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ABSTRACT

The value of the infinite multiplication constant (km) has been de-
termined as a function of the hydrogen-to-uranium (H:U) atomic ratio for
23 enriched UO, and UO,(NO),

homogeneous systems. The work was done to evaluate nuclear safety of

3.04 weight per cent U hydrogen moderated
and establish operational limits for slightly enriched homogeneous systems

and was performed in the Hanford Physical Constants Testing Reactor.

The amount of thermal neutron absorber, commonly referred to as
poison, necessary to reduce the value of k_ of these systems to unity was
also obtained directly from these studies. This value is of interest for
processing reactor fuels in which soluble poisons would be used for

criticality control,

Curves of the value of k_ as a function of the H:U atomic ratio for
235 .
enriched UO3 and UO 2(N03)2

curve of k_ versus H:U is determined by a least squares fit to the experi-

3.04 weight per cent U are shown. The

mental data.

Values of the amount of thermal poison necessary to reduce k_ to

unity as a function of the H:U ratio are tabulated.
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k. OF THREE WEIGHT PER CENT U%3® ENRICHED UO
AND UO,(NO ), HYDROGENOUS SYSTEMS

3

INT RODUCTION

In order to evaluate nuclear safety in operations involving the han-
dling of enriched UO3 and U02(N03)2, a knowledge is needed of the criti-
cality parameters which characterize these systems. Restrictions can then
be placed on either the mass, volume, or concentration of the fissile
material. The infinite multiplication factor (km) of the material in question
is a very useful parameter in that the critical conditions can be determined
if the value of k_ is known. For example; since a chain reaction cannot be
sustained for any amount of the material if k_ < 1, a knowledge of the
limiting concentration at which k_ =1 allows restrictions to be placed on
the concentration; no criticality hazard will exist when the concentration

is maintained below this limiting value.

The Physical Constants Testing Reactor (PCTR) of Hanford Atomic
Products Operation, Richland, Washington, is a very useful tool for

determining the value of k_ for the type of systems of interest here. (1-4)

A series of experiments was undertaken in the PCTR to determine
the value of k_ for 3.04 weight per cent enriched UO4 and UOZ(NOS)Z
hydrogen moderated systems as a function of the hydrogen-to-uranium
{H:U) atomic ratio. The determination of the curves of k_ versus H:U
atomic ratio will permit the specification of critically safe conditions for
all operations involving 3 per cent enriched UO3 and Uoz(NOS)Z hydrogen

moderated homogeneous systems.
DISCUSSION

The amount of nonfissile thermal neutron absorber necessary to
reduce k_ of a fissile material having k_ > 1 to unity can be determined

f  experimentally. Also, the hydrogen-to-uranium ratio at which k, is
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unity for the unpoisoned material may be measured; however, the value of
k, itself is a derived value and is hence dependent upon some formalism.
A description of the formalism used in these studies is discussed here.

Other formalisms are discussed in previous works.(1_4)

The infinite medium neutron multiplication factor of a multiplying
material can be determined from the quantity of thermal neutron absorber

necessary to reduce k_ of the multiplying medium to unity.

The quantity of thermal neutron absorber necessary may be obtained
from the principle that the k_ of an infinite just critical medium and the k_
of a vacuum are the same, namely, unity, and the substitution of a void for
a finite region of the infinite poisoned multiplying material produces no
perturbation in the system. The amount of thermal neutron absorber

necessary to produce this condition can thus be determined.
The infinite multiplication factor for the unpoisoned system is given

by
k_=nepf

(5)

where the terms have their usual meaning. Then k_ for the poisoned

system is
k = n!elplfl = 1.

[ 2]

It is assumed that the addition of the thermal neutron poison does

not effect either € or p so that
€ =¢tand p = p!

and thus,
k k

kct) :-—1- =T{;!—

_nf
- r]lfl'

The nf for a homogeneous medium is defined as
(v Efcpv) fuel

ﬂ“w
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where "fuel'" refers to uranium and '"i" refers to all materials except the

(5)

poison, and the other terms have their usual meanings.

Then,
1
(V'E 'V)fuel

1 T
?(an’ V)1 + (an V)

n 1fr =
poison

The fluxes in these terms will cancel out because the medium is
homogeneous. If the medium is homogeneous, but the poison is of a

heterogenous nature, the same formalism may be kept with the introduction

(5)

of the "disadvantage'' factor for the poison which is defined as

P
F = —fuel
Cppoison
where @ ., refers to the average flux in the fuel and chmson refers to the

average flux in the poison.

With the following substitutions
(EaV)i = (No),,

@
F - fuel ,

Pon

choison

and
N & number of a’coms/cm3

o = microscopic cross section,

then No
i “f235 E(No') +( ’pmson

ko =mifr = 335 2(1\10

f

a’i

(6)

It has been assumed that v is a constant so that
VvV = V!,

The term in the second set of brackets is f/fr. However, as written,

the equation refers to the condition in which exactly the right amount of
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poison has been added; whereas in actual practice, this right amount of
thermal poison necessary to reduce k_ to unity is not used because of the
difficulty in adding exactly the right amount. Instead, the test sample is
poisoned quite close to the correct amount. Then, a small amount of
poison is added and an extrapolation is made to determine the correct

amount. This extrapolation is made as follows.

By methods of perturbation theory, it can be shown that( 0
Bp = aMpoisoncPI/v
where
Mpoison = mass of poison;
a = proportionality constant;
CPl/v = thermal (1/v) flux in the system; and
bp = ppoison " Pyoid

where p is defined as the reactivity of the reactor.

