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ABSTRACT

The behavior of thermal neutrbns in shields
containing ducts was studied experimentally and compared
with theoretical models. .A Van de Graaff accelerator was
used as a source of fgst'neutrons. These neutrons were
‘slowed to thermal energies in a large block of gfaphite and
allowed to strike a water tank. This tank, which
represented the shield, ﬁas designed to allow the mounting
of various size cylindrical ducts extending through the
shield.

The measurement of the relative thermal neutron
flux in a duct was performed by’use of both indium foils
and a BF3 probe. In addition to measuring the total flux,
a source separation technique was used to isolate experi-
mentally the various flux components. Sheets of cadmiuﬁ
were used to absorb the ﬁeutrons coming from various
sources in turn. This permitted determination of the three
flux componentss$

1. Dirgct flux, neutrons which enter the duct mouth
and travel in a'straight line to the detector.

2. Scattered flux, neutrons which enter the duct
mouth, but scatter from the duct walls before
reaching the detector.

ix



3.' Penetration flux, neutrons which enter the shield

away from the duct, but penetrate to the detector.

Several parameters which influence the radiation
attenuation were varied to provide an extensive test of
the calculational models. cht diameters from 151/8" to
4" ywere considered. The shield absorption properties were
altered by dissolving various amounts of boric acid in the
water. In addition, the duct cross-sectional shape was -
changed by partially flooding the interior of the duct.

The results of these experiments indicated that the
direct flux has an asymptotic form inversely proportional
to distance squared. For sufficiently long ducts the
direct flux and the total flux afe ne#rly equal.

At intermediate distances in a duct either the
scattered flux or the penetration flux may produce the most
" significant contribution to the total flux. Each of these
components reach a peak a short distancé down a duct, and
then attenuate more rapidly than the direct flux.

Successfdl calculational models were developed for
‘each of the flux components. iThese permitted determination
of the total thermal neutron flux within a factor of ;.3 at
distances greater than two to three duct diameters from the
.mouth. The direct flux was determined by deriving a
geometric formula for the radiation.near a disc source

emitting with a cosine angular distribution.
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The effgcf of the scattered flux was well matched
by using a Simon-Ciifford analysis in which the current
reflected from the duct.falls has a coéine angular distribu-~
tion. A modgi for calculating the.effective total albedo
w#s found. |

The source for the penetration component was
~represented by a continuous current of neutrons along the
duct wall. These neutrons entered the sidé of the duct and
travelled to the detecfor.'.

The results of the duct shépe study indicated that
non-circular ducts exhibit an effective radius, which can be
described by an empirical expression.

The reéﬁlts of this study provide a good under-
stan@ing of the general behavior of radiation in ducts, as

well as a reliabley simple calculational model for thermal

‘neutrons.



" I. INTRODUCTION T

Man has been working with radioacti#e materials for
ovérlgeventy years. The resulting benefits to science and
sociéty from the use of radiation are immeasurable. To
gain maximum benefiflfrom radiation man must learn to
protect himsélflfroﬁ its undesirable effects.

In the early days, the harmful biological effects
of radiation were not recbgnized. Fortunately, many of the
early experimenters who were unaware of the radiation
danger, were dealing with such low activities that no
danger in fact existed. As the danger became known, it was
found that relatively small amounts of absorbing material
were sufficient for protection.

" During the 1930's particle accelerétors caﬁe into
widespread use. These were, however, extremely low
current, low energy devices, and the shielding.for these
- instruments was still perf&rméd primarily oﬂ a trial and
error basis;

The development of the nuclear reactor in the
1940's suddenly changed the entire problem of radiation
protection, for radiation éources many orders of magnitude

. e .
larger than those previously encountered were at hand. The
discipline of shielding was born from the need for protec-
tion from these large sources.

1l



If dose considerations were the only criteria in
designihg'a reactor shield, then great thicknesses would be
used which would provide unquestionable safety. However,
econpmic considefations as well as general ease of opera-
tion of a feactor plant also influence the shield design.
These factors dictate that the shield be designed as small
as possible. Therefore, opposing factors exist which make
it importaﬁt to be able to calculate with reasonable
accuracy the amount of radiation penetrating a thick
shield.

It was soon recognized that the radiation dose
received at points outside a shield was strongly influenced
by the preéence of small ducts or voids in the shield.

- However, it was natural for emphasis to be placed first
upon analysis of the more basic pfoblem--that of penetra-
tion of radiatidn‘through a solid shieid. |

The difficult part of any thick shield problem is
the determination of the scattered or collided flux. It
has always been a relatively simple matter to measure total
cross sections, and toinnd a tﬂeory which adequately
predicts the uncollided flux. However, for both neutrons
and gamma rays the determination of the collided flux is
not a trivial task. Variations of maﬁy of the techniques
of reactor physics have been adapted in attempts to
calculate the total flux including 5uildué 6f scattered

radiation. In addition both simplifieﬁ and complex models



specifically designed for shielding studies have been
developed. Representative techniques will be exgminedf

Before 1940 a great deal of work applicable to
shielding problems was performed. Such work was primarily
in the area of the basic interaction of radiation with
matter. Scientists were interested in the various cross
sections and energies involved in nuclear reactions. The
task still lay before the shield deéigner to use this
infbrmation in the development of successful shielding
models. During the period 1940-1945 nearly all information
was classified; so following 1945 the literature was
suddenly flooded with shielding information applicable to
today's prqblems. The history of the radiation shielding
field following'l945 has been well documented in various
comprehensive works (1, 2, 3).

The first attempts to qalculate thé scattered and
unscattered radiation deep in a shield relied upon the more
simplé techniques. Diffusion theory, which was known to be
reasonably.successful for some reactor physics problems,

. wag-soon found to be a poor tool for shielding éalculafions.
Of course, .there were good reasons for the lack of success
of diffusion theory. The approximations empioyed in
deriving diffusion theory ﬁére genérally not applicable'in

. a highly absorbing shield. For muitiple layer shields, the

approximations were particularly bad. Therefore, shield
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designers found it necessary to search for better analytical
techniques.

More exact theoretical methods as well as various
approaches based upon experimental results were examined.
Basic Boltzmann transport theory can be used to describe
the passage of either neutrons or gamma rays through matter.
Apéroximations to transport theory which are more accurate
than diffusion theory are well-known in reactor physics.

In the spherical harmonics method, the ahgular flux is
exgaﬂded in terms of an infihite series of Legendre

polynomials in the angular variable:

- 3
F(xy Eq) = Z £(L) @ (x, E)P| (&)
L=0

In this PL method, the last value of L retained in the
expansion gives the name to the approximation being
employed. The BL app}oximation developed by Hurwitz and
Zweifel (2) represents one method in which the Fourier
transforﬁ of the tfansport equation is used. The BL
approximation has better convergence propertieé than the
PL'approximation.

The moments method pioneered by Spencer and Fano
(2) at the Natioﬁal Bureau of Standards has been found
4successfu1 for handling certain problems. It is most

effective for determining the flux in an effectively

infinite layer of a single shield material. The method
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is based upon further expansion of the ¢L(x, E)'s mentioned’

above in terms of their spatial moments, b . (E):

oo o

b (E) = glm) f 8, (x, E)xMax

Zeo -
The moments method represents one form of numerical
approach to the solution of the trahsport equation, sincé
a digital computer is required to find the moments.
Computer limitations usually prevent carrying the cglculé-
tions beyond a flux reduction of 8 or 9 orders of magnitude.

Spencer and Fano (2) have also done considerable
work on a technique which is most effective for extremely
deep penetration calculationse The Laplace transform of
the angular flux is uséd to obtain a solution which is most
easily evaluated for very thick shields. Hence, these are
usually termed asymptotic solutions.

Direct integration of the transport equation is
another numerical technique which is capable 6f handling
multiple-layer problems not treated successfully by the
moments method. This powerful technique is 1ipited
primarilj‘byvcomputer capabilities: storage and speed.

The possible variations in handling of the basic
transport equation are limitless. The above discussion
lists a few of those that have found at least some success
in shielding calculations. In addition several methods

~based'upon experiment have been found useful.



The Monte CarloAmethod is really a hybrid of
theory and experiment. A Monte Carlo calculation involves
performing a simulate& experiment on a computer such that
the paths ef individual particles are traced through the
shield. Theory is iﬁvolved in determining the manner: in
which the experiment is simulated. If accurate representa-
tion of the microscopic events taking place within tﬁe
shield is possible, then Monte'Carle results will be
_correct. This direct numerical technique is affected by
the same statistics problems as a conventional experiment.
"It is necessary to trace enough particle histories so that
a statistically satisfactory number reach the point of
iﬁterest. Therefore, the value of this teehnique is also
directly limited.by computer size and speed. The great
advantage of Monte Carlo methode is that they cen handle
any geometry no matter how comp;ex.

