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should also be pointed out that with this method of subtracting the two 

counts, one obtains just the thermal neutron count (within statistics). 

This method eliminates the counts due to fast neutrons and gamma rays 

which to some extent activate the scintilation counter.
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TAELE I = Counts per minute "t error for the cadmium cylinder aIone1 cad
mium cylinder plus cadmium cover, net number of thermal neutrons for the
diffusion length experiment at IO0C t 0„5°C.

vertical 
distance 
from source 
(cm.)

time 
(min.)

Cadmium 
cylinder 
(counts/min. 
t error)

cadmium 
cylinder 
plus cadmium 
cover (counts/min. 
I error)

net number of 
thermal neutron 
(counts/min.
+ error)

2.50 10 33,938.7+58.1 16,066.9140.1 17,871.8170.6 '

3.77 . io 31,578.4+56.1 20,533.4+45.3 11,045.0+72.1

5.04 10 27,040.9^52.0 20,-640.2145.4 6,400.7169.0

6.31 10 22,160.4147.0 18,460.5143.0 3,699.9163.4

7.58 15 17,626.2134.2 15,221.6+31.8 2,404.6146.6

8.85 15 13,732.ol30.2 12,337.8+28.7 1,394,2141.6

10.12 15 10,631.3^26.6 9,772.8+25.4 858.5136.8

11.39 15 8,145.1+23.3 7,648.4+22.6 ■496,7^32.4

12.66 16 6,244.5^19.9* 5,922.oll9.8 322.5+28.0 '

13.93 15 4,832.0ll7.9 4,605.6^17.5 . 226.4+25.0

15.20 15 3,699.2ll5.7 3,578.4115.4 120.8122.0

16.47 15 2,855.1+13.8 2,791.5113,6 63.6119.4

17.74 15 2,196.5^12.1 2,151.0ll2.0 45.5ll7.0

* 15 minute count

\ XiiSvf- ■ '
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_LTABLE IT„ Counts per minute _ error for the cadmium cylinder alone, cad

mium cylinder plus cadmium cover, net number of thermal neutrons for the 
diffusion length experiment at 27°C + 1°C. ■

vertical 
distance 
from source 
( CUT). )

time 
(min.)

cadmium 
cylinder 
(counts/min. 
t error)

cadmium 
cylinder 
plus cadmium 
cover (counts/min. 
t error)

net number of 
thermal neutron 
(counts/min. + 
error)

2.50 ■ 10 35,459.7*59.5 17,138.7*41.4 18,321.0+72.5

3.77 10 33,247.9*57.6 21,105.6*46.0 12,142.3*73.6

5.04 10 28,404.0*53.4 21,009.3+45.8 7,394.7+70.3

6.31 10 23,113.8+48.1 18,867.7+43.4 4,246.1+64.6

7.58 10 18,423."3+42.9 15,834.6+39.8 2,588.7+58.5

8.85 10 14,957.5+38.6 12,860.6+35.8 2,096.9*52.6

10.12 10 11,570.4+33.9 10,238.5*32.0 1,331.9*46.6

11.39 10 8,934.4*29.8 8,083.0*28.4 851.4+41.2

12.66 10 6,873.5*26.1 6,296.0*22.9* 577.5*36.4

13.93 11 5,259.5+21.8 4,942.4*22.2 317,1+31.1

15.20 10 4,050.2+20.2 3,802.3*19.5 247.9*28.0

16.47 10 3,089.9*17.5 2,929.4*17.1 • 160.5*24.4

17.74 10 2,424.6+15.5 2,278.5+15.1 146.1+21.6

19.01 10 1,871.1*13.7 • 1,781.,7*13.3 89,4+19.1

* 12 minute count
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TABLE III. Counts per minute ^ error for the cadmium cylinder alone, cad
mium cylinder plus cadmium cover, net number of thermal neutrons for the
diffusion length experiment at 50°C I" I.0°C.

cadmium
vertical 
distance 
from source 
(cm.)

time 
(min.)

cadmium 
cylinder 
(counts/min. 
t error)

cylinder 
plus cadmium 
cover (counts/min. 
+ error)

net number of 
thermal neutron 
(counts/min. I 
error)

2.50 10 31,337.5+55.9 12,911.5+36.0 18,426.0166.5

3.77 10 30,531.7+55.2 16,742.7+40.8 13,789.0+68.6

5.04 11 27,817.6+50.3 18,425.7+42.9* 9,391.9^68.0

6.31 10 24,204.9^49.3 17,765 i 914-2.1 6,439.0+64.6"