Then since N (number of atoms of poison/cm3) is pro-

poison
portional to Mpoison’
N =N punpoisoned ~ Pyoid cpl/v unpoisoned
poisony, poison punpoisoned B ppoisone CP 1/v void
where
N_ . = the correct number of poison atoms.
poison,

If the poison is added in two batches as mentioned above, then

P . - P o .
i poison, void \ 1/v poison

N . =N_ . + : -
poison, poison, poison, ppoison1 ppoisonzl CPl/v void

Then substituting this term for N into the equation for k_;

poison0
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0235
f
ke = 2350
ot
Ng! No! ppoison " Pyoid ® .
£ (No') +( a) + a) 1 1/v poxson\
i a F poison1 poison2 ppoison1 ) ppoison Cpl/v void
Z.; (Naa)i
i
where
N = number of atoms/cmB,
¢ = microscopic cross section in the unpoisoned system, and
o' = microscopic cross section in the poisoned system.

(8)

The term cpl v is determined from cadmium ratio measurements.
When a thermal poison is added to the system, there will be a change in
the neutron energy spectrum as a result of the increased absorptions in the
thermal region. If all the absorption cross sections of the different materials
hada "1./v"dependence, this change in the spectrum would not effect the

value of k_ since k_ is determined from the ratio of these different cross

235

sections; however, the absorption and fission cross sections of U do not

have a 1/v dependence, and thus any change in the spectrum will cause a

change in the ratio of these values.

In the analysis of these measurements, this effect is taken into

account by using Winger-Wilkens "effective' cross sections which show the

235

"non-1/v'" dependence of the U cross section as a function of the amount

of 1/v poison present in the system. A table of these "effective' cross

sections have been tabulated for mixtures of U235, hydrogen, and a 1/v

(9)

The only discrepancy in this method is that the depression

in the energy spectrum caused by the U238 resonances is not taken into

absorber.

account. The use of the Wigner-Wilkens ''effective' cross sections is to

235

account for the non-1/v dependence of the U fission and absorption

cross sections in these systems and the change in the non-1/v cross

235

sections of U caused by the shift in the neutron energy spectrum from

the addition of a thermal neutron poison.
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The values of k_ which are quoted in this report were found by use

of these effective cross sections.

Because of the lack of an established error in these effective cross
sections, the error in the final value of k_ includes an additional term
which is the difference between k_ as determined from standard 1/v, 2200
meter /sec cross sections and k_ as determined from the effective cross
sections. This amounts to approximately £ 0.013 for most cases. The

derived value of k_ is higher when the effective cross sections are used.

As the systems become more thermal (large H:U atomic ratios)
and less poison is needed, the difference between the value of k_ derived

by use of 2200 meter cross sections and effective cross sections becomes
smaller.

The amount of thermal poison necessary to reduce k_ to unity is a
measured rather than a derived value; as a result these values do not depend

upon any formalism which is used and hence the error in this value is

smaller.

The error analysis of these values is fully discussed in Appendix

Iv.
EXPERIMENTAL PROCEDURES

236

The H:U atomic ratio for these materials, 3.04 w/o U enriched

UO3 and UOZ(NOS)Z’ was varied by the addition or removal of water or
polyethylene. The use of polyethylene as the moderator has a distinct
advantage in that a mixture of uranium and polyethylene may be prepared
for any H:U atomic ratio whereas water can be used only where soluble
compounds are available or the water of hydration and absorbed water can
be used as the moderator. From the theoretical point of view, water and
polyethyelene should be nearly equivalent in an infinite system except for

slight differences in the carbon and oxygen cross sections and possible

differences in the chemical binding of the hydrogen in the two molecules.
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A number of experiments were conducted in which systems were moderated
with both water and polyethylene. The value of k_ obtained for the two
moderators was in agreement for all experiments. However, in some
earlier experiments, the error in analysis for water was quite large so
that the agreement was not conclusive. One experiment was also conducted
in which the moderator was approximately 50 per cent water and 50 per
cent polyethylene. The value of k_ obtained for this case was also in

agreement with the value of k_ when all polyethylene moderation was used.

The preparation, loading, unloading, and sampling of the materials
used in these experiments was carried out by the Chemical Research and
Development Operation of Hanford Laboratories Operation and Critical

Mass Physics personnel at HAPO.

The materials used in the UO3 experiments were UO3 powder and
polyethylene pellets or powder. Small pieces (1/4 x 1/4 x 0.005 inch) of
borated polyethylene sheet were used as the poison.

powder was used both in dry and wet (water of hydration

The UO3
235 and

and absorbed water) states. The uranium contained 3.04 w/o U

the dry UO3
weight, depending somewhat upon its exposure to the atmosphere. This

powder usually contained approximately 1 per cent water by

material was free of any significant neutron poisons. It had an approximate
particle size of 100 microns. Originally 317 pounds of this material

having a density of approximately 1.7 gm/cm3 were available.

For the UOZ(NOS)Z experiments, the original U03 material was
converted to UO 2(1\103)2. The particle size of the UO 2(N03)2
approximately the same as the UO3. The water content of the UOZ(NOS)Z

was

was kept as low as possible upon conversion so that all the UOZ(NOS)z
experiments could be run by simply adding polyethylene to obtain higher
H:U atomic ratios. After conversion, the UOZ(NO3)2 had the following
properties:

53.18 w /o urnaium

26.94 w /o NO,

11.47 w/o water.
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Polyethylene was used in these experiments because measurements
had to be made for H:U atomic ratios for which no homogeneous and stable
solution of uranium and water could be obtained. A polyethylene with the
trade name Tenite* was used in all work. In all experiments where the H:U
atomic ratio was < 30, the polyethylene was in the form of pellets (1/8-inch
spheres) and for H:U atomic ratios = 30, powdered polyethylene was used.
The H:C atomic ratio for commercial polyethylene of this type is within

(10) This was a linear polyethylene having a density of

99 per cent of 2.
0.916 gms/cmS. The use of the polyethylene pellets was prompted by the
ease with which these pellets could be separated from the other constituents
by a simple screening process. When powdered polyethylene was used,

the experiments were arranged such that the moderator could always be
added and hence no separation of the materials was necessary until all the

experiments were completed.