. The direct application of experimental methods to
the production of theoretical models which can predict the
collided flux has taken somewhat different paths for
neutrons and gamma rays. For neutrons, which are emitted
with a continuous energy spectrum, it was found that the
total flux deep in a shield generally resulted just from
the most energetic neutrons entering the shield. Effective
removal cross Sections for conversion of these high energy
neutrons te thermal neutrons can be determined experi-

mentally for shields containing hydrogen. The initial



"removal'" event is associated with inelastic scattering
which greatly reduces the energy of the neutron. Following
such a collision, the hydrogen present rapidly reduces the
neutron energy until it reaches the thermal fange. Removal
cross‘sections are generally measured for neutrons with a
fission spectrumy and are thus directly applicable to
reactor problems. Albert and Welton (2) have developed
theoretical expressions to estimate the'effective'removal
cross séction. A major ﬁroponent of the‘general technique
has been Blizard at Oak ﬁidge.

Because of the differehces in the way gamma rays
and neutrons interact with_matxef‘the.reméval method is
ﬁot very useful for gamma calculations, and the following
method is not very useful for neutron calculations. Gamma.
ray experiments are used to determine tﬁe buildup factor,
By, as a function of shield thickness and initial gamma

energy for a particular source geometry. B can be defined:

B total effect observed

= 'effect of unscattered photons

Since gamma rays are emitted with diséreté energies, it is
relatively easy fo calculate the effect (total flux, energy
absorption, etc.) resulting from the unscattered photons.
Total'croés sections are generally known quite accurately.
Thus, application of a measured buildup factor provides a

quick estimate of the total effect.



8
The.preceding methods were nearly all introduced in
the literature as shielding téols_during the peridd 1945~
1956. The development of theoretical techniques and the
acquisition of experimental data during this decade made
possible the solution of many of the bulk shielding problems .
present at thé beginning of the period. Valuable work.on
bulk shields has continuedy of course, to the present day.
Howevery, by the midd;e'1950's some workers in the shielding
field were turning their interest_toward various special
topics such as weight optimization or the effect of ducts

and voids in shields.



ITI. DEVELOPMENT OF METHODS FOR ANALYZING
DUCTED SHIELDS

In practice, reactors are never protected by a’
solid shield such as those used for many hypothetical
studies. Rather, reactor shields are penetrated by a
number of ducts. For insfance, pipes carrying coolant to
and from the core penetrate nearly all reactor primary
shields. In the case of'gas-cooled reactors this produces
a particuiarly large duct éhielding problem. In addition
air géps through a shield may be needed for control rod or
instrumentation channels. The size of thé duct through the
shield often must be made much larger than the Objeét which
passes through‘it. For exampley if control rod guide tubes
connected to a pressure vessel pass through the shield,
fhen the ducts fof these tubes.must be made large enough to
account for tolerances in mounting the tubes as well as for
thermal expansion of the pressure vessél. Therefore |
significant air gaps can not ﬁe avoided.

Since ducts provide unobstructed paths through at
least part of the shield, they tend td defeat its purpose
and must be carefully considered. As in the case of solid
shieldsy it is relatively easy to calculate the uncollided
flux in a shield containing voids. However, since a duct
provides certain parts of the scattered radiation with

9



10
unusually long path lengths, calculation of the collided
flux becomes particularly difficult. A number of special
techniques for handling both collided and uncollided
compbnents will be discussed in this chapter. It should
be observed before entering this discussion that the
quantity of radiation which is transmitted by a duct
section depends upon five, basic quantities: duct length,
duct area§ duct shape, shield material properties, and
source characteristics.

| Many papers which dealy, at least in part, with duct
problems have been published by many authors. Some of the
more‘simple techniques are so basic that they have
essentially been réinvented a number of times. Therefore,
it is not possible to present a complete history of the
fiéld. What will be presented is a summary of the three
major approaches which have been employed in duct shielding
analysis: (1) simplified theoretical analyses with results
that can be calculated by haﬁd, (2) sophisticated theoreti-
cal methods that generally require computer techniques to
obtain results, and (3) e*perimental results.

| Simplified theoretical analyses generally determine

with reasonable aécuracyvfhe flux travelling straight down
a duct without scattering. If the source angular distribu-
tion is known, this cbmponent of the flux can always be

calculated with relative ease. The simplified theories



11
which will be examined ignore radiation which does not
enter the duct mouth. The radiation which enters the duct
gnd strikes its walls is commonly treated either by
diffusion theory or albedo methods.

The one-velocit& problem'forﬁhhich diffusion theor&
is aééumed to hold igﬁthe duct walls has been examined by
Whitcombe (4) and carried on by Roe (5). The obvious
difficulty with such a tre;tment is that the flux in the
duct walls is assumed to be isotropicy which is surely far
from true. |

Fisher (6) has used a similar approach to find the
flux from all neutrons entering the duct mouth in terms of
the standard diffusion theory constants. His results can

be written:

_ 6 2L2
g(z) = £ __ |, I;
4(Z/A) L

wherey A = duct radius
= macroscopic scattering cross section

diffusion length

macroscopic total cross section

N-™mM U !
n

distance from duct mouth
The author expects expressions of this form to be valid
only under the specific conditions:

Z > A and

AK 1/
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Fisher's results will.be compared with the results of the
present experiment in a later section.

‘A further study using diffusion theory has been
performed by Barcus (7). The author had the following
comment reg;rding the validity of this approach: "In view
of the approximations, the results have only a semiquanti-
tative value, but a value which should suffice for order-
of-magnitude calculations." Thus, the essehtiAl drawback
of the preceding method 'is that a significant error may
occur,y and that the magﬁitﬁde of the error is difficult to
estimate.

A second simplified approach which is designed for
" the duct problem involves the use of.an effective albedo
for the shield. The first widely known aﬁalysis of this
type was perférmed by Simon and Clifford (8). In this
method a fraction B of the radiation incident upon the duct
wall is reflected. P is defined as the reflected current
divided by the incident current, and is called the albedo.
Simon and.Clifford performed their analysis for an isotropic
source at the duct mouth. The scattered flux was assumed
fo emerge either with a cosine angular distribution about
the normal fo the surface, or with an isotropic distribu- .
tion. When multiple scattering from the walls with é
cosine distribution is considered, the following expression’

was derived for long ducts:
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o 2noB 1

+ >
2(z/A)2 (Z/A)B(l-B)-\qu(A/z)z

The first term represents the unscattered or direct flux,

g(z) =

and the second term is the scattered contribution. Thus,

" @#(2) can be written:

: 4 1
#(z) = gy(2) | 1+ 25
~ : "\/4,+(Z/A)2

direct flux at Z

By (2)

n
o

source strength at duct mbuth (emitting
into duct only) |

Z = distance from duct mouth .

A = duct radius )

Techniques using thevalbgdo approach describe the
physical events taking place reasonably well, and should be
expected to give good results when the proper B and angular
distribution of scattered flux are chosen. Finding the
appropriate effective albedo is a problem. This is
critical because the albedo term changes rapidly for large
values of B (near 1). For thermal neutrons, albedos in the
range of 0.8 to 0.9 are common. Notice that for B = 0.8,
B/(1-B) = 4.0; but for B = 0.9, B/(1-B) = 9.0.

The choiée of B is further-compliéated by the fact
that it depends upon the>angle of incidence. Since the

angular distribution of the radiation changes with distance
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down the duct,vit is'not obvious what angular distribution
should be used to calculate the albedo.
| Additional development of the albedo method has
been perfofmed by Le Doux and Chilton (9). Their work has
.been aimed particularly at the problems of gamma rays in
ducts. They have considered differential angular albedos
in their work instead of just the total albedo. This is
particularly important for gamma rays sincé they lose
energy upon scattering. Compton scattering equations show
‘that the energy reduction can be quite significant when the
scattering angle is large. Therefore, the gamma energy
current reflected by a surface can depend greatly upon the
emission;angle. Such a refinement in technique adds, of
~course, an extra dimension to duct analysis.

It has been observed 15y Cain (10) that for duct
problems, "The complexity of the usual geometries, in
practice, precludes the use of many of the common neutron
transport calculational techniques." Thus, Monte Carlo
techniques have generally been employed when a more
sophisticated calculation waé desired.

| The work of Cain represents the most simplified use
of the Monte Carlo technique. Hé has used An albedo model
in which only.the scattered radiation is treated by Monte -
Carlo methods. This requires one to assume the.angular' |
distribution of the radiation emerging from the duct walls.

Comparison with the Simon-Clifford equafions give fairly
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good agreement when the same angular distributions are
used. The statistiéal problems present in using Monte
Carlo methods for deep penetrations are made clear by this
comparisonf The Monte Carlo data has a spread of a factor
of about three for thé cosine albedo assumption at-a
distance of sixteen feet down a one foot diameter duct.

Comparison has also been made with data faken at
the Tower Shielding Facility at the Oak Ridge Laboratory
for thermal neutrons in concrete ducts. Good agreement was
obtained when the cosine albedo assumption was combined
with a total albedo of 0.8. However, no method was
developed to calculate the appropriafe albedo for arbitrafy
shield properties.

Collins (11, 12) has developed a more complete
Monte Carlo approach to duct analysis. His method will
handle either gamma rays or neutrons in both straight and
bent ducts. Results were compared with ekperiments and
found to be in agreement. One, of course, expectq‘accuraéy
with a properly developed Monte Carlo code and reasonably
correct input data.