7.58 15 20,452.2^36.9 15,960.8+32.6 4,491.4+49.3

8.85 15 16,765.0+33.4 13,746.8+30.2 3,018.2+45.0

10.12 15 13,423.5+30.0 11,445.8127.6 1,977.7+40.8

11.39 15 10,712.0+26.7 9,350.5125.0 1,361.5135.6

12.66 15 8,376.3+23.6 7,564.2122.4 812.ll32.6

13.93 15 6,557.0+20.8 6,033.4+19.2 523.6128.4

. 15.20 15 5,169.0+18.5 4,785.4+17.9 383.6+25.8

16.47 15 4,031.7±16.4 3,795.4ll5.7 236.3122.7

17.74 15 3,133.4+14.5 . 2,982.5+14.1 150.9120.2

19.01 15 2,445.ltl2. 8 ■ 2,355.3ll2.5 89.8+17.9

20.28 15 1,937.5^11.4 1,877.8lll.2 59.7ll6.0

* 10 minute count
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TABLE IVo Counts per minute I" error for the cadmium cylinder alone, cad
mium cylinder plus cadmium cover, net number of thermal neutrons for the
diffusion length experiment at 75°C I" I0C.

cadmium
vertical 
distance 
from source 
(am.)

time 
(min.)

cadmium 
cylinder 
(counts/min. 
i  error)

cylinder 
plus cadmium 
cover (counts/min. 
•i error)

net number of 
thermal neutron 
(counts/min. + 
error)

2.50 10 27,985.3^52.9 13,196.6+36.2 14,788.7+64.1

3.77 10 29,412.0^54.2 16,655.8+31.4* 12,756.2+67.9

5.04 10 26,987.8+51.9 17,567.3^41.9 9,420.5166.8

6.31 10 23,391.2+48.4 16,812.7+41.0 6,578.5163.5

7.58 15 17,944.5+34.6 14,857.8+31.4 3,086.7146.8

8.85 15 15,555,5+32.2 13,487.2+30.0 2,068.3+44.1

10.12 15 12,685.5^29.1 11,252.1+27.4 1,433.4+40.0

11.39 15 10,205.1+26.1 9,198.4+24.6 1,006.7+35.9

12.66 15 7,998.7^23.1 7,432,3+22.2 566.4+32.0

13.93 15 6,378.0+20.7 5,877.3+19.8 500.7+28.7

15.20 15 4,959.9+18.2 4,696.1+17.7 263.8125.4

* 13 minute count
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TABLE Vo Results of the diffusion length experiment,

experimental value accepted value* of
of the diffusion the diffusion
length (L) length (L) temperature

2.62 cm. 2.76 cm. 10oC±0.5°C

2.95 cm. 2.86 cm. 270c n ° c

2.98 cm. 3.00 cm. SO0G iI0C

3.19 cm. 3.15 cm. 75°C'I0C .

variation of experimental 
L with temperature

AL
AT =0.00778 cm./0C

variation of accepted 
L with temperature

AL =0.006 cm./0C*AT

* The accepted values are calculated using a base of 2,85 cm. at 25°C 
and a variation of 0.006 cm.7°C as given in reference 4, page 2-9.
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Figure 4. Illustration of the axial flux distribution.
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Figure 5. Illustration of the least square plot of relative flux versus 
distance from source for the diffusion length experiment.
Temperature = 10°C ^ 0.5°C 
Slope - 0.382 cmT1 
Diffusion length 2 2.62 cm.
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figure 6. Illustration of the least square plot of relative 
i!stance from source for the diffusion length experiment.

flux versus

slope = 0.339 cm.
Diffusion length = 2.95 cm.
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Vertical Distance From Source (cm.)

Figure 7. Illustration of the least square plot of relative 
distance from source for the diffusion length experiment. 
Temperature = 50°C 1°C
Slope = 0.335 cm.1 
Diffusion length = 2.98 cm.

20.28

flux versus
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Figure 8. Illustration of the least square plot of relative flux versus 
distance from source for the diffusion length experiment.
Temperature = 75°C t l°c.
Slope = 0.313 cm."""1 
Diffusion length = 3.19 cm.



•- 3 8 ~

X Experimental Points 
• Accepted Values

Experimental Curve

Accepted Curve

Temperature (0C)

, ’ i gyre . “ ̂ lusL-at oi o L:;u plul if c  ,.fusion length versus tempera-
Lure for riper!mental points and accepted values.
AL/AT = 0.00778 cm. /°C - experimental 
AL/AT = 0.006 cm./0C - accepted
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BUCKLING•MEASUREMENTS ■

For the buckling measurements the core was loaded with 264 fuel tubes 

(2220 Kg. of natural uranium) in the form seen in Figure 10. The four 

curie plutoniumrberylIium source (1.04 x IO^ neutrons/second) was placed 

in the water-filled central tube (see Figure 11) whitih rested on the grid 

plate.

The same thermal neutron crystal and associated circuit that was used 

in the diffusion length experiment was also used in the determination of 

the buckling. The high temperature adapter tube that was used at temper

atures of 50°C or greater was not used for the buckling measurements. It 

was anticipated that the buckling and diffusion length would be measured at 

the same temperatures, but this was not possible. The aluminum fuel tubes 

were capped' with a rubber stopper to make them water tight. When the tem

perature of the system, exceeded approximately 4,70C, these stoppers became 

free of the tube and water would fill the tubes and surround the fuel 

slugs. Since this is a very undesirable situation, the temperatures used 

for both the vertical and radial buckling measurements were 13°C I" 1°C,

23°c + IOc5 35°^ + i°g , and 45°C I" 1°C. A uniform temperature was main

tained throughout the system,by allowing the pump to circulate the water 

continuously.