The thermal neutron absorber was a specially prepared material;
its preparation and properties are fully discussed in Appendix II. Again
the choice of the form of this material was for ease in separation by

screening.

The size of the containment tanks was limited by the limited amount
of dry UO3 powder initially available. Drawings of these tanks are given
in Appendix V. Basically, this system was designed to be a "heterogeneous-
homogeneous' system for ease in handling and preparation. Figure 1 is
a cutaway drawing of the assembled system. Figure 2 is a picture of the
assembled system in the PCTR. These tanks were assembled in an
aluminum framework which supported the rear end of the tanks by having
a diamond-shaped extension to the tank slip into the rear framework. The
front and sides of the tank were '"shimmed' into place. Traverse tubes
were provided through these tanks in order to obtain necessary measurements

of the neutron flux and spectrum by foil activation techniques.

* Produced by Eastman Chemical Products, Inc.
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A measurement of k_ for a particular H;U atomic ratio consisted of

the following steps:

Calculations of k_ were conducted to obtain an estimate of the value
to be measured. If any previous data were available, estimates or extrapo-
lations were made from them. The buffer material was then poisoned down
to approximately k_ = 1 based on these estimates. Several core tanks were
also prepared with varying amounts of poison in them. A 'glove box'" was
kept especially for the purpose of making small changes in the core tanks.
The assembled system was placed in the PCTR, and a particular reactor
loading was chosen to bring the reactor to criticality. With a particular
control rod setting, the reactivities of the various core tanks were compared
to the reactivity of a void (helium filled tank). Flux traverse measurements
were then made by foil activation techniques. The reactor driver region
loading was then changed, and the measurements were repeated. This
was continued until the proper driver region loading was determined; then

if the original estimate of k_, and hence the amount of poison in the buffer

region, was close enough to the correct amount, the experiment was
complete. If the original estimate was very wrong, then the buffer poison
had to be changed, and the series of measurements repeated. Early
experiments were conducted to determine how closely the buffer had to be
poisoned. The proper driver region loading was determined from plots
of the cadmium ratio measurements in the core and extending out into

the buffer region. The shape of these plots would indicate whether the
spectrum was too ''fast" or too ''slow', and then the proper spectrum
could be found. The amount of buffer poison was considered to be close
enough to the proper amount if the resulting k_ in the buffer was within

the expected error limit of the experiment.

The weights of the materials in a particular experiment were

determined by accurately weighing the amounts of poison and polyethylene

before putting them into the tanks. The amount of water was determined
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py Karl Fisher techniques for analyzing for water. When comparing the
water moderated systems to the polyethylene moderated systems, special
precautions had to be taken to avoid either the loss or gain (dependence on
water content of the material) of water from the sample during the analyses.
In many of the early UO3 experiments this problem was so critical that

the water analysis could be relied upon only ‘within 10-15 per cent until

special techniques were developed for handling these systems.

At the high H:U atomic ratios, the spectrum seems to be a slowly
varying function of the H:U ratio, and hence the problem of correctly
poisoning the buffer region is greatly reduced. As an example, for the UO3
system with the buffer at a k_ = 1.1, the H:U for which k_ equals unity was
very accurately predicted with no buffer poison; however, as the H:U ratio
was reduced, the system became much more sensitive to small spectral

changes, and hence the buffer poison had to be more carefully controlled.

Extensive studies were conducted to determine the effects, if any,
of the aluminum containment tanks on the resulting experimental value of
k,. Any effect these containment vessels might have would result from
slight spectral effects caused by neutrons being absorbed in the aluminum
containment walls and tending to ""harden' the spectrum incident on the

sample material.

Containment materials having larger macroscopic absorption cross
sections were used to show that this effect was present; however, for these
aluminum containment vessels the magnitude of this effect was less than

the error of a reactivity measurement in the PCTR.

CORRELATION OF THEORY AND EXPERIMENT

The specification of nuclear safety parameters for any operation
involving the handling of enriched UO3 and UOZ(NO?,)2 requires accurate

formulas and constants for calculation of criticality conditions for these

systems. One of the more basic values in these calculations is k_ ; however,
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most efforts to calculate the theoretical value of k_ for UO3 and UOB(NO 3)2
hydrogen moderated systems yield curves in which the maximum value of k.

is larger than the experimental value and is displaced toward a higher H:U

atomic ratio.

The theoretical value of k_ was calculated from the "four-factor"

formula,
km = Nepf

The major discrepancy between the theoretical and experimental
values can be attributed to errors in the calculation of the terms € and p
since the cross sections available for calculating the terms nand f are
quite adequate for this type of calculation and should yield fairly accurate
values. The cross sections used in the calculation of €, however, are not
very reliable, and the resonance integral formula used in calculations of

p is probably quite poor.

In determining the '"best fit" to the experimental values of k., a
least squares fitting technique was used. This method was originally

(2)

suggested by Handler in his work on low enriched UO3 systems. In
these experiments, the UO3 systems were studied in detail; however,
the UOZ(NO 3)2 systems were studied only enough to establish the maxi-
mum and general shape of the k_ versus H:U curve. Thus there were

twenty experimental values to be used in fitting the UO , data, but only

3
four values for the UOz(NO 3)2 data. The experimental values of k_ were
divided by calculated values of nf and then fitted to the theoretical curve
of ep. The constants obtained from the least squares fit of the UO3 data

were then used to obtain a theoretical calculation of k_ for UOZ(NO 3)2.