During the middle 1950's a greaf deal of experi-
mental data relating to the passage of radiation through
ducts was obtained at Oak Ridge (13) and Brookhaven (14)
laboratories in the United States as well as in England
(15, 16); The data taken in these experiﬁents were always

values of total flux at various positions within or near
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the duct. Often, the data were simply recorded and
reported with littie emphasis upon simultaneous theoretical
developmeﬂt. Following tﬂe presentation of the Simon-
Clifford equations, it became popular to compare experi-
ments with these expressions.

Later, special experiments wefe set up which,couid
be used directly to check the reliability of the more exact
calculational techniques being developed. Several experi-
ments at the Oak Ridge Tower Shielding Facility (17) were
épecifically designed for this purpose. |

" In spite of the large amount of duct information
available, some experimenters were still having difficulty
interpreting their data. In 1960 Rizzo and Quandrado (18j
found difficulty in explaining the attenuaﬁion of gamma
rays in concrete ducts. For some ducts the flux seemed
inversely proportional to distance squared, while for
others it seemed ihversely proportional to distancé cubed.

To some investigators it seemed apparent that this
type of confusion was caused by the difference in behavior
of the various flux components--the scattefed and un-
scattered flux, for example. In 1962 Piercey (19) decided
to try to eliminate some of this confusion by use of source
separation methods. He measured the transmission of
thermal neufrons in‘cylindrical ducts through water.
Instead of just considering the total flﬁx at a point, he

used cadmium to attempt to separate the various
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.contributions to the neutro# flux in the duct.- This
provides much greater opportunity to analyze correctly the
events that take place.

| Recentiy, Nilsson and Sandlin (20) have performéd
a similar.analysi; upon thermal neutrons in annular ducts.
The analytical expressions dévgloped in each of the last
two references have only apprqximately‘matched the experi=-
mental fesults; Nevertheless, the experiments, themselves,

represent a new and more sophisticated technique which is

valuable in obtaining duct data.



III. OUTLINE OF THE PRESENT STUDY

The preceding section indicates that mahy experi=-
'mental and theoretical studies have been performed in an
attempt to understand and calculate the behavior of
radiation in ductsf The subject, however, is by no means
closed. The importance of continued duct work has been

indicated intTID-14558 Current Outstanding Shielding

Problems (21) as follows,

e« o o if personnel or equipment can be kept from
the immediate.vicinity of the duct exit, then the
uncertainty can often be tolerated since the
local hot spot will 'average out! with distance
from the shield. On the other handy, a crew
member of a radiation-~protected vehicle peering
‘through an optical observing device cannot
tolerate an order of magnitude error in duct
dose. While the relative importance may vary
with the applicationy it is our opinion that
nearly all shield designs are strongly affected
by duct transmission problems.

The type of radiation which seems to be the most
difficult to calculate in a duct is thermal neutroné. The
sensitivity of thermal neutroh attenuation to exact duct
configuration and wall material was observed in a recent
report by Bisbois (22). He reports that in some cases the
attenuation observed in aunular ducts at one laboratory
varied by a factor of teﬁ from that found under similar
circumstances at another laboratory. The report TID-i4558

also states that "The streaming of low~energy neutrons

18
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through the duct is usually ﬁot calculable even to an order
of magnitude." However, secondary gamma rays from (n, ) )
and activation reactions often cause.significant doses at
- the back face of a shield. Thus, it is essential to know
the thermal neutron flux within the shield.

Since certain materials such as cadmium have -
extremely high absorption cross sections for thermal
neutrons, it ig possible to study separately the radiétion<
coming from different s&urces.' The cadmiuﬁ is used to
shield unwanted thermal neutrons and thus separate the.
soufce into its various components.

This source separation method has been used by
Piercey and by Nilsson and Sandlin as mentioned in the
preceding chapter. Howevery, in both these experiments
thermal neutrons resulting from fast and thermal neutrons
incident on the shield were considered. Since it is not
possible to use sourée_séparation on the fast flux, -the -
results are difficult to interpret and apply to subsequent
problems.

The éxperimental work which follows was limited to
examination of the beha&ior of all thermal neutrons striking
a shield containing an air duct. This problem'is'highly
apprbpriate for use of the source separation technique and
should verify its value. Use of this technique with only
thermal neutrons produces a cleany, unambiguous experiment--

an experiment in which the fraction of the radiation
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resulting from each source is cléarly determined at all
points in the duct.

- To simplify the job of varying parameters a water
tank was used for the basic shield. Tﬁe parameters varied -
were the duct diameter, the shield absorption prqurties,
and the duct shape.‘ Duct diameters of 1-1/8, 2-7/32, and
4 inches were considered. Wifh the 2=7/32 inch duct in
place various ;;ounts-of boric acid were dissolved in the
water to change the shield absorﬁtion cross section.
Finally, with the 4‘incﬁ duct in place, water was intro-
duced to various heights inéide the duct. This changed
the duct éross séction into various circular segmenés. In
additidn the fraction of the flux coming from backscatter
at various points in a duct was detérmined.

The cadmium.source separation method was used to
divide the.thermal neutrons reaching the point X in the
duct into the fbllowing components (see Figure 1):

a) Direct Radiation, D: Thermal neutrons which enter

the duct mouth and travel in a'straight line to the
point X.

b) Scattered Radiation, S: Thermal neutrons which

‘enter the duct mouth, but scatter from the duct

walls before reaching X.

c) Penetration Radiation, P: Thermal neutrons which

enter the face of the shield, but penetrate to X.
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d) Fast Effect, F: Thermal neutrons which result from

fast ngutrqns which enter the shield.A
The first measurement performed for each duct configufation
was the thermal flux without any cadmium, T'. This
included. the total thermal flux at the point of measurement
resulting from thermal neutrons entering the shield and
duct mouthy T, as well as the fast effecty, F. Thus we

have:

T=T!' «=F =8 +P +#D = total thermal flux .

To measure the fast effect, F, the front face of
the shield is covered with cadmium (surfaces 2 and 3 in
Figure 2). This transmits only the fast flux. n

To measure the direct flux, D, the surface 1 in
Figure 2 is lined with cadmium. This removes ail neutrons
except those that travel straight down the duct.

To measure the penetration component, P, the du;t

‘mouth is covered with cadmium (surface 2 in Figure 2).

_With this arrangement a quantity Pf is measured where:
P* =P + F

Thus the fast effect is subtracted to obtain:
P =P' - F

There is no direct method to measure the scattered

component, S, but sufficient information is available from
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the other measurements to obtain this quantity:
S =T -D =P

Theoretical methods for calculating duct attenua-
tion problems must considef‘the various flux components
outlined above (often the penetration component is
ignored). However, comparison of theoretical methods with

 experiments measuring the total flux are not altogether

satisfactory. This is true because one component of the

- flux might be relatively uhimportant in a particular series
of experiments, and therefore a large percentage error in
calculatihg it could go unnoticed. Also, compensating
errors in the methods for calculating two flux components
might occur. In either case, extension of supposedly
reliable formulas to the calculation of the flux in dif-
ferent ducts could prove unsatisfactory.

The purpose in experimentally seperating the flux
into'components was to attempt to match separate expres-
éions to the behavior of each flux componént. It was hoped
that this could be accomplished with relatively éimple
models, and that the detailed data available would provide
precise information on how to calculate the parameters
which aﬁpear in these models.

The calculation of the direct flux should be a
relatively simple matter. One can find expressions which

apply for various approximations to the angular distribution
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of the radiation source (isotropic, cosine, Fermi, etc.).
Regardless of the source dlstrlbutlon,‘the direct flux far
from the source must be inversely proportional to distance
squared. The magnitude:of the direct flux as it achieves
its asymptotic Z-2 form depehds upon the source angular
distribution. Therefore, this information can be used tou
determine which appfoximation best matches the data.
Finally, the angular distribuhion at the source can be
calculated. It is hoped that the approximation which is
closest to the calculated angular distributionh will
produce an expression which is closest to the obserVed
data. For instance, for thermal neutrons from graphite
being emitted ihto a water shield, the E1ux leaving the
graphite is nearly isotropic. Therefere, one expects the
current in the forward direction to be ‘approximately
proportional to the cosine of ﬁhe angle between the normal
to the surface and the direction of emission. Therefore,
it is expected that expressions derived using the cosine
,approxlmatlon will best fit the data.

The data for the scatterlng component is analyzed
in a later chapter to determine whether or not a relatively
simple.analytical method can.be found which is satisfectery.
These data provide an extremely detailed test of the
valldlty or failure of the Slmon-Cllfford type of analysis.
If such an analysis is sultable, the following information

will be determined:
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l. The appropriate assumption fd£ the angular dis-
tribution of radiation scattering from the duct
walls. |
2. A model for caiculating the effective total albedo.
3. The distance down the duct at which the method

becomes a "good" approximation.

The complete Simon-Clifford analysis considers the.
lscattered current to be emitted from the duct walls with
either an isotropic or cosine angular distribution (8).