Five minute counts were taken for both the vertical and radial buck

ling. At each position.in the vertical buckling experiment a count was 

taken with the source in position and when the source had been removed.

This was done to obtain the contribution due to spontaneous fission. For 

the radial buckling measurements background measurements were not taken.
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Vertical Buckling = Vertical traverses were made at radial positions of 

21.25, 17.44, and 19.35 cm. from the source at each temperature. The ver

tical distances at each radial position were 30.86, 38.48, 46.10, 53.72, 

61.34, and 68.96 cm. from the source. The counts per minute were cor

rected for background and graphs of In,[counts per minute],versus vertical ■ 

distance from the source were made for each temperature and radial posi

tion.

The values of V , the slope of these graphs, were found from the data 

by the method of least squares; that is, by fitting the best straight line 

on the semi-logarithmic graph to the experimental points. There were at 

least two trials at each temperature; the average value of these then 

being used as the vertical buckling at that particular temperature. The 

exact same positions of the. detecting tube were reproduced at each tem

perature, and the environment was kept the same. This was done so that 

the results of the measurements would have the same meaning. The results 

of the experiment are tabulated in table HS.

Radial Buckling - Radial traverses were made at vertical positions of 

48.64, 51.18, 53.72, and 56.26 cm. from the source at each temperature.

The. four trials were needed so that a fairly good average of the extra

polated radius could be found. At each of the above-mentioned heights, 

measurements were taken at every 2.54 cm. starting at 21.25 cm. from the 

source and going out to 39.03 centimeters. In some cases it was more dif

ficult than others to visually extrapolate the, curve, relative flux versus 

radial distance from the source, to zero. No attempt was made to fit any



of the curves to a Bessel curve. The same experimental conditions held 

for the vertical buckling experiment. The results are listed in tableXJv.

-41™
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The fuel tubes are distributed heterogeneously in the central part of 
the reactor, that is, the reactor core. The horizontal cross-section of 
this distribution is shown in the figure below.

(not to scale)
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Figure 10. Illustration of the horizontal cross-section of the subcritical 
assembly.
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(not to scale)
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Figure 11. Illustration of the position of the source tube and fuel tubes.
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TABLE V I „ Distance, number of thermal neutrons, background, net number
of thermal neutrons for vertical buckling at 13°C - I0 C=

vertical 
distance 
from source 
(cm=)

time 
(min.)

counts per 
minute ± error

background 
counts per minute 
* error

net counts 
per minute 
i error

radial distance from source B 21.25 cm.

30.86 5 1,132.2*14.9 7.011.3 I,125.2*15.0

38.48 5 657.4i11.5 8.0*1.4 649.4*11.6

46.10 5 428.8± 9.3 4.0*1:0 424.8* 9.4

53.72 5 287.6± 7.6 5.0*1.1 282.6* 7.7

61.34 5 161.81 5.7 4.011.0 147.8* 5.8

68.96 -5 111.8* 4.7 7.0*1.3 104.8* 4.8

radial distance from source - 19.35 cm.

30.86 5 1,331.6*16.3 15.512.0 1,316.1*16.4

38.48 5 810.6*12.7 12.5*1.8 798.1*12.8

46.10 5 511.6110.1 8.011.4 503.6*10.2

53.72 5 326.4* 8.1 13.5*1.8 312.9* 8.2

61.34 5 "202.0 * 6.4 11.011,2 191.0* 6.5

68.96 5 131.0*5.1 16.0*2.0 115.0* 5.2
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TABLE VI. (Continued)

vertical 
distance 
from source 
(cm.)

time 
(min.)

counts per 
minute i error

background 
counts per minute 
i error

net counts 
per minute 
- error

radial distance from source = 17.44 cm.

30.86 5 1.470.8*17.1 10,0*1.6 1,460.8*17.2

35.90 5 998.0*14.1 11.0*1.2 987.0*14.2

41.02 5 740.6il2.2 9.0*1.5 731.6*12.3

46.10 5 558.8*10.6 5.5*1.2 553.3-10.7

51.18 5 407.8t 9.0 6.0*1.2 401.8 * 9.1

56.26 5 287.4+ 7.6 5.0*1.I 282.4+ 7.7

61.43 5 209.6+ 6.5 22.5*2.4 187.11 6.6

66.42 5 171,4+5.9 20.0*2.2 151.4 *6.0

68.96 5 141.0* 5.3 17.0*2.1 124.01 5.4
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TABLE VII. Distance, number of thermal neutrons, background, net number
of thermal neutrons for vertical buckling at 23°C t I0Cl

vertical 
distance 
from source 
(cm.)

time 
(min.)

counts per 
minute t error

background 
counts per minute 
I error

net counts 
per minute 
i error

radial distance from source .=' 17.44.cm.