The authors have derived a formula for calculating € which
represents a good model of the physics involved and should give fairly
good results depending on the accuracy of the cross sections used. The

derivation and equations are shown in Appendix 1.

The method of making a least squares fit to the k_ values is as

follows:
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The usual method for calculating p is to use the formula,

Noss ¢f_ dE
33 ( aoeff.) E
(5)

p = exp. -

where the resonance integral is

j‘ . dE _ . ES 0.415
Ogpp| E Nos3s
so that
N 0.585
3.9 238
p = exp. - —— Ljf—q
g S
_ 238 3
N238 = number of U atoms /cm”,
>:s = E (Ncs)i’
i
L (§No ),
g -
E‘(Nos)i
i
Ni = number of atom/cm3,
o; = microscopic cross section, and
§i = average logarithmic energy decrement /collision.

In this analysis p will be assumed to have the form,

N238 0.585

a
= L

g S

p = exp. -

where "a' is a constant to be determined from the least squares fit.

As shown in Appendix I, € has the form

vEf

2Yi% (v - 1)L,
1

€e=1+8

which can be written as
l v EfB \ 1

\N Y 140 } N
u H'H H _ _
N 4{? YE -(v-D 5

€=1+

R R e
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Then in this analysis € will be assumed to have the form

b

€ = exp. FNH
N +(§yizi - (v - 1)>:f)

for FN b << 1
——H - -
Nu +(Ei:\(i23i (v 1)Ef)

where i refers to all materials except hydrogen,and b is another constant to

be determined by the least squares fit.

Then the experimental data is fitted to the curve:

N 0.585
kco * exp - _8_._ 238 + b
i AR Ny
N:* ‘il:,yizi -(v-1 L

km
where the experimental data is EYL and where k_ is the experimental value

and nf is calculated as shown in Appendix I.

Figure 3 shows the results of the least squares analysis of the UO3

data where the solid curves are the best fit of the experimental data, and

the dashed curve is representative of the 90 per cent confidence limits,
Figure 4 shows the U02(NO3)2 data where the solid curve is the calculation
3 data. The
points showing error limits are the experimental points, Details of the

using the constants determined by the least squares fit to the UO

least squares fitting technique are given in Appendix I.

The values of the constants "a'" and '"b'"' obtained from least squares
fitting the U03 data may then be used in calculations of k_ for other slightly
enriched systems. The values of these constants are
4.75 £ 0. 18
11.63 £ 0. 27

a
b
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Another quantity obtained directly from these experiments is the
amount of boron necessary to reduce the k., of a material to unity. This
value is of interest in the processing of reactor fuels where soluble poisons
might be used for criticality control. Table I lists the amount of boron
necessary to reduce k_ to unity for all experimental measurements.

In these experiments the quantity (No) was measured. In computing

Boron Atams

the ratio of FFraium Atoms
cross section of boron was assumed to be 755 barns.

required to reduce k_ to unity, the microscopic

CONCLUSIONS

' The curves of k_ versus the hydrogen-to-uranium atomic ratio for
3.04 w/o U235 enriched UO3 and UOZ(N03)2 hydrogen moderated homogeneous
systems are shown in Figures 3 and 4. These curves are the result of a

least squares fitting technique and the dashed lines represent 90 per cent
confidence limits,
Values of the amount of thermal poison necessary to reduce k_ to

unity as a function of the H:U ratio are shown in Table I.
' 235

The maximum value of k_ for 3.04 w/o U enriched UO3 was
' found to be 1.350 £ 0.013. The H:U ratio for which k_ = 1 was 43.9 0. 5.
“The amount of boron necessary to poison any 3.04 w/o enriched U03-

wdrogenous system was 0.0113 + 0.0003 atoms of boron per uranium

The maximum value of k_ for 3.04 w/o U235 enriched UO,(NO,),,

was found to be 1. 145 + 0.010. The H:U ratio for which k_ = 1 was 31.2 £ 1.0.

235 enriched

: 'rba amount of boron necessary to poison any 3.04 w/o U
‘ 'sz(Noa)z ~hydrogen system was 0.0055 + 0, 0003 . atoms of boron per

ranium atom.

The original purpose of this work has been accomplished in that this

, will permit the specification of nuclear safety parameters for operations
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RN AR

TABLE 1

MEASURED VALUES OF k_AND AMOUNT OF POISON
REQUIRED TO REDUCE k_ TO UNITY

1/v Barns/Total
of Poison* /U Atoms
Required to Reduce Boron/Total
U k k_ to Unity Atoms/ U Atoms

@

3.04 w/o Enriched UO_-Polyethylene Systems

3

00960 03158 v

1. 309 7.250 0
1.311 7.312 0.00969 o0p.21g& v
1.345 8.426 0.01116 4. 2271 ~
1. 340 8.307 0.01100 5 501G -
1. 346 8.445 0.01118 .26 ¢

1. 346 8.454 0.01119 0\3gg;>
1.338 8.322 0.01102 o .z¢2% v
1.336 8.506 0.01126 45 27 ol v
1.342 8.411 0.01114 ©o.324464
1.335 8.363 0.01107 o, =g ! «
1.318 8.242 0.01091 4 3555 v
1. 324 8.436 0.01117 0,3“4‘«
1. 306 8.108 0.01073 <& .3 1o
1. 306 8.100 0.01072 o.39 2L "
1,123 4.151 0.00550 p. 1509 .
1. 080 - 2.844 0.00376 @.i12% 7 .
1.028 1.041 0.00138 o, 043 H v
1.035 1.292 0.00171 o.05€2 .
0.996 -0.163 ~0.00022 ~p o, 072
0.955 -0.774 -0.00235 ~0, » 773

3.04 w/o Enriched UOZ(NOS)Z Systems

1.114 3.307 0.00438
1.139 4.014 0.00532
1.148 4.091 0.00542
1.000 0.000 0.00000

v Barns of Poison _(Ng) Poison
Yotal U Atoms T N Uranium

N = number of atom/cm3
» 2200 meter/sec '"1/v'' microscopic cross section.
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involving the handling of 3 per cent enriched UO 4 and UO,(NO,),. In addition
the correlation of theory and experiment has been accomplished and a set of
empirical formulas developed which yield good results for theoretical calcu-
lation of k for UO3 and UOZ(NO3)2 hydrogen moderated systems at low

U235 enrichments.
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APPENDIX I

THEORETICAL CALCULATIONS OF k  AND LEAST SQUARES
FITTING TECHNIQUES FOR ANALYZING k_ DATA

The purpose of this section is to develop a set of formulas for calcy-
lating k from the four-factor formula which give theoretical results that

are in agreement with experimental values.