The scattered flux reaches an asymptotic form inversely
proportional to distance squared for the isotropic assump-
tion. For the cosine assumptipn the asymptotic form is
" inversely proportion to distance cubed. Therefore; the
slope of the scattered flux on log~log paper will show
which approximation is correct. If an asymptotic slope
other than ~2 or =3 occurs, then some other assumption must
be made regarding the angular distribution of scattered
neutrons. If the data do not approach an asymptotic slope,
then this type of analysis is incorrect.

) If an asymﬁtotic slope exists, then the data should
be well repfésented provided the effective total albedo, B,
is chosen properly. It is hoped that in Chapter VI a model
for calcu}ating the albedo can be found.

Finally, visual comparison is used for determining

what values of the ratio (length/radius) the analytical
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results match the data. The expressions derived by Simon
and Clifford can not be expected to give the correct value
of the scattered flux near the duct mouth. The form of
the expression for scattered flux and the rapid change of
effective alﬁedo near the duct mouth (as discussed in
Chapter II) are responsible for the error. Thus it is
essential to know for what length ducts the analysis is
satisfactory.
| The approach;to take for analysis of the penetra-
tion component'is nof quite as clear as for the other
components. The reason is that the least amount of
theoretical work has been done for this contribution to the
total flux.

Barcus (7) has saidy "The transmifted component
Z;hlled penetration coﬁponent in.this repor£7 from the
,‘éhield is to a first approximation just the unperturbed
solid shield distribution and is usually negligible:
compafed to the direct (unscattered and scattered) contri-
butions." |

In the Nilsson-Sandlin work (20) the penetration
cbmponent was assumed to be equal to a constant times the
flux in a solid éhield. If the penetration component
should be directly proportional to the solid shield flux,
it would not be difficult to find appropriate analytical’
expressions for it. This possibility is invéstigated in

Chapter V.
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A similar approach would be to assume that the
penetratién component is proportional to the flux iﬁ a
solid shield of somewhat lower density.. Thermal neutrons
from an extended source can be expected to be approximately
proportional to e"z/L in a solid shield, where Z equals
distance into the shield and L equals diffusion length. It
may be found that the penetration fiux is.proportional to a
term e-z/L', where L' represents the diffusion length for a
shield material éf r;duced densify. This was aiso investi-
gated.

A third approach is to attempt to caiculate the
primary penetration flux approaching the duct through the
shield and use this as a continuous source along the duct
wall. Many possibilities exist for calculating the'flux
to be used as a source, as well as‘for describing the
behavior of the radiation after it.reéches the duct. All

.of these approaches were examined to see whigh, if any,

describe the penetration component of the total flux.



Source

Source

Shield
D X " Duct
s
(]
A/
F
Shield

Fig. 1. Flux Components

3

Fig. 2.

|
-4

Shield

1
Duct

1
Shield

Cadmium-Covered Surfaces

27



IV. EXPERIMENTAL METHODS

Basic Equipment

The experiment was performed using thp 2 Mev
Van de Graaff accelerétor facility of the Nuclear °
Englneerlng Department at the Unlver31ty of Arizona. Ihe
machine was fitted with a 3= S.curie tritium target whlch
was bombarded with deuterons to produce fast neutrons. The
maximum neutron production was obtained for deuterons of

about 0.8 Mev, so this energy was used throughout the

experiment. The reaction involved is the following:

1H3 + 1H2 —>2Helt + nt + 17.6 Mev

The product neutron carries away about 14 Mev of the 17.6
Mev liberated in the reaction. The total source was
approximately 10“ neutrons/sec at 50pa beam current.‘ This
represented a minimqm source strength neceésary to carry
out the experiment.

The energetic neutrons produced by the accelerator
were slowed to thermal enefgies by a large block of
graphite of type AGOT. Graphite bars 4" x 4" x 50" were
stacked on a movable aluminum cart to form a block measur-
. ing 48" x 48" x.SO". The graphite was placed adjacent to ‘:
the tritium target as shown in Figure 3. This produced an

28
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extended source of thermal neutrons at the face opposite
the accelerator. The neutron energy was so well degraded
by the four feet of graphite that the emerging flux was
about 99% thermal.

These therﬁal neutrons were allowed to strike a
large water tank containing an air duct. The tank was
separated from the graphite by a 2-1/2 inch air gap. To
redu;eﬁthe effect of the tank wglls on fhe neutron flux,
the tank was constructed of 1/4 inch aluminum plate.
Measﬁreﬁentéllater showed that this plate did in fact céuse
a negligible reduction in the flux.

The tank #as a cube four feet on a side and open
at the top. Such a tank would normally tend to bow
slightly when filled with water. However, the face of the
tank adjacent to the graphite was kept nearly flat by using
the ducts, themselves, for strength. The tank had holes on
opposite faces which permitted a flanged duct up to four
inches in diameter to be bolted in place (Figures 4 andlS).
Since the dﬁcts were exactly four feet'long, they prevented
bowing of the tank faces containing the openingsf

The ducts, flanges, nuts, and bolts used were all

‘made of aluminum to reduce perturbation of the neutron flux

and to reduce activation of materials which would have to
be handled periodically. The'walls of the ducts were only

005 inch thick.
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Thé geometry described abové (neutron source
followed by graphite and water containing a duct) simulates
a reactor with a thick reflector followed by a shield

cbntaining penetrations.

Measurement Equipment

Two types of measurement devices were used during
the éxperiment. These were BF3 probes and indium foils.

The,BF3 probe employed had a cylindrical active
volume 1-1/4 incheé long and 1/4 inch in diameter. The
probe can be seen positioned iﬁ the center of the duct in
Figﬁre 5. Signals were sent to the Van de Graaff control
r&om where scalers énd timers could be actuated by the
accelerator 6peratorf

In ordexr: to normalize data a second BF3 tube was
used as a standard. This counter was placed in a |
polyethylene tub located near the graphite-water interface
(Figur; 3). The tub remained in one spot during a
particular series of measurements.

The use of the probe pfoved to be a successful and
relatively fast method of obtaining data. However, two
uncertainties made it nece;sary to employ more tedious foil
techniques. First, the odd shape of the active volume
meant that.fhe ﬁrobe might not act as an isotropic detector,
.and therefore might not be a true measure of relative flux.

Second, thée length of the probe was approximately one duct
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diameter for the smallest duct (one inch diameter); so the

uncertainty in locating the effective counting center could
be important. Thus, it was decided to use iﬂdium foils in

cbnjunction with the probe.

‘ In ordér to use foils it was necessary to find a
method of accurately positioning them in the duct. It was
finally decided to use polystyrene holders as suggested by
Berk and Celli (23). Cylinders one inch thick were formed
whicﬁ matched the inner diameters of thé ducts. Then slots
were cut in the pblystyrene so that three foils could be
ingserted in each holder, one foil in each of three
perpendicular direcfions (Figure 6). In this way an
isotropic detecting package was‘produced. The foils were
always irradiated and counted in groups of three.

The foil holders ﬁith foils present produced only
-a small attenuation of the thermai flux further down the
duct--a reduction of i% to_2%. Thus, it was decided to
~irradiate two packagés of foils within the duct simul-
taneously. Use 6f foils at more than 2 positions would
have caused difficulty in correcting for the shadowing
presenty, so this was not attempted.

A third package of foils_was taped to the graphite
at the graphite-water interface and used as a standard
during each irradiation.

| Following irradiation the foils wére removed from

their holders in groups of three and placed in plastic
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capsules for counting in a well-type scintillation counter.
The results obtained were corrected for background, foil

weight, and decay time in the normal manner.
Errors

The analysis of statistical errors which oécur in
counting measurements is well-=known. The development
presented by Overman and Clark (24) is applicable here. If
a quantity Q is equal to XY or X/Y, the standard deviation

C76 is given by:

2 2
Cq ,Cx  Cy,1/2
X Y
Since all meéSurements X were taken relative to some
standard Y, this formula was used repeatedly for Q = X/Y.'
For most measurements the total counts for the standard
‘"were much higher than for the quantity.x. Therefore, the
error in Q essentially depended only on X:
Cq . Ox
w - X
Several of the quantities of interest are obtained
by subtraction of one measurement from another. For the

case R=A +B +C . . ., the standard deviation is obtained

from:

Cp=(C2+g2+g2.. 02
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This formula was used to find the standard deviation of the
scattered and penetration components, for example.

For the data. obtained by BF3 measurements, the
above discussion considers the total counting error
involved. However, for the foil measurements additional
sources of error exist. Since the indium foils decay
significantly dﬁring the measurement of their activity, a
decay time correction was necessary. This was complicated

b

by the fact that both In11 and In116 were activated, but

decay with different half-lives. The dominant product was

II1116

’ ﬁhich decayed with a 54 minute half-life. It was
decided to use ;s a basis for the time cofrection an
experimental decay curve‘taken for the same foils and
counting equipment that were to be used in the measufements.
One minute counts were taken startingvat various
times after shutdown of the Van de Graaff. From these
counts a table was constructed giving the relative strength
of a one minute éount at any appropriaté time éfter shut-
down. The table was used directiy to make the decay time
correction. The one minute counts upon which;the table was
based were sufficiently high that an error of less than 1%
existed in making this corchtion.
.The foils were weighed on an extremely accurate

balance so that the error due to uncertainty in foil weight

was insignificant (less than 0.3%).
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Points further from the duct mouth have lower flux
leveis and tend to have greater statistical errors than
points closer to the mouth. The increase in statistical
error was counteracted to some extent by using longer
irradiation times and iarger foils at the more remote
~points. The foil size was limited by the desire to
. approximate a point detector, as well as by the duct
" dimensions. The irradiation times werefadjusted by
weighing the value of better statistics against the cost
of running the accelerator and the value of the additional
time consumed. Irradiation times.varied from a few
minutes to slightly over an ﬁour.