30.86 5 1,508.2*17.4 8.o n . 4 1,500.2*17.5

35.90 5 1,059.8*14.6 9.0*1.5 1,050.8*14.7

41.02 5 748.0*12,2 8.5*1.5 739.5 -12.3

46.10 6 571.8*10.7 11.0*1.7 560.8*10.8

51.18 5 424.5* 8.4 7.0*1.3 417.5*8.5

56.26 5 296.8* 7.7 5.0*1.1; 291.8*7.8

61.34 5 215.2* 6.6 S.Otl.l 210.2 t 6.7

66.42 5 170.2*5.8 8.0*1.4 162.2*5.9

68.96 5 144.8* 5.4 7.0*1.3 137.8 *5.5

radial distance from source = 21.25 cm.
.

23.24 5 1,599.6*17.9 6.4*1.3 • 1,593.1*18.0

30.86 5 1,194.8*15.4 5.5*1.2 1,189.3*15.5

38.48 5 717.8*12.0 5.5*1.2 712.3*12.1

46.10 5 449.4*9,5 11.0*1.7 438.41 9.6

53.72 5 292.8* 7.7 5.0*1.1 • 287.8 * 7.8

61.34 5 183.4* 6.1 6.0*1.2 177.4*6.2

68.96 5 110.8* 4.7 4.5tl.l 106.3l 4.8
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TABLE VIII. Distance, number of thermal neutrons, background, net number
of thermal neutrons for vertical buckling at 35°C t 1°C.

vertical 
distance 
from source 
(cm.)

time 
(min.)

counts per 
minute + error

background 
counts per minute 
•L error

net counts 
per minute 
± error

radial distance from source = 17.44 cm.

30.36 5 1,568.8117.6 13.OtI.8 1,555.8*17.7
38.48 5 952.0113.8 8.0*1.4 944.0413.9

46.10 5 603.0111.0 8.511.5 594.5411.1

53.72 5 373,6 1 8.7 7.511.4 366.14 8.8

61.34 5 234.2 *6.8 7.011.3 227.2 46.9

68.96 5 156.6 I 5.6 11.Oil.7 145.64 5.7

radial distance from source - 21.25 cm.

30.68 5 1,324.2116.3 8.O H . 4 1,316.2416.4

38.48 5 819.6112.8 9.541.5 810.1112.9

46.10 5 517.4110.2 12,0U.7 505.4410.3

53.72 5 347.61 8.4 9.541.5 '343,1! 8.5

61.34 5 217.0 1 6.6 5.511.2 211.5 16.7

68.96 5 131.81 5,1 5.011.1 126.8 ± 5.2
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TABLE IX. Distance, number of thermal neutrons, background, net number of
thermal neutrons for vertical buckling at 45°C ±  1°C.

vertical 
distance 
from source 
(cm.)

■time 
(min.)

counts per 
minute £ error

background 
counts per minute 
* error

net counts 
per minute 
t error

radial distance from source = 17.44 cm.

30.86 5 1,661.6*18.3 18.0*2.1 1,643.6*18.4

38.48 5 945.2*13.8 8.5il..5 936.7*13.9

46.10 5 >. 634.0111.3 6.5*1.3 627.5+11.4
53.72 5 410.6*9.1 11.0*1.7 399.61 9.2

61.34 5 243.2* 7.0 9.0*1.5 . 234,2* 7.1

68.96 5 ■ 170.6* 5.8 15.0*1.9 155.6 * 5.9

radial distance from source = 21.25 cm.

30,86 5 1,412.2116.8 11.0*1.7 . 1,401.2*16.9

38,48 5 855.4*13.I 13.5*1,8 841.9*13,2

46.10 5 557.0*10.6 13.5*1.8, 543.5*10.7

53.72 5 350.0* 8.4 4.5*1.I 345,51 8.5

61.34 5 215.6 I 6.6 5.0*1.I 210.6 * 6,7

68.96 5 142.6 * 5.3 6.011.2 136.6*5.4
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8 --

28.32 66.42 71.5043.56 51.18 58.8035.90

Vertical Distance From Source (cm.)

Figure 12. Illustration of the least square plot of relative flux versus
vertical distance from source for the vertical buckling experiment.
Temperature = 13°C - 1°C 1
Trial #1 at a radius of 17.44 cm.:Y  = 41.10 x 10“ cm.-^
Trial #2 at a radius of 21.25 cm.: V 1 = 38.36 x 10“^ cm."2
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Figure 13. Illustration of the least square plot of relative flux versus
vertical distance from source for the vertical buckling experiment.
Temperature = 13°C ± 1°C r
Trial #3 at a radius of 19.35 cm.;Y = 40.40 x 10“ cm."2
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Figure 14. Illustration of the least square plot of relative flux versus
vertical distance from source for the vertical buckling experiment.
Temperature " 23°C - 1°C. x
Trial #1 at a radius of 17.44 cm.: Y - 38.72 x 10" cm."2
Trial #2 at a radius of 21.25 cm, ; X = 39.04 x 10 cm.
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Figure 15. Illustration of the least square plot of relative flux versus
vertical distance from source for the vertical buckling experiment.
Temperature » 35°C 1°C z „
Trial #1 at a radius of 17.44 cm,:Y * 38.75 x ICTy cm.
Trial #2 at a radius of 21.25 cm. :Yl* 36.51 x 10"^ cm .-2
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Figure 16. Illustration of the least square plot of relative flux versus
vertical distance from source for the vertical buckling experiment.
Temperature = 45°C t 1°C x
Trial #1 at a radius of 17.44 cm.:"Y^= 37.80 x 1 0 " 4 cm."
Trial #2 at a radius of 21,25 cm. = 37.13 x 10 cm.
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o TABLE X. Distance and number of thermal neutrons for radial buckling at 
13°C t i°c.