The method, as pointed out in the main text, is to calculate the valyeg

of nandf, using the best cross sections, nuclear constants and formulas

presently available, and then force the product of all four factors to be in
agreement with the 3 per cent UO3 k_ data by adjustment of constants in the

formulas € and p.

The resonance escape probability for a homogeneous system has the

formula

p—-eXP'N238j’ )(—:IE
EL, Aupy) B
N238 = number of U238 atoms/cm3,

Es = ).;J(NG s)i

Z(ENo s)i

s i
i ;iNcs)i

i
N. = number of atoms of the iﬂ:A material/cm3

. . . . .th .
¢ . = microscopic scattering cross section of the i—— material

Qi = average logarithmic energy decrement per collision for the

ith material.
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. dE .
The resonance integral f"aoeff_ T is assumed to have the form
fg | dE _ X ES 0.415
A0 off. E N238

where the constant is usually assumed to have the value
(5)
a=3.9.

Formulas for nf

The theoretical formulas for n and f were the usual ones with the

exception that Wigner-Wilkens "effective' cross sections were used,

The theoretical formula for nf is then,

235
- v No359¢
- 235 238 oxygen H90
N235Ua + N2380a * Noxygenca + NHzoca
v = number of fast neutrons /fission in y?3°
Ni = number of atoms of the it—h- ma’cerial/cm3
o = microscopic Wigner-Wilkens "effective' absorption cross '

section for the iE material

0235 = microscopic Wigner-Wilkens "effective'' fission cross

f
section for U235.

The Wigner-Wilkens cross sections are tabulated in Reference 9.

“The 2200 meter /sec cross sections needed for Reference 6 are listed below.(ll)

v =2.47
ngygen = 0.0 barns
0520 = 0.664 barns
0238 = 2.71 barns

D energy distribution. A fraction of these (p) have energies greater
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than the U 238 fission threshold and may possibly cause fission in U238

After each of these Bn neutrons has had an interaction, the number of
238

neutrons having energies above the U fission threshold is,

e T2

1 1
nB - = nBZ
N

B where
number of fast neutrons, having energies above the y238
238

fission threshold, produced per fast fission in U
£. = macroscopic fission cross section of U238

. macrz'ggcopic cross section for the im interaction, exclusive
of U fission energy range

probability of a neutron, having energy in the U

range, of being reduced to an energy below the U

238 fissi
ission
238 . .
fission
threshold
fraction of virgin fission neutrons having energies above U 38

™
]

fission threshold.

238

The number of neutrons removed from the U fast fission resonance

L X VL)

1
8 AR
1

L + Z L, J = Bz
1
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and the number of neutrons removed from the fast fission region is

i %+§w§9
nBZ

Ef+ZiEi

h .
r then + IL collision, the number of neutrons having energies in the

and fo th
0238 fission energy range after the N== collision is,

nBz. "

238

The number of neutrons having energy above the U fission thres-

hold s,

) v%+2(1'¥9%

"BZ = nBZ n+1

1
L + LI
.01
i
i The number of neutrons removed from the fast fission energy region

s n + 1 collision is,

q+§w§g

L‘f+zi):i

ngz"

he fast effect (¢) is just the total number of nuetrons removed from
nergy region per primary fission neutron, thus
L+ Z (v;Z)

A1 - B) + nB : (1+z+2%....zM
LEf+Z£i
1
4
n
=-p BEfL?(YiEj) :
: - + —
i

»Ef

Ei:(vizg - (v -1

*1+p
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The U238

aqverage energy, E, of fission neutrons above this cutoff energy is
E = 2.25 Mev,

and the fraction of fission neutrons, B, above 1.2 Mev is

B =0.608.

fission cutoff energy is is taken as EC = 1.2 Mev. The

(12)

For elastic scattering type of collisions:

1
y, = —

i Average number of collisions a neutron will make in the i—t-ll- medium jn

peing slowed down from E to EC.

1 5
Y., = =
i EE 0.629
&
Then o
23
YU =0,0133
s
235
yg =0.0135
Ygxygen = 0,192
Y

U238 ( Capture + Inelastic) = 1

YU235 (Capture + Inelastic) = 1

In the case of hydrogen, Yg Was determined as follows:; The average

238 fission threshold of 1. 20 Mev was

determined to be 2. 25 Mev. After the first scatter of these neutrons, the

energy of virgin neutrons above the U

number of neutrons falling into an energy band AE is the same for all energies.