All measurements were normalized to a total thermal
flux T of upity at the duct mouth. The data presented
falls within the relative values 10° - 10-4. As a rule of
thumb, the management of statistics described above pro-

duced the following approximate error percentages at these

values of relative flux:

io : «5%

107" . 1.0%

10 ": 2=3 %
1073: 5-7 %

10~ :' 10-15 %

In addition to the errors in findiné the true
rélative counts; positioning errors can occur. These are -

caused by the uncertainty in posiﬁioning the detector as
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well as possible shift in the effective poﬁnting center of
the detector.

For either detector (foil or probe) the basic
positioning error was small. The foil holders and the
probe were éurely pléced in the duct to within 1/32 inch
of the intended position.

The detectors used were only crude approximations
to the theoretical "point'" detector desired. Since these
detectors had finite lengthy it was necessary to choose an
effective counting center to which the distance measure-
ments would be related. The error here stems primarily
from a possible slight shift in the effective counting
center of the detector as it is moved along the duct. For
the small foils used near the duct mouth (about 1/4 inch
on a side) the uncertainty in counting center shoula hot be
more than 1/16 inch. For the large foils used further
down the duct (about 1/2 inch on a side) the uncertainty
should be 1/8 inch or less.

Thus, the total positioning error_for.the foils
should be less than 3/32 inch near the duct mouth, and
1éss than 5/32 inch far from the duct mouth.

The uncertainty in the counting center of the
probe is somewhat larger, pefhaps as much as 1/4 inch.
Tﬁis dominates the total positioning error for the probe.

It will be observed that on the 1og-1ég plots by

‘which the data is represented, these positioning errors may
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fepresent an additional 2-=3% error in the data. For
points near the duct mouth the position errdr' AZ may be
relatively large compared to the position Z. However,
this is the area‘in which the graph is relatively flat.
Further from the duct mouth the graphs become more steep,
but AZ becomes small compared to Z. -

There was also a possibility that differences in
radial positioning of the detector could cause a slight
error in the measurements. Therefore, the ratio of the
neutron flux at the.center of the four-inch duct to the
flux at the outer edge was checked at.two points near'the
duct mouth. The differences observed were only 2%-3% for
data with a stqndard deviation of about 1%. Thué, the
neutron flux was essentially constant acroés the duct, and

radial positioning errors were not important.

Specific Experimental Techniques

In Chapter III the definitions for the various flux
components were given together with schematic descripfions
-0of the methods of measurement. In the following seﬁtion
the details of these measurements ahd the corrections to
the raw data will be explained. It should be poiﬁted out
that the thermal flux which was measured_was in re#lity the
sub=cadmium flux below about 0.4 ev. However, calculations
?ased on‘the BF3 probe response with and without cadmium

covering indicated that the maxwellian~distributed thermal
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flux entering the water represented about 99% of the total

flux below cadmium cutoff. Therefore, it was essentially

thermal neutrons which were measured and analyzed in this

study.

Direct Flux D

The direct flux was measured by lining the interidr
surface of the duct with 20 mils of cadmium. It was hoped
that the resulting data would represent the direct flux
without correction. For the first measurement of D,
cadmium was also placed around the outside of the dﬁct.
Since no éignificant difference was obtained with or
without the extra cadmiumy it was eliminated in subsequent
measurements. The inﬁer lining was apparently sufficient
to remove thermal heutrons leaking through the duct walls.

It was not known whether the_presence of thé
cadmium liner in the duct reduced the backsﬁatter of .
' neutrons from the water tank sufficiéntly to cause a
noticeable reduction in the numﬁer<of thermal neutrons
leaving the graphite near the ﬁouth of the duct (thg
sourcé for the direct flux). One side of the BF3 probe
was fitted with a small cadmium shield so that, when _
pPlaced between the graphite and the water tank, it would
. be sensitive only to neutrons emitted by the graphite.

Measurements were taken with and without the cadmium liner

in the duct. The results showed that the liner had an
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insignificant effect on the thermal'neutfons leaving the |
graphite. |

The cadmiﬁm liner didy howevery, produce one
significant change. It reduced the radius of the duct
slightly. The data obtained were always plotted as a
function of the ratio: ‘Z/A (distance divided by duct
. radius). Therefore, the direét flux data wefe actualiy
plotted in terms of the corrected or reduced duct radius.
This is the only correction which had to be perférméd in

the measurement of D.

Penetration Flux P' (Fast Effect Included)

To measure P! the mouth of the duct was fitted
with a circular cadmium plug 60 mils thick. This effec-
tively removed all of the thermal neutrons entering the
duct mouth. A smali fraction of the fast neutrons entering
the duct mouth were also removed by the cadmium. However,
the quantity,measﬁred (P') is essentially the penetration
fluxy Py plus the fast effect F. Therefore, P = P! =~ F.

Since the dﬁct liner uéed in the measurement of D
had a negligible effect on the thermal neutrons emitted by
the graphite, it was assumed that the cadmium plgg used to
measure P would havé'a negligible effect on‘the source of
penetration neutrons. The plug and liner essentially |

removed the same backscatter neutrons.
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Total Thermal Flux T' (Fast Effect Included)

The measurement of T' required no special tech-
niques, since this was just the thermal flux without any
cadmium. Probe and foil measurements were used as dis-

cussed previously.

Fast Effect F

To méasure the fast effect, F, the side of the-‘
water tank facing the graphite was completely covered with
40 mils of cadmium sheet. This was designed to remove all
of the thermal néutrons and pass those neﬁtrons‘that become
thermalized in the water. In reality such was not the case,
. and several corrections were necessary.

The first correction to be considered was fhe
change in reading at the standard caused by introduction of
the cadmium layer. For the same source strength at the
"tritium target and essentially the same fast flux at the
graphite;water'interface, the BF3 standard counter regis-’
tered a lower value when the cadmium was introduced. This
' wa§ because the thermal flux in»the vicinity of this
pol}ethylene-cbvered counter wasllower. To measure the
change in the count-rate at the standard when cadmium was
prfsent, the probe wés pPlaced near the tritium target side
.of the graphite and temporarily‘used'as a standard. 1In
this posifion near the éource the'effect of the cadmium

layer oh the opposite face of the graphite was surely
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negligible.‘ Thus, it was found tnat for the same neutron
source strength, the BF3 standard measured about 4% lower
when the cadmium was in place. This correction to the data
was the first.one made.

The 40 mil layer of cadmium does not absorb all the .
thermal neutrons striking it. _Approximafely 10‘4 of the
incident thermal neutrons pass through the cadmium (25) and
may strike the detectors. Thus 10'4 times the total
thermal fluxy T, was subtracted from the raw data for F.
This correction was always rather insignificant.

On the other handy the addition of the cadmium
layer tends to scatter and absorb some of the neutrons
above the cutoff energy, so thét all fast neutrons do not
reach the water. An addition to the data of approximately
10% (25) was required to correct for this effect.

The data for F were taken with the BF3 probe for
two reasons. In measuring all quantities except the direct
flux (which becomes monodirectional along the duct), the
foil and probe'measurements.were always very close. Dif=-
ferences of a few'pércent were normal. Differences greater
than 10% were uncommon. Since the F correction generally
changed the data by 1% to 30%, a 10% error in F would cause
errors of only .1% to 3% in the quantities of interest.
Thus, use of the probe to measure F introduced only a small
efror, and greatly decreased the time to perform a series

of experiments.
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The relatively low flux involved in the measurement

of F also favored the use of the BF3 probe; The foils were
less sensitive than the probe at the same flux levels:

that 15, greater statlstlcal accuracy was possible w1th the

probe. For some of the fast effect data it would not have

been possible to activate the indium foils above the back-

ground level of the counter which was used. Therefore, the

probe represented the only possibility for'obtaining some

of the necessary data for F.

Diffusion Length L in the Water

The diffusion length in the shield material °
(water) was of interest because the number of thermal
neutrons which penetrated the shield to reach the duct
depended upon this quantity. Also, when boric ccid was
added to the water, the measured value of L was used to
check the calculated change in absorption cross section.