distance 
from 
source 
( cm ,)

time 
(min.)

vertical 
distance 
from source 
=48.64 cm,: 
counts/min. 
t error

vertical 
distance 
from source 
= 51.18 cm.I 
counts/min. 
± error

vertical 
distance 
from source 
= 53.72 cm.: 
counts/min. 
i error

vertical 
distance 
from source 
= 56.26 cm.* 
counts/min. 
* error

39,03 5 179.0*6.0 147.2*5,4 132.8*5.2 110.2*4.7

36,49 5 209.8*6,5 171.4*5,9 159.6*5.7 135.2*5.2

33.95 '5 250.017.1 202.4*6,4 167.0*5.8 152.8*5.5

31.41 5 266.4*7.3 232.0*6.8 199.4*6.3 177.2*6.0
28,87 5 329.618.1 284.2*7.5 227.0*6.7 186.2*6.I

26.33 ’ 5 378.418.7 330.818.1 272.6*7.4 230.6*6.8
23.79 5 383.0*8.7 356.8*8.5 292.0*7.7 244,6*7.0

21.25 5 437.2*9.4 377.7*7.3 304.2*7.8 244.8*7.0

TABLE XI. 
23°C £ I0C,

Distance and number of thermal neutrons for radial buckling atVi'-

39.03 5 . 200.816.3 157.615.6 122.0*4.9 118.4*4.9

36.49 5 218.2*6.6 187.0*6.1 149.6-5.5 127.8*5,1

' 33.95 5 252.217.1 212.016.5 185.2*6,1 148.8*5.5
31.41 5 296,817.7 255.0*7.1 200.8*6.5 184.4*6.1

28.87 5 347.6*8.3 284.4*7.5 235.6*6.9 197.4*6.3

26.33 5 402.0*9.0 319.8*8.0 283.617.5 244,4*7.0

23.79 5' 422.0*9.0 366,6*8,6 287.2*7.6 254.4*7.1

21.25 5 . 445.4*9.4 391.8*8.9 294.4*7.7 - 270.2*7.4
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TABLE XII. 
at 35°C ±

Distance
1°C.

and number of thermal neutrons for radial buckling

distance 
from 
source 
(cm. )

time 
(min.)

vertical 
distance 
from source 
= 48.64 cm.S 
counts/min. 
I error

vertical 
distance 
from source 
= 51.18 cm.; 
counts/min.
■ * error

vertical "
distance 
from source 
=53.72 cm.: 
counts/min.
* error

vertical 
'distance 
from source 
= 56.26 cm.; 
counts/min. 
i error

39.03 5 195.6+6.3 175.2*5.9 140.8*5.3 119.2*4.5

36.49 5 238.0*6.9 200.0*6.3 165.8*5.8 146.6+5.4

33.95 5 266.O t?.3 226.0*6.7 206.0*6.3 170.4+5.8

31.41 5 ' ' 340.0*8,2 275.6*7.4 244.6*7.0 192.8*6 2

23.87 5 360.8*8.5 303.0*7.8 268.8*7.3 217,2*6.6

26.33 5 409.8*9.1 369.8*8.6 314.8*7.8 259^6*5.9

23.79 5 ■ 447.6*9.5 401.2*8.9 327.8*8.1 270.8*7.4

21.25 5 514.4*10.I 432.4*9.3 329.6*8.1 297.8+7.7

TABLE XIII 
at 45°C t

. Distance and number.oi 
1°C.