Thus the fraction of neutrons falling below 1.20 Mev upon first collision is

simply glz_%'g' = 0.533. The average energy of neutrons above the 1.2 Mev thres-
hold after this first collision is giiz—l—z—g = 1.73. We thus proceed as

formerly for the second collision and etc.
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Fraction of

Fraction (of Original Original
Average Number) Falling Number
Energy Below 1.7 Mev Remaining

.25 0.533 0.467
.73 0.324 0.143
.47 0.117 0.026
.34 0.023 0.003
.27 0.0028 0.0003
.23 0.000293 0.000017

_ = s s s DN

Then the average number of collisions a neutron would make with a
hydrogen atom is given by,

Avg. No. Coll. _ (1) (0.533) + 2(0.324) + 3(0.117) + (0.023)
neutron = (D.533) + (0.324) + (0. 117) + (0.023)

=0.533+0.648+0.351+0.092+0.014 + 0.0018
= 1.64

then

Hydrogen _ 1
YS =716z - 0.61
This calculation is rather crude, but actually is very likely not to be

greatly in error.

Then
Tooim) « g [0 Jo 2%+ a2 12202
¥ Noss [Y(ZCSEin.i"z% + 012n3.5)+ 235"?35]
+ NHydrogenYEydrogen 0IS-Iydrogen + Noxygen Cs)xygenogxygen

where

(c+in.) = capture + inelastic scattering, and

]

o} fast neutron microscopic scattering cross section.

S
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The following values were used in these calculations

Voag = 2.62

0?38 = 0.55 barns

0238 = 3 barns

0235 = 3 barns
c(s)giygen = 1.5 barns

GSydrOgen = 2.3 barns

G(chfin.),t 3.5 barns
G(szin.)% 3.5 barns

Least Squares Fitting Technique

The lease squares fitting technique was originally suggested by

H. E. Handler and used by him in fitting some similar slightly enriched

(1 per cent U235) UO3 k_ data.
The following form is taken for €
6 = b
ﬁi‘-+ii‘<yi,zi,> - (v - DE

where i' refers to all materials except hydrogen.
b

Ng Ty, z) - v - 0g
Nu i'

e = exp.

b

for 1 >>N

H
< L oy -
Nu T (Yi'Ei') (v 1)):3f
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_a NH N Eé O.415(N 0 585
Nu N o Hydrogen 238
p = exp. - 4 S .
1!
T _I\I_H g + g Nl‘ OS
Iy Nu Hydrogen it Nu cHydrogen

s

Then the experimental data is fitted to the curve ep, where the

experimental points are

k_ (experimental)
nf (calculated)

Twenty points were used in fitting the UO3 data, and four points were
i 1 used in the UOZ(NOB)Z data. The actual calculation was performed by a
"Generalized Least Squares Fitting Code' on the Hanford IBM 7090 computer.( 12,

Figures 3 and 4 show the results of the least squares fit,
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PREPARATION AND PROPERITES
OF BORATED POLYETHYLENE
AS A THERMAL NEUTRON ABSORBER

During the planning stages of this set of k_ experiments, it was
decided that copper, which had been used as the usual neutron poison in the
past, could not be used as the poison for these experiments. This was
pecause that amount of copper which would be required would be so excessive
that other perturbations might occur to the system. The choice of a borated
polyethylene as the poison resulted from a number of requirements:

1. The 1/v dependence of the boron absorption cross section made it
very desirable for use as a thermal poison.

2. Both boron carbide and polyethylene are essentially inert to most
acids and it was hoped that this poison could be used to study uranyl
nitrate systems where acids would be present.

3. Since polyethylene was to be used as the moderator for these
systems, it was an obvious choice for the plastic used to hold the

poison.

The initial batch of poison was prepared at HAPO by the authors. The

initial poison consisted of a mixture of boron carbide in 20 per cent paraffin

and 80 per cent Epolene-C (trade name of a low-melt polyethylene wax pro-

duced by Eastman Chemical Products, Inc., Kingsport, Tennessee)

An ultrasonic generator was used to '"beat' the liquid in order to
break up any of the boron carbide particles which tended to cling together.
The material, which contained approximately 3.5 per cent boron carbide
by weight, was then solidified in the form of a cylinder. Chips 1/4 X 1/4
X 0.005 inch were machined from this cylinder. Although this initial
material was uniform enought so that it was used quite satisfactorily for the
first experiments, it was brittle and broke up quite easily. For this reason

 8earch for a better product was continued.
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The Product Development Division of Phillips Chemical Company
Bartlesville, Oklahoma, was contacted. They very kindly agreed to try to

jmprove this material by mixing boron carbide and polyethylene on a Banbury
rubber mill and extruding and blowing the material to obtain a blown tubin
approximately 9 inches in diameter and 0.005-inch thick. (14)

20 pounds of the material in this manner.

g
They made
The resulting film proved to have
a very uniform dispersion of boron carbide and uniform thickness.

It was
made using Marlex Type 9 polyethylene and boron carbide having a particle
size of 2-5 microns.

R G

The material contained very close to 4 per cent boron
carbide by weight and was designed to have the same neutron absorption
properties as 0.020-inch thick copper. Extensive tests on the material

showed no loss of boron carbide from the material and it was inert to con-
centrated nitric acid.

The error in any k_ measurement made in the PCTR using this
material as a poison would be directly proportional to the error in the known
value of its absorption cross section; hence, very accurate measurements

4 of the absorption cross section were necessary. These measurements were
| made in the PCTR by comparing the material to another standard material

for which the absorption cross section was accurately known,

Measurements were made in the PCTR to determine the cross section
1 . of both the 3.5 weight per cent and the 4 weight per cent materials using

copper as a standard as measured by Bennett, Lanning, and Donahue.(15)

The formalism used in determining the copper cross section was used
throughout these experiments.
c
The value of _A_ap (cross section of B4C per gram molecular weigr(ltls)
of borated polyethylene material) was then determined using the equation,

O'ao (A DT 1 M )
A L o )Cu cu =['M' - mﬂp&,—;)cu (PXD) = K

-
CdR

1

ao
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where the subscripts "p' and "cu'' refer to the poison (borated polyethylene)
and copper standard, respectively, and