The diffusion length can be determined from the
attenuation of a plane source of thermal neutrons in a
" block of the material under investigation. Thus all that
was required was to measure the thermal'f1u3 as a function
of distance into the water. Measuremenfs without a duct
were taken with and without the 40 mil cadmium covering
on the tank. In this way the behavior of all thermal
neutrons striking the tank was determined as- discussed in

the preceding sections.
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Measurements were performed by moving the BF3 probe

through the water along the centerline of the tank. The
probe was suspended vertically from a bar fastened ovef the
water tank. Distance measurements into the water were
taken by observing the position of a mark on the support
bar relative to a mark at the top of the tank. See Figure
7

Quantitative Analysis of'Boréh Content in the Water

During one series of measurements boric acid
(H3B03) was added in steps to the water surrounding.the
duct. The acid, initially in granulated form, was agitated
by a long stirring rod attached to an electric motér. For
the first two additions the acid concentration was suf-
ficiently low that it certainly dissolved completely.
However, the last two additions represented approximately
30% and 90% saturated solutions. T; verify that all of
the acid introduced into the tank had gone into solution;'
quantitative analyses for boron were performed. -

The procedure suggested by Kolthoff and Sandell
(26) was used. Mannitol was added to the solution from the
water tank to convert ﬁBBO3 into a strong acid (this
effectively frees one hydrogen atom). Titration with a
solution of sodium hydroxide of known strength determined
the concentration of acid present. Phenolphthalein was

used as an indicator.
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Change of.ducf shape

To study the effect of changing the duct shape,
1/16 inch thick aluminum.plates were fitted to the ends of
the four inch diameter duct (Figure~8). A 1iquid-tight
seai was obtained so that water could be placed ﬁithin the
duct to form a circular segment-shéﬁgamEff“épépec mThewmf@Mwmuww;~
height of the aluminum plate was altered to correspond to
the various heights to which the dqcf was flooded.

Foil measurements wefe performed by cutting
special polystyrene holders in the shape of the‘air space
above the water. Theée holders with fhe foils inserted
ﬁould thé;Hfloat on the water. Light fishing line was
used to tie the holders in place and prevent them from
floating out of position within the duct.

Probe data were taken by cutting special poly-
styrene supports which held tﬁé probe'above the water. A
plastic sleevé covered the wires leading to the probe and
prevented water from reaching the connections.

A level was used to insu}e that the duct was
horizontal. An internal caliper was used to guarantee
that the height of the water was the same at both ends of
the duct. The caliper was used to cﬁeck the water level

periodically during each series of measurements.
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Backscatter Fraction

The final experiment dealt with determining the
amount of radiation coming from behind the detector at
various points in the duct. This radiation would not be
present if the duct ended at the point of measurement. The
radiation at the end of a ten inch duct is not quite the
same as the radiation ten inches down a somewhat longer
duct. It was expectéd that at most points in the duct the
majority.of‘the_radiation would strike the detector from
the forward.direction. Since' the direct_radiation approaches
the detector entirely from the forwafd directiony attention
was .focused on the fraction of non-direct radiation
(scattered and penetration components) travelling back-
wards. - |

To measure fhis effect the £é£E£ non-direct radia-
tion was compared to the non-~direct radiation when cadmium
was used td remove the backscatter component. A 0,40 mil
layer of cadmium was fastened to the rear of the poly-
styrene foil holders to perform this comparison. The
indium foil method was the_only one employed for this part

of the experiment.



Fig. 3. Geﬁeral View of Experiment Facility

Fig. 4. 4" Duct in Place in Water Tank
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Fig. 5.,_BF3 Probe Positioned in the Duct

Fig. 6. Polystyrene Foil Holder
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Fig. 8. Duct with Al Cover for Shape Study



48



V. EXPERIMENTAL RESULTS

Variation of Duct Diameter

The first set of experiments was designed to
measure the various flux components in ducts of varying
~diameter with the other variables remaining constant. The
first-measurément was an exponential détermination of the
diffusioﬁ length in the water used as shield material.
Figure 9 shows the curves T'y T, and F fof this water with
no duct. The slope of the T curve on semi-log paper
determines the measured value of the diffusion length,y L
(see Chapter VI for theoretical coﬁsiderations). The
experimental diffusion length at 27°C was 2.82.:'.04 cm,
which was in good agreement with previously reported_
values. Measured diffusion lengths corrected to 27°C
generally fall in the range 2.72 cm. to 2.87 cm. (25).

The value 2.82 cm. was assumed to be correct for
the water in this experiment. The diffusion length, L; is
defined here as (3 Zt Za)-llz; ( I, = macroscopic transport
cross section, [a = macroscopic absorption cross‘section).
Approximate values qf  Zt and Za are well=known for
water (25). Numbers were chosen for these quantities such

that L = (2.82) cm.
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The basic data are recorded.in the curves of
Figures 104 13, and 16 for the three different duct sizes.
The derived curves for the scattering component appear in
Figures 11, 14, and 17. The distance variable for these
curves is the parameter Z/A,'distance divided by duct
radius.

It can be observed from Figufes.lo, 13, and 16 that
the curves have been drawn through the foil data points
where this information was évailable. In many cases the
BF3 probe information has been used to extend the curves tq
regions where foil data were not available.

Some of the différencés observed between foil and
.probe data may result from a shift in the counting center
of the probe as it is moved along the duct. It is also
.possible that the uncertainty of the location of the
counting center would cause the probe data to be related
to a flux at the duct mouth which is not quite correct.
However, it is expected that the foils and probe would
produée curves of the same slope at points well reémoved
from the duct mouth. Therefbreg in extrapolating the foil
curves, the slopes of.the pfobe curves were used as a guide;
rather than the éctual value of the érobe data.

The fast effect Fy which éppears as a correctionvko
the total flux and penetration flux, exhibited an unfortu-
naté characteristic which prevented use of the full length

of a duct. F reached a minimum néar the center of the duct
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and then peaked égain near the end of the duct. Since all
6f the‘primary components of the thermal flux decrease with
distance after the first few inches, shortly_after.crossing
the midpoint of. the &uct, F becomes as large as the quanti=-
ties of interest and statistical variations incréase
rapidly. Thereforey, only about 30 inches of a duct were
useful for taking data.

The curves for direct flux in Figures 10, 13, and
16 demonstrate tﬁat this component soon reaches an |
asymptotic form inversely.proportibnal to distance squared.
There waé no difficulty in drawing a line of slope minus
" two through the last severai points of each direct flux
curve.: Since theory predicts a simple Z-2 asymptotic form,.
and since this form was always observed, the job of taking
»data for the direct flux was relatively easy. Enough data
were accumulated such that the asymptotic line df'slope

minus two was established. This line was then extrapolated

.. as far as necessary.

The relative magnitude of the direct flux was 'such
that it closely matched calculations using the césine
approximation for the current emitted by the graphite. The
determination of neutron angular distribution at the
graphite-water inferface and'thé appropriate equations for
the direct component will be given in Chapter VI.(Analysis

of Results).
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The shape of the scatiered flux as derived in
Figures 11, 14, and 17 is of primary interest. It appears
from these curves that the scattered flux becomes nearly
paréllel to a line of slope minus three. This would indi-
cate that the cﬁrrent emerging from the duct walls should
be described by thg cosine approximation discussed in
Chapter III. The curves for the remainder of the data bear
ouf.this inverse distance cubed depépﬁence. Therefore;
theoretical correlations using thé cosine approximation
will be examined in Chapter VI.

The data for the pénetration flux have been dis=-
played in Figures 104 134 16, and 19. The thermal flux in
the tank without a duct is given approximately by e-z/L.
Comparison of the data for P wifh this exponential term
indicates that the penetration flux can not in general be
assumed proportional to the flux at the same point in the
ductless system (as was done by Nilsson and Sandlin). Even
as a first approximation, assumption that the penetration
component equals the-uﬁperturbed solid shield flux (as
.Suggesfed by Barcus) is completely unsatisfactory. 'Further—
mofe, the curvature of P in Figure 19 shows that no simple
exponential term can fit the data.

‘Comparison of P with the scattered flux indicates
that these two components tend to behave in a.similar
manﬁer at locations well removed from the duct mouth.

Thereforey, it appears likely that most of the radiation
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contributing to the'penetratioh component enters the duct
near the mouth and scatters on down the duct. If this is
truey then an analysis based on a continuous source alohg
the duct may represent the data reasonably well. This

type of theoretical correlation will be attempted.

Figure 19 shows that the measured penetration
component has the érdper limit as fhe duct diameter
decreases. In the limit as the duct disappears.entirely
the penetration componenf represents the entire flux for
values of 2 greater than zeroe. For small ducts the penetra-
tion curve should approach.the_solid shield curve e-z/L.
This is easily observed in Figure 19.

At the point Z equals zero (with no duct) the totai
flux is composed of nearly equal amounts of forward
(direct) and backscétter (penetration) components. There=-
fore, for very small ducts one expects the penetration
‘compoﬁent to be slightly less than half the total flux at
the mouthy and the direct pomponent~to:be slightly greater
than half the total flux.'

It was not possible to measure the penetration
component at Z = O because this position is occupied by
the cadmiuﬁ Plug, and the detectors have a finite volume.
However, Yalues for thg'direct and penetration flux at the
duct mouth appear td appfoach the approximate limits

described above as thé duct diameter is reduced.
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The total flux at the same value of Z/A did not
vary greatly as the duct diameter was changed. The

increase which is observed as the duct size decreases is

caused by the increase in the relative contribution of the

penetration flux P. \

The unusual behavior of the fast effect F has
already been introdﬁced. This behavior can Be observed
visually in the vargous figures presenting the basic data.
The rise in F near fﬁe duct exit was caused by neutrons
which left the graphite and travelled to the back face of
the water tank by scattering from the walls, roof and
floor of the accelerator room. The thermal neutrons which
followed such paths were removed by placing cadmium across
the back of the water tank. However, the fast neutron flux
at the duct exit was apparently ﬁearly'the same as that at
the duct entrance.