: thermal neutrons for radial buckling

39.03 5 197.8-6.3 163.0 -5.7 127.2*5.0 134.8+5.2

36.49 5 208,8*6.5 174.2*5.9 152.4*5.5 150.0*5.5

33,95 5 252.017,1 220.0*6.6 196.2+6.3 • 183.0*6.1 ■

31.41 5 296.4*7.7 250.6*7.1 210.4*6.5 200.8*6.4

28.87 5 352.418.4 293.4*7.7 241.8*7.0 228.0*6.8

26.33 5 377.8*8.7 347.4*8.3 278.4*7.5 271.8*7.4

23.79 5 437.4*9.4 386.0*8.8 308.8t7.8 287.8*7.6

21.25 5 441.0*9.4 407.2*9.0 320.8*8.0 292.8*7.7
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Figure 17. Illustration of the plot of relative flux versus radial dis
tance from source for the radial buckling experiment.
Temperature = 13°C i 1°C
Average T c  = 46.17 cm.
Radial b u c k l i n g , * 27.12 x 10 cm.™^
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Figure 18. Illustration of the plot of relative flux versus radial dis
tance from source for the radial buckling experiment.
Temperature = 23°C I 1°C 
Average R 0 s 46.77 cm.
Radial buckling,Br, = 26.43 x 10-4 cm.~
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Figure 19. Illustration of the plot of relative flux versus radial dis
tance from source for the radial buckling experiment.
Temperature = 35°C 1°C
Average R 6 * 47.52 cm.
Radial buckling,Br, = 25.60 x 10"^ cm.~
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18.71 23.79 28.87 33.95 39.03 44.11

Radial Distance From Source (cm.)

Figure 20. Illustration of the plot of relative flux versus radial dis
tance from source for the radial buckling experiment.
Temperature = 45°C d; 1°C
Average R0 = 48.16 cm.
Radial buckling,Br, = 24.93 x 10“^ cm.
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TAB LR XIV/ Results of buckling experiment.

Temperature Vertical Buckling Radial Buckling Buckling*
0C BzV (cm. B^r (cm.~2) *

13+1 39.96 X 10-4 27.13 x IQ-4 -12.83 x IQ-4

23*1 38.88 X O
I 26.44 x 10-4 -12.44 x M O 
,

I

35-1 37.63 X IQ-4 25.61 x M O
I -12.02 x IO"4

4511 37.47 X

IOr—I 24.94 x 10"4 -12.53 x !—1 O
 I

* The values of are calculated from the equation = B^r - B^v.

I
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3.30 -

Temperature (0C)

Figure 21. Illustration of the plot of vertical buckling versus tem
perature.
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Figure 22. Illustration of the plot of radial buckling versus tern 
perature.



Bu
ck
li
ng
, 

B 
, x

 I
Ot
j 

(c
m.

-63-
I M W ND

-

-1.30

x-\

-  \

7  -1.23
E

cn
O
r-4

-  \

%-1.26 
CN ̂
CQ

bO
C
•H
r—I
U

- \

= -1.24

'  \

-1.22

■ \

-1.20 ___________ I--- --------------------1-------------------------- 1------------------------- 1--------------------------------

0 10 20 30 40

Temperature (0C)

Figure 23. Illustration of the plot of variation of the buckling versus 
temperature.
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. CALCULATIONS

Temperature Coefficients of Reactivity;

All temperature coefficients are calculated at a temperature of 23° C

Rq = 46 o YT cm o .
%  = 104.43 cm

Lm = 2 .8 0 cm. - experimental (moderator)

T  = 23° c.
/I

■ QCt = 8.4 x 10“5/°c.
4 OO

$

0 .9 6 0 - calculated 

0.774 - calculated’18

'T = 28 cm2 2.0

4 S =  e=.
I 1 a Il eoS12.44 x 10 cm.

For a heterogeneous system the diffusion length is
if„= L m ( I - - P ) =  (2.ao)7> 0.774) =  4 . 7 7  cm!

Now,

from (1 7), 

from (3 7), 

from (45), 

from (54)

fi\o = L2h +  zV  =  1.7 7 -h a s  -  a 9.770 m!

(55)

(56)

B

L h - »1.77 -

tClSIi) 3̂ 0 (57)

I Ar. 3 )1 /6

-7
g.4S/<)

(58)

W  (39)
v ^t 4 2> a . ^  9,6,0 %/0

99 = 4-otf̂  r̂ c „ 4-. 8.4-3.56 '2̂ 977^6 _ +3>7%/oi ,6 >
G T 9.60^-' / G  lbU;

Itil Chowdhury, Thesis, Montana State College, May 1961, p.4. : "™"
19. Glasstone and Edlund, The Elements of Nuclear Reactor Theory (Van 

Nostrand Inc., 1952), p.28o.
20. Argonne National Laboratory, Reactor Physics Constants (University 

of Chicago Press, 1958), p.



The net temperature coefficient of reactivity is -16*2 x 10 ^/°c. 

Temperature Coefficient of The Material Buckling;

-65“

The temperature coefficient of material buckling is defined as follows
.2 Jt . _ .„2

-A z= S»viCTz) - S m  (if)

where
then.

T k - B S 0C a  in cl ■ T l  -  IB0C

(61)

(62)
Infinite, Effective and Subcritical Multiplication Factors:

All multiplication factors were calculated at 23 C.
+ 7Ve;

-L0 = (H-LaH 8^,)e = (l-1.77*U4-4w«3)
&oo - 0.9 6)5'

W =  A.

