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ABSTRACT

The thermal value of H for U233 and for U235 has been determined 1in a
series of experiments involving direct comparison of the critical parameters
of unreflected homogeneous aqueous solutions of the two isotopes. Auxilaiary
experiments establishing limits of error, testing certain aspects of the theo-
retical model employed, and experimentally determining the parameters in the
critical equation, have been performed. Experiments performed with 27-in.-dia
* and 48-1n.-da1a spheres, and 5-ft-dia and 9-ft-dia cylinders have yielded con-
sistent values of 1. Measurements of the nonleakage probgbilaty in cylindri-
cal geometry have given values consistent with those predicted by a two-group
model in which the theoretical value of the age was used. Within the experi-
- nental error no differences were found in the ages of fission neutrons for
U233 and U235,

The average thermal values of eta determined are: 7 for U233, 2.284 ¢

0.015 and 1 for U235, 2.074 + 0.015. The 2200 m/sec values are the same
since the g-factors for eta are unity. ‘
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INTRCDUCTION

The importance of and necessity for a precise determination of the
thermal value of n for U'255p the number of fission neutrons produced per
thermal neutron absorbed in the fissile isotope; has been so sufficiently
and widely emphasized in recent months that further discussion is redundant.
An experimental determination of this value, based on the direct camparison
of the critical parameters of unreflected homogeneous aqueous solutions of
the uranyl nitrates of U233 and U255y has been made. The precision achieved
by this method, earlier employed by Thomas, Fox and Callihanyl 1s enhanced by
the use of dilute solutions in large syctems. In such systems the number of
epithermal fissions and absorptions 1s reduced and the uncertainties in the
evaluation of the neutron leaksge are minimized. In the present_investigation,
therefore, the largest volumes consistent with the amount of U avallable
have been used.

Supplementary experiments, pramarily required to establish limits of
error on the measured value of 7, have verified several aspects of the
theoretical model for the bare homogeneous reactor. The experimental program
consisted of the following:

1. Experiments in which the craitical dimensions of bgth spherical
and cylindrical volumes of aqueous solutions of U233 and ue35
were measured as functions of the chemical concentration and
dlrectly compared. In one of these comparisons boron was added
to the U233 solution to equate the total macroscopic absorption
cross section to that of the U235 solution, in an attempt to more
closely match the spectra. Boron was also added to some of the
U235 solutions waith the intention of examining the internal
consistency of the various cross sections. However, the neutron
spectrum changed rapidly as the boron and U 235 concentrations were
increased, and 1t soon became apparent that any evaluation of the
relative cross sections would be obscured by spectral uncertain-
ties. The data were valuable, nevertheless, in studying the theo-
retical model.

2. Flux traverses; using U255 UZBQ and cadmum-covered U232 miniature
fission counters, and 1n one case a gold wire, were made to define
the buckling, B2 s, or the shape of the neutron flux, so that an
extrapolation distance could be obtained.

3., The effects of the epithermal neutron flux, the measurement of which
1s an important and dafficult field of reactor physics; were ex-
pressed in this work in integral form. The experimental determinations
were made from fission foil actlvatlons, using both bare and cadmium-
covered foils of both U223 and U235,

4. Kinetic experiments, in which the stable period resulting from an
incremental addition of solution to a critical cylinder was measured,



were performed to experimentally determine nonleakage probabilities
and furnish information regarding the age of fission neutrons in the
solutions.

The experimental investigations have been supported by theoretical calcu-
lations using the Corn Pone Code,z and detailed calculations were made of the
flux and boundary conditions in a 69.2-cm-dia sphere, where the neutron leakage
was great enough to bé significant.

THEORETICAL CONSIDERATIONS

Critical Equation

The theoretical analysis of chain reacting homogeneous water-moderated
assemblies 1s based upon the theory presented by Weinberg and Wigner.’ Since
an extension of this theory using a measured slowing-down kernel with consider-
ation of epithermal absorption has been presented preV1ouslyh only a braief
outline of the theory 1s presented here, beginning with two basic theorems.

The First Fundamental Theorem of Reactor Theory states that the station-
ary neutron distribution J(%,E) in a critical bare reactor 1s separasble 1in
space and energy, 1.e.,

TEE) = BEIYE)

where the spatial distribution, 4/(£), is the fundamental solution of the
wave equation,

TEP@) + BEP(E) = 0

that 1s, that solution which 1s positive throughout the reactor and vanishes
on the extrapolated boundary.

If the neutron flux satisfies the wave equation