The maximum value of F near the front face of the
‘tank occurs at about 1-1/4 to 1-1/2 inches down the duct.
The thermal neutroné included in F come from qut neutrons '
entering the watef. Therefore, a peak in the value of F is
to be expected a short distance into the tank as these fast
(epi-cadmium) neutrons begin to thermalize. Beyond four or
fiﬁe inches most of the neutrons contributing'to F have
apparently been thermalized, sinée F theq decays in a
manner similar to the primary thermal neutrons under study

until the midpoint of the duct is reached.
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Examination of the relative importance of the
various flux components provides a clue to the cause of
confusion over.some duct experiments which measure total
flux only. iFor points at intermediate distances along the
duct the scattering and/or penetration components represent
the greatest contribution to the total flux. The attenua-
tion of theée components caﬁse the total flux to décay in
nearly an inverse cube manner. However, the attenuation
of the direct compoﬁent is less severe (inverse square), so
this contribution must eventually dominate the total flux
at points far removed from the duct mouth. Therefore, the
total neutron flux must make a transition from a region of
inverse cube dependence‘to a region of inverse square
dependence.

Explanations based upon the phenomenon described
above have been postulated previously (2). However,
inspection of the graphs presented here now removes all
doubt about the cause of such behavior.

‘ It can be seen that the information derived from
the first set of experiments answered a number of questions

regarding the appropriate models to be used in performing

'theoretical correlations. The information obtained in the

second set of experiments (addition of boric acid) verifies

these conclusions and provides a severe test of the sug-

gested models.



56

Variation of Water Absorption Properties

| The 2-7/32 inch diameter duct was chosen for the
set of experiments in which boric acid was added to the
water. The 4 inch duct was not used Because'oflthg
relatively small variation in the length/radius parameter
that was possible. The 1~1/8 inch duct was rejected for
this extended experiment because its.smalltsizelma&e
physical manipulations difficult. Also, the duct diameter
made it necéséary fo use smaller foils than were used.with
the larger ducts. Therefore, statistical accuracy was
reduced for the smaller duct.

The diffusion length was measured by an exponential
experiment, as deséribed earlier, for each addition of
boric acid except the last. These data can be found in.
Figures 20, 24, and 28. The variation in diffusion lengths
consider thus ranged from the original 2.82 cm. down to 0.9%
cm. The boric acid é&ditions included 1780 g, 5340 g,
14,240 g and 43,550 g dissolved in a tank of total volume

.approximately 1.76 m3. The exact water volume varied
slightly from one set of experiments to the next. Account
was taken of this variation (see Table 1).

. An exponential experiment was not performed for the
43,550 g case because the small value of L (.Av.94 cm.)
made it difficult to obtain accurate data.

The quantitative chemical teéhniqué described in

Chapter IV was used to check the boron concentration for
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“addition of 14,240 and 43,550 grams of H,B0;. The solution
from the water tank was diluted by a factor of ten before
the analyses were performgd. The calculated sdlution
normality also took account of the fact that only one

hydrogen atom in thé boric acid molecule interacted during

‘titration. For addition of 14,240 g:

Normality (meas)

0.01299
Normality (calc) = 0.01306

For addition of 43,550 g:

1]

Normality (meas) 0.0394

Normality (calc) = 0.0396

ihe ekpetimental re;ults were reproducible within i,0-3%6

A comparison of the measured and calculated values
of the diffusion length can be found in Table 1. The
agreement is quite satisfactory. |

The basic data for this second set of experiments
can be found in Figures 21, 25, 29, and 32 with the derived
curves for the scattering component appéaring in Figures
22, 26, 30, and 33.°

The various components of the tdtal flux as well as
the fast effect all exhibit fhe same characteristics as
were discuéséd-in'fhe preceding pages. It can be obsérved
that the direct flux again reaches an asymptotic‘form |
proportional to Z-2 and the scattered flux is approxiﬁately

proportional to z-3,
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The expected reduction in the scattered and
penetration components as boric acid is added to the water
is easily observed. Consequently, the total flux approaches
the direct flux at smaller values of Z/A for the more
highly poisoned systems. For the maximum boric acid case,
the total and;direct flux are.nearly the -same for values of
Z/A greater than 20.

The direct flux at the duct mouth becomes a larger
frﬁct%on of the total as the water is poisoned by the acid.
In the Iimit of a completely black shield, the direct flux
is, of course, the total flux. Therefore, the value of D
at the duct mouth ghould.increase toward the relati§e value
1.0, as observed.

Although the information obtained in this second
set of experiments gave no new information ébout the
qualitative behavior of the flux components; it proved
invaluable in the search for an acéeptable, useful model.
The boric acid additions permitted investigation of a
variety of shield conditions all characterized by rela-
tively high albedos. The combination of shield properties
and duct diameters considered at this péinf has involved
situations in which éach one of the flux components’
(difect, scattered, penetration) has been dominant some-

where along the duct.
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Variation of Duct Shape

The cross sectional shape of the fouf inbh duct was
altered as described in Chapter IV. The only information
recorded was the total flﬁx as a function of distance along
the duct. The results were compared to the total flux
curves for the various size ducts without boric acid to
determine whether or not an effective radius existed. -
Figureg 35, 36; and 37 show that with proper choice of an
effective radius the data points fall within the desired
region defined by these earlier curves. Therefore, an
effective radius doesy in fact, exist for each of these
.odd-shaped ducts.

The first circular segment duct had a height of
1.15 inchesy, and was shaped as shown in Figure 38. This_

duct had an effective radius Ae of 0.88 :..01 inchés

ff
compared to the radius of an equal area circle of 0.97
inches.
'The second circular segﬁeht duct had a height of

2.06 inches as shown in Figure 39. The effective radius
was found to be 1.37 + .01 inches. The equal area circle
had a radius of 1l.44 inches.

| The third circular segment duct shown in Figure ko
had a‘height of 3.0 inches. An. effective radius of 1.76 +

.01 inches was found. Since this third duct is nearly

circular in cross section, it is not surprising that the
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radius of an equal area circle, 1.79 inches, is very close
to Aeff'

The effect of duct shape on the effective radius
-has been displayed graphically in Figure 41. A perimeter
ratio is defined as the ratio of the actual_perimeter of
the duct cross section to the perimeter of an equal area
ciréle. The further the duct shape varies from circular,
the larger the perimeter ratio will be. The radius ratio
is defined as the. ratio of the radius of an equal area
circle to the effective radius Aeff'

The information in Figure 41 can be used directly
to find the effective radius of an odd-shaped duct. The
information will be further examined in Chapter VI.in
order to find an analytical expreésion for the effective

radius.

Backséatter Effect

The final part of the experiment involved separa-
tion of the fraction of non—direét flux that approaches the
detector from behind (the backscatter fraction), and that
which approaches the detector from ahead (forward fraction).
The four inch duct was used with cadmium behind the
detector as discussed in Chapter.IV.

The results have been plotted in Figure 42. The
forward fraction defined here excludes the direct_flux; so

it must approach zero at the duct mouth. However; at two
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inches from the mouth (one duct radius) thevforward frace
tion is neérly 80% of the total non-direct flux. The
forward fraction levels out at about 90% of the non-direct
flux. This indicates that the total flux at’the end of a
duét is essentially the same as the flux th; éahe distance
down a somewhat longer duct. The data for all of the duct

configurations appear in Tables. in Apbendix 2.



[N S i . . —
T i : i T ]
N i :
R R1
BT NaE
55 IBED !
-8 :
AL AT H !
; ; 1
- T i
L4 N +
" - i “
R T
z bt o B D06 e
; R R Tt T
N =1k ] - i Pl
......ﬂ oNt—w1- [ i1l
: XTSI L1 L
' 1 [1) 1) AR i
H . s} .
— e =} i : —
-+ -1 ~v0 BE __. _._ L
RN N . : i
H ) N ! i
} ! : it o :
i T.m\ A T
: : . Ty ! I
| : | U i i1t
P i . : i N
i m + = T
wmit et 7 RE i [
.. ; i : S — e
i ] !
i i B H T Tt
] : ] : i
: f H . & R i
1 I I i R ;
: : t P 45 i 1
T ™ *
; : ” T ™ 7
B Y 7 1 ! . ; ; P
H v 3 - SBE d 1 1
i T . T
: IR % : i
i R, 1 it
|W ! R : [
.IM | i 1
B l VAR i
=i : :
* i3
L1 -4
- ] 1
; IRE i)
i il id
! [ Al
i o
-] —4
D.t 3 R L]
= i1 I i
m_ ]
i i
“ !
i t
| ! L -

—-GX~E B w

o129 ov

*OD ¥ASSD ¥ IZ4ININ
SNOISIAIO OL X §3TDAD &
DINHLIBVYDOT'INAS

M

| Z(inches)

Experimental Flux--No Duct--No Boric Acid

Figo 9.