-a.S K 1.244. x/̂

_ 6,96^ e-3.2-
. - 2 - C W

I -I- LaH I* 1.7 7*3,5 G>W-i
,-^41= 0.869 ; " . ■ (6? 4-)

subcritical multiplication =r ' ~ -3=.-- -
I- 1 - 0 - 8 6 9

L  = 7. G  4- . (&5)
Change in ^ ̂ cV L q :

In obtaining equations (37); (45); and (54), it was assumed that F00
and T  did not vary with temperature. In a reactor where the moderator is 
liquid this is not quite true. . The variation of Ekqcan be obtained as

W>
follows:

Assuming S V  =  S U l , it can be shown that
* ' . T  e„

ir(S-fe) = j C   ----1--’ -H TcJl St̂ v-L Lu SB1Vi) (66)

also. - _L C E & f  -  S(TBa)- I r '
(6?)



35 C

(using the 
_ above assum
ption) .

+ 0.81 x

then

AT\. It C I- l.<s7-l.a93x/oJ 1.67 j

thus’ , / Cl -N • ' -S.
I — ' / I - — fO.(s>%/0 /0p

Ar t  ^ 00 y  7 ^

No attempt was made to substitute values into equation (6 7)
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CONCLUSION . -

The results of the diffusion length experiment were fairly accurate. 

The more conventional ways of measuring the diffusion length employ either
I

a thermal column of a reactor or a pulsed neutron source; however, this 

report shows that representative values of L (for light water at least) 

can be gotten using a Pu=Be (oC^n) neutron source. This means that for 

laboratory demonstrations of the diffusion length or for relative values 

of L, the more elaborate, costly, and sometimes inaccessible units such as 

the thermal column and pulsed neutron source are not needed.

In order to obtain representative values of L using a Pu=Be source, 

there still has to be certain requirements met. Naturally, the more ther=
i

mal neutrons there are, the better will be the statistics and the better 

will be the values of L. A four curie neutron source ( 10 neutrons/sec)

was used in this experiment and a source larger than this would have been 

more desirable. Long counting times are needed for ah experiment of this 

type so that the statistics will be better. The direct neutron counting 

devices should have a fairly level plateau and the power supply should be 

extremely stable. These are the basic necessities needed before a diffu= 

sion length experiment of this type can be run; however, the actual per= 

formance of the experiment has to be done very carefully.

It should be noted that no correction was made for any absorption of 

fast neutrons by cadmium. This was not done because the experiment itself 

was not accurate enough to warrant a correction of this nature.

The results obtained for the temperature coefficients were as expected 

for a subcritical reactor of this type. The net temperature coefficient of



reactivity (assuming K 00 not to change with temperature.) was found to be 

-16.2 x 10 5/°C. The actual contribution to the temperature coefficient 

due to a change in ÎaoWas found to be -10.6 x 10 ' V ° C . Thus, the contribu

tion to the temperature coefficient from I/AT ( S It00 Zkcc ) is very signi

ficant for this assembly. The importance of this contribution is partly 

due to the fact that this assembly is light water■moderated. It should be 

noted that the temperature coefficient depends very much on the that 

is used in the equations. The c<T is not too well5defined for a heterogen

eous system and in this paper it depends very much on the density of urani

um that is used and also on the temperature interval over which „ isILQy

obtained.

The results from the buckling experiment were rather unique in that
■

the material buckling was found to be negative. This can be interpreted as 

meaning that an infinite array(arranged exactly as in this assembly)of sim

ilar fuel elements and a light water moderator could never go critical.

The measurements of the buckling must be performed with care in order to 

obtain conclusive results. Again, long counting times, are needed to obtain 

good statistics.

The radial bubbling is rather hard to determine because it is somewhat 

difficult to obtain the extrapolated radius. Four trials were run at each 

temperature so that a fairly reliable average of R0 could be obtained. It 

is interesting to note that the extrapolated radius varied significantly 

with temperature.

The vertical buckling does not require as many trials as the radial 

buckling to obtain a good average value, but the more observations made the



better will be this average. A  background measurement with the source re

moved should also be included in the vertical buckling experiment. This 

is necessary because when finding the slope of In £ net number of thermal 

neutrons] versus vertical distance from the source a least square straight 

line is fitted to the experimental points.

The experimental value of koc, (O.965) is in good agreement with the 

calculated value (0 .960).

Generally then, the results found in this experiment may be applied 

to further research and some of the procedures followed could be used 

either as a basis for more detailed investigation or as a basis for labor

atory course work.

-69™
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APPENDIX I

CALCULATION OF THE VOLUME OF URANIUM AND VOLUME 
OF WATER USED IN THE SUBCRITICAL ASSEMBLY

The subcritical assembly contained 264 fuel tubes. In each fuel 

tube there were five fuel slugs. There were two different lengths of 

slugs used and, on the average, there were three small and two large 

slugs per fuel tube. A description of the fuel slugs together with a 

tabulation of the computations used in obtaining the volume of uranium is

given below.
(not to scale)

Figure 24. Diagram 
of fuel slug.