220 meter /sec value for the microscopic cross section,

a0
A = atomic or molecular weight,
D = ratio of the disadvantage factors of the copper and borated
polyethylene,
pr = reactivity of the reactor,
P = ratio of the products of the flux and favorableness factor

at the surface of the samples,
M = mass of the sample,

ratio of the faborableness factors for neutrons absorbed

o =
in bare copper and cadmium covered copper, and
CdR = cadmium ratio.
The value of K was then plotted against C%iR and extrapolated to
o Cu
1 -0 to obtain ——9)
= A i
TR,

Measurements were made for CdRCu values of 102 and 7 for the 4
weight per cent material and for values of 197, 95.5 and 6.6 in the case
of the 3.5 weight per cent. Figure 5 shows the results of these measurements.

g
The value of(—fg)f for 3.5 weight per cent boron carbide impregnated
slyethylene was found to be 1.899 £ 0.026 and for the 4 weight per cent

material, 2.086 + 0.029.

An error of 1.5 per cent in K was assumed rather than the approximate
r cent observed in Figure 5 to allow for possible errors in CdRcu, since in
cases CdR for 0,005 copper was measured and then converted to CdRCu
©0.010 and 0. 020 inch, Measurements of (CdR)p were made using 1/4-inch
eter BF3 tubes rather than the theoretical thin foil, This may have also
ributed small errors.
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The method for obtaining the disadvantage factor of the poison

material was to use the standard blackness approach which yeilds the

formula(16)
ES)
Z-Z|=|P
2V bpl @
TSR ) 1-p )
alS o
where
V = foil volume,
S = foil surface, and
P_ = collision probability for a neutron in the foil.

The poison used in these experiments consisted of boron carbide
impregnated polyethylene film cut into foils 1/4 X 1/4 X 0.005 inch. For
the purpose of calculating the disadvantage factor of one of these small pieces,
the foil was considered to be homogeneous; however, a correction was made
for the finite size of the boron carbide particles (2 - 5 microns) by including
the disadvantage factor of the particles in the calculation of the foil dis-
advantage factor. The disadvantage factor of a 1/4 X 1/4 X 0.005-inch foil
of 4 weight per cent boron carbide impregnated polyethylene was then found
tobe 1.020. An error of 0.005 was assumed in order to account for any

grouping of the foils in the test cell.
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APPENDIX III

DISCUSSION OF ERRORS

Where it was possible, errors were analyzed by propagation- of-error
techniques. Weights of different materials, 2200 meter/sec cross-section
values, and flux and reactivity measurements could be treated in this
manner. Errors because of mismatching of the incident neutron spectrum
on the core tank were estimated from experimental data. Errors resulting

from the use of "effective' cross sections could only be crudely estimated.

Table II is a summary of the values which were used in the calcu-

lations.

A number of weighings were made to establish that 1 per cent was

a reasonable error in the weights.

Errors because of any mismatching of the incident neutron spectrum
were estimated from measured values of k. These errors were estimated
from the cadmium ratio measurements made with different driver loadings.
This error was usually £ 0.003 in the value of k_. For high H:U atomic
ratios this error is reduced because of the more slowly changing spectrum

and the more "effective' or thicker buffer region..

The error due to use of the "effective' cross sections was only an
estimate. No reliable value for this error is available; however, a limiting
value has been established. (3) The value results from the difference in k_,
* as calculated from 2200 meter /sec cross sections, and from the 'effective"

¢ross sections, It is undoubtedly too large; however, it does represent a

Vlimiting factor.




Weight

Material Error
U238 1%

U235 1%

HZO (c)
(Water)

CH2 1%
(Polyethylene)
Poison 0.001¢g

(4 w /o Boron Carbide
Impregnated Poly-

ethylene)

(a) All values of o, (2200 meter /sec) and its standard deviation were taken from BNL-325.(11)

(b) Effective cross sections were used for Op and ¢

Molecular

Weight
238. 125

235.117

18.021

14.031

SUMMARY OF VALUES

TABLE II

o, (at 2200

Meter/Sec) in Barns

2.71
(b)

0.332

0.6674

235

(o /A)(a)A = Error in
a ( A)
Atomic Weight 0a/
0.01138 +0. 00008
(b) (b)
0.03685 +0.00022
0. 04756 +0. 00028(¥
2.086 +0.022

(see Reference 9).

(c) No error is quoted for the mass of water because of the large deviation in cases where
water was used as the moderator; however, for the "dry" UO3 powder, the error in the

mass was 1 per cent.

(d) Measured value (see Appendix II).