‘v°S°N N1 JAYN

209L oY

‘02 WISSE ¥ TRAANEN

- SIWAS ECE X 6
80-00-!!.—.-‘(08

E )

Distance)
adius

(

Z
X

Experimental Flux-=4"

Diameter Ductf-No Boric Acid

10.

Figo



48 7602
.S IN ¥.5.4,

ks

3 X 3 CYCLES

‘.E l.dGARl'rumc

KEUFFEL & E33ER CO.

10

1.;‘-" 5 :

1 i BRERen 78

}:’:-; 1 i T : ; !_.._ " ] Fq I, iq
; = n i 5l
! 1.0 | 10 100

Z (Distance)
adius

Fige. 11. Scattered Flux Determination--4" Diameter Duct--

No Boric Acid



—1

100

3

ail

i

1.0

1l

0
10" o

OO NASSE ¥ T244NIN
Vs "8 N 30VN SIDAIEX S
c09L oY ossI; U-.!!.—.-I‘QS

2

% ( Radius )

Distance

Z

Comparison of Theory and Experiment--4" Diameter

Figo 12.

Duct-=No Boric Acid_



46 7602

NADE 1N ¥. 9. A,

3 X 3 CrcLEs

<
.E LOGARITHMIC “Cisso

KEUrroL & CSSER CO.

ik

S RSE3S
v

b
n l zﬂ]

il
i

TR T
l .'.EH‘ Ragante { }
EEF‘: !

10

Z (Distance)
X us

Fige 13+ Experimental Flux--2-7/32" Diameter

Boric Acid

T
s
i

i
Ko

| = ——— v

100

Duct-=No



10 REERENEH RN

e RV UM T
il ol

46 7602
“ADE N ¥. 5.4,

KEUFFEL & TSSER CO.

- LOGARITHMIC 2iseo0
“Ss % X 3 CYCLES

(Diatance)
Radius

Fig. 14. Scattered Flux Determination--2-7/32" Diameter
Duct-=-No Boric Acid ‘



NS0 IOVUL
“aADE (N U. S, A,

ROGANRITMMIC VIPSO
XEUFFEL & ESSER CO.

S X 3 CYCLES

10 i. 11

-1

10

-2

10

=t

1073 L
B

B

kel g

SREIIERENIN 2
SSEaa R .I i,‘::“_" i}i
E2258 it i
il i:%

i ~ | il ?Wf

i E==oliitt i it

i T ‘H‘ 4

el . ! {1

Z (Distance)
A adius

Fige 15. Comparison of Theory and'Expe_rimer;t--
2-7/32" Diameter Duct-~No Boric Acid



il iy

e

i

thi

f

H‘:llu!r Ril

2|
tHH

1
b

i
|

i

f

I

i
i

il
Hi
T
(H
I}

IR WRBES 0TS L L WS

.
i

ol

10”2

"0 WASEE ¥ VRL4ANIN

" 09815 DINHLINYOOY

is
Radius

—~
]
[3)
-8
[
2
]

~r

Nl<

.1/8" Diameter buct--No
Boric Acid :

Experimental Fluxe--l

Figo 16.



N
33
(34
[ ]
e}
]
®
7]
"
]
[ ]
;
-]
o
o

3 X3 CYrcLes

& LocAmTHMIC Sise0

10

1071

10”2

10”3

70

-

]

} SR LR i UI

it 4
il
H {it5 8

. i i
ahant) IH‘}: ] JM‘S'J FH 3|3“
B RREE fhibe

o

| i 'j’i’il il

il
Ux ;‘H

l e
s
ESgREil ll}X v I;.'!, i
i b 1 e ikt
1T "

S T 1.0 100

(Distance)
Radius

Fig. 17, Scattered Flux Determlnatlon--l-l/a" Diameter
-Duct==No Boric Acid



46 7602:
SADE 0 V. 3.4,
KEUFFEL & ZSSER CO. ‘

03 LOGARITHMIC ®isso
S X3 CYCLES

10

10

-1

-2

10

10~3

Z (Distance)
A Radius

Fig. 18. Comparison of Theory and Experiment=--
1-1/8" Diameter Duct--No Boric Acid




'

Did t ) ELprobe

34732 [Dudt ) L+ £611

Siy
i
2
o R s
Ty ! :
L3 . v
“m..l L v RN
iy . RS N
- Rerst! T
f [k M
R g o)
. B IR
O
[ i i+
' Al
: T
T
Ly
i
[N
i
]
|
]

J WO g (S N

-

a1

‘¥°SR Wi YR

0129 oY

Pl

cEN o i € @ o~

“OD WISSET © 1AL4ANAN

SNOISIAIC OL X S2IDAD §
DINHLIUVOOTINIS

2

14. 16 18 20 22 24 26
Z (inches)

12

Penetration Flux--No Boric Acid

Figs 19,



ok YN B 100

‘V'S°h NI 30YR

Ol1Z9 8?Y

W O N = - o~

‘0D WISEI ¥ VIAININ
SNOISIAIQ 04 X SITOAD &
DINHLIBYOOT INIS

M

Z (inches)

Experimental Flux--No Duct--1780 g Boric Acid

20,

Figo



46 7602
108 10 ¥.8.4.

.E LOGARITHMIC Tisco
8 X 3 CYCLES

KEUFFEL & ESSER CO.

ifiby

Fig. 21.

z (Distance)
~ Radius

Exper1mental Flux--2- 7/32% Dlameter Duct-=~

1780 g Boric Acid




46 7602
»ABE N u. 8.4,

LOGARITHMIC Disso
3 X 3 GYCLES

E

’
‘.

KEUFFEL & ESSER CO,

H’l

iieh

it

§ J I M'W 1

3.
o 1t

.
[N

LR

T

—

A it

>
Lot

oo
“ﬁ?ﬁkiu

i i
SEAGCE M
,
i
-+
&3
SEERLIS

=338
ES3i i

f__
s s T
EESRgEas A ix%f i g
AL R uﬁ;
+-H H 1 e
. | i i
i @ i
i !

el

(Dlstance)
Radius

Tt

33

100

Fig. 22. Scattered Flux Determination--2-7/32" Dlameter

Duct--1780 g Boric Acid



nn

it

= 2T

1t it

100

10

0

)

istance
Radius

(D

Z
A

iment=-

ic Acid

f Theory and Exper

ison o
iameter Duct--1780 g Bor

Compar

23 pod PPed I S obale
: PEe 2t (Ruhp Ppaee

Tt

10°

‘0D MISSI @ Jush:ﬁl.
‘V°3°D N) ICYm SIWAOE XS N.
2094 97 L0981, DINHLIINYODOT .

23.
2_7/32". D

ig.

Fi

1l



ﬁ} 

i

T

i

Z (inches)

‘v $°A NI 30vm

o129 9v

ﬂ;k
KN RN
L & c B -
AR e H
m u c o~ i
=1 I . i H
ool @ 4 ;
RE-Hi-{R e H
o W TR - T . W
Subt? e
]
o
i
U
..... 1l
o L
T *
1 i [
BN b
N i PO W D - ™ o~
oy M~ .b. .a_ "
00 M~ o~ - COD HIASEI ¥ 1344N3IN

mzo.m._..:oonxmuﬁv»ua
DINHLINVYOOI-IN3S WoY—

Experimental Flux--No Duct--5340 g Bor

¢ Acid

i

24,

Figo



[~]
n O
-
|
Q
iy ™
o
L ]
tizd ™
o~
*

c09L 9V

‘0D ¥ISSI ¥ 1IIININ
SATDADEX S
0981, DINHLIHVYDOT

29

tance
adius

)

Dis

(

Z
A

7/32"

imental Flux--2-

ter Ducte=-

iame

D

id

5340 g Boric Ac

Exper

25.

Fis.



\ V) ST

i

srippestinibyisg

W ERTH I

:
:
:
Theles

it

1t

1)

107

*0D NISSI ¥ VILANIN
¥ $°A N1 207N SITAIEC X S w.
c09L oY 09815 DIWHLINVYDOT s

el

tance)

is
Radius

(D

Z
A

' 26. . Scattered Flux Determ

iameter

--2=7/32" D
d

n
Aci

i0;

t
ic

ina

Figo

’

Duct--5340 g Bor



8o

: T+l
ranp e FECES
FEH SRS - EERE
£ EE=33 SiECRES

e R E==5g

T +
by
A EgEsEsE=a] S HERES
Hepe=h 2 EE
- — Bl e ——
]

t
y HH
psus

IRARERSS ML M

L1

¥
A

ST

10

e

.
ik

is

J#3E! N b

}

i g

414

I

1

“Y°S°A M) 30V

c09L 9Y

*OD ¥3SSI ¥ V134AN3IN

SAADIECX S
09681 DINHLIHYDOT

2

(D tance)
Radius

Z
A

f Theory and Experiment--

ison o
iameter Duct=-5340 g Boric Acid

Compar
D

2_z/32n

l?:i.!; o’ 2!7? .