TABLE x5 . Values and results used in ob- 
taining the volume of uranium.____________

LARGE SLUG SMALL SLUG
A 2.90 cm. 2.90 cm.
B 0.96 cm. 0.96 cm.
C 21.35 cm. •20,35 cm.
D 0.129 cnr. 0.129 cm.

Average
Weight 1834 gm. 1747 gm.
No. of 
Slugs 528 792

VoI. of 
One Slug 89.8 cm.3 85.5 cm.^
Total 
Vo Iume 4.74x104 cm.3 6.77xl04 cm.3

Total Volume of URANIUM = S a1.15x10 c m /

Total Weight of URANIUM - 2220 Kg.
2,0

Density of AL-Si = 2.79 gm./cm.3
2.1O

!Density of URANIUM - 19.3 gm./cm.

20. Chowdhury, Thesis, Montana State College, May 1961, p. 8.
21. Etherington, Nuclear Engineering Handbook (McGraw Hill Inc.,1958),

p .  1 0 -1 8 .



C..-
The fo llow in g  tab le  contains the data used in  obtaining the volume of 

w ater.

TABLE ESI. Values and r e s u lt s  used in  obtaining the volume o f water.

Bare Tank Voids* '

radius 60.96 cm.

depth of water 124.38 cm.

volume of water .1.45 x IO^ cm.^ Total Volume 0.26 x IO^ cm.^

Net Volume of Water '= 1.19 x .IO^ 3cm.

* Voids include any volume of material, other than.water, that was pre 
sent in the assembly tank; such as, fuel tubes, source holder, grid 
plate, experimental tube.-
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APPENDIX II

CALCULATION OF THE.COEFFICIENT OF LINEAR -EXPANSION,

The coefficient of. linear expansion,©^, used in this paper is an

average value for water- and natural uranium. It is defined as 

0 ^T ~  ^  Ta*/J (69)

where -/S^6 the average volume expansion coefficient.  ̂ is

defined as
^ H z .0 Vn.O 4-

where
Vu o f  V x as8

(70)

Vh o - I-19 Xvo cmt /3 ^ 3 8  =  4,5"6 XV0™ / » c

_  VttW6= 1.15x VOaCvn? v3Hi0 = £7.a \) tT S/ 0C.
/3Hio is averaged over the temperature range of IO0C to 45°C and is cal

culated as follows:

^H1O= vW-Vti _J__ vjKere T1= 4 S 0C
VrilTl ■ ^ T 1 T1= I b C

^ tC - jS - V = L O C O S ?  tken V =  l.oosrOG?
45 C — i6 V = |, 0 0985^

uoô Sff-■».ftQQe-'L._L. a a?. 2xife /6C
I, o 0 5*6 6 If1

/St̂ l = a7,BXvo"S» M<9X/05'+.4,5"Q^/6
ll^X/b5"+ UIffXZO5, 

- f f

(73)

/3 t0+J = £ 5 . 2  xzo / 0C 

or
Qtt - 8 . 4  xzo /OQ

Etherington. Nuclear Engineering Handbook (McGraw-Hill Inc.„ 1958)
p. 10-18.



APPENDIX III

TYPICAL CALCULATION 
OF

LEAST SQUARE STRAIGHT LINE FIT FOR EXPERIMENTAL POINTS 

Vertical Buckling - Temperature = 35°C *  1°C - Radial Distance = 17.44 cm.

- 73-

distance from 
source (cm.)

actual?
reading ^obs JU-Vfobs dev. = In Sfob5 -Inxcifes - b

30.86 31.00 0.00 1,555.8 7.34974 7.34974-b.

38.48 28.00 3.00 944.0 6.85013 6.85013-3m-b.

46.10 25.00 6.00 594.5 6.38772 6.38772-6m-b.

53.72 22.00 9:00 366.1 5.90293 5.90293-9m-b.

61.34 19.00 12.00 227.2 5.42583 5.42583-12m-b.

68.96 16.00 . 15.00 145.6 4.98087 4.98087-15m-b.

f (m,b)= 2  devf = constant-73,79444b-f'6b^-503.65218mf'495m2-90mb.

9£(m,b)- -73.79444M2b490m=0 
db

(m,b)- -503.65218f990mt90b=0 
3m

m - -0.1581146666 
b - 7.335396665
y ■ -0.1581146666% +7.335396665 

38.75 x 10-4 c m .”2
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APPENDIX IV 

SYMBOLS USED

B = buckling cm."2
B% ■ = radial buckling cm.“2
By = vertical buckling cm. “2 ,
D = diffusion coefficient cm.
f: = thermal utilization
Koo = infinite multiplication
Keff '= effective multiplication
L = diffusion length of the moderator
L m ■= diffusion length of heterogeneous system
Ma = migration area
p = resonance excape probability

= position vector
'Sa = macroscopic absorption cross section 
Sk = microscopic absorption cross section 
$ = neutron flux n/cm.2/sec.
fR0 = extrapolated radius
R6 = actual radius
He = extrapolated height
Ho = actual height
Tl*. = transport mean free path
<*. = coefficient of linear expansion
vV = Fermi age
d = density

t
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