19~

e
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APPENDIX IV

COMPILED DATA
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%
Net Weight of w/o of W /o of Bretugw
HyU Weight  Polyethy lene Water of  Impurities As oo
Atomic Ratio Moderator grams grams Mixtures of Mixture (Fm; N “;R;:‘if:a:
ST g it T LRI
u0, Data A SRR o . 25
5 86 CH, 5754 7 688 ) 0 80 0 33 0 goo Bare @ 15
[ >
g & 1 p 8 &
Can ? mi i - » o
5 86 CH, 5754 7 688 1 0 80 0 34 1 124 g:’rc .
Cdn H m . ey » ug
5 86 CH, 5754 7 688 1 0 80 0 3 1 138 B:rn 0 e
3 ¢ ¢
CdRr 2 .ui; ¢ e " G
358 CH, 6056 6 444 6 0 94 0 34 1 028 22" 3"“
288
fcar 1310, LIE TR 1Y
358 CH, 6056 6 444 6 094 0 34 1 244
LR T
Bare 0 722
801 CH 5168 2 807 3 108 0 34 4 475 cd
2 > 0 268 '
[Car 2 68s, 33 [ 20 -F0)
Bare 0 813
10 09 cH 5360 2 1030 9 0 81 0 34 5 867 Cd 0
2 P 278 1318
CdR 2 9381 10 by
10 12 CH 5 08 0
5 5360 2 1034 1 1 34 1778 L 3z o1
8 60 CH 843 5 0 8 pate o s
5027 5 4 5 0 34 0 446 d 0 268
2 1 M2
édR 2 689§ 0 020
9 94 CH 0 08 2 o 313
5142 997 4 5 0 34 0 130 cd 0 272 1335 t
2 CdR 2 8412 o o
Bare 0 809
12 36 CH, 5313 0 1203 0 0 86 0 34 2 20 Cd 0 269 1 306 10 016
Pellets CaR 3 004y
Bare 0.834
12 31 CH, 5313 0 1204 0 0 86 0 34 1074 Cd 0: 280 1-306 16:016
Pellets {CdR 2 980
Bare 8 659
6 38 CcH, 5480 0 706 2 0 85 0 34 -0 612 £d 6 293 1338 0 020
Pellets LCdR 2.250]
Bare ¢ 596
5 86 CH, 5879 2 704 6§ [ H 034 0 897 cd 0 263 1 345 0 020
Pellets (car 2 2691
30 20 CH, 3455 0 1450 8 1 02 0 34 3 200 1123 £0 008
Powder
35 26 CH, 3191 0 1461 9 111 0 34 1 890 1 080 0 008
Powder
Bare 1307
40 05 CH, 3252 © 1598 5 0 82 0 34 0 824 cd 0 173 1035 0 007
Powder fCdr 7 46Q]
Bare 1335
39 77 CH, 2943 7 1446 0 051 03 0 603 cd 0 174 1028 0 007
[Cdr 7 6244
Powder
47 88 CH 2873 0 1547 1 0 47 0 34 -0 911 0 955 0 007
Powdéx
Bare 1 304
43 85 CH, 2971 0 1532 9 0 47 0 34 -0 093 cd 0 172 0 996 40 006
PowdéTr {CdR 76027
UO,(NO J, Data
Bare 0 798
6 10 CH, Pellets 5230 7 36 2 11 47 0 34 1 201 cd 0 34 1114 40 010
and’H,0 {Cdr 2 334}
Bare 0 991
8 81 CH,, Pellets 6079 1 293 1 1147 0 34 0 608 cd 0 36] 1139 0 010
and’H,0 CdR 2 757]
Bare 1076
13 02 CH, Pellets 5799 4 590 6 11 47 0 34 0 431 cd 0 348 1148 0 012
andH,0 CaR 3 288]
310 CH, Powder 3712 0 1167 0 11 47 0 34 1 000 +0 008
and’H,0

AZC ST RICHLAND WASH
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APPENDIX V

DRAWINGS OF THE CONTAINMENT VESSELS
AND THEIR FITTINGS
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Aberdeen Proving Ground
Aerojet-General Corporation
Aerojet-General Nucleonics

Air Force Special Weapons Center
Albuquerque Operations Office

Alco Products, Inc.

Allis-Chalmers Manufacturing Company
Allis-Chalmers Manufacturing Company, Washington
Allison Division - GMC

Argonne National Laboratory

Armour Research Foundation

Army Ballistic Missile Agency

Army Chemical Center

Army Signal Research and Development Laboratory
AEC Scientific Representative, France
AEC Scientific Representative, Japan
Atomic Energy Commission, Washington
Atomic Energy of Canada Limited
Atomics International

Babcock and Wilcox Company

Battelle Memorial Institute

Brookhaven National Laboratory

Bureau of Medicine and Surgery

Bureau of Ships (Code 1500)

Bureau of Yards and Docks

Chicago Patent Group

Combustion Engineering, Inc.

Convair, Fort Worth

Defence Research Member

Dow Chemical Company (Rocky Flats)
duPont Company, Aiken

duPont Company, Wilmington

Edgerton, Germeshausen and Grier, Inc., Goleta
Edgerton, Germeshausen and Grier, Inc., Las Vegas
Frankford Arsenal

General Atomic Division

General Electric Company (ANPD)
General Nuclear Engineering Corporation
Glasstone, Samuel

Goodyear Atomic Corporation

lowa State University

Knolls Atomic Power Laboratory
Lockheed Aircraft Corporation

Los Alamos Scientific Laboratory
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Lowry Air Force Base

M & C Nuclear, Inc.

Maritime Administration

Martin Company

Massachusetts Institute of Technology (Hardy)
Massachusetts Institute of Technology (Thompson) :
Mound Laboratory
NASA Lewis Research Center '
National Bureau of Standards

National Distillers and Chemical Corporation
National Distillers and Chemical Corporation,
Astabula

National Lead Company of Ohio

Naval Postgraduate School

Naval Research Laboratory

New Brunswick Area Office

New York Operations Office

New York University (Eisenbud)

Nuclear Materials and Equipment Corporation
Nuclear Metals, Inc.

Oak Ridge Institute of Nuclear Studies

Office of Naval Research

Office of Naval Research (Code 422)

Office of the Chief of Naval Operations
Ordnance Materials Research Office

Patent Branch, Washington

Phillips Petroleum Company (NRTS)

Power Reactor Development Company

Prait and Whitney Aircraft Division

Public Health Service

Purdue University

RAND Corporation

Rensselaer Polytechnic Institute

Research Analysis Corporation

Sandia Corporation, Albuquerque

Schenectady Naval Reactors Operations Office
Sylvania Electric Products, Inc.

Union Carbide Nuclear Company (ORGDP)

Union Carbide Nuclear Company (ORNL)

Union Carbide Nuclear Company (Paducah Plant)
United Nuclear Corporation (NDA)

United Nuclear Corporation (OMC)

U §S. Geological Survey, Denver

U. S. Patent Office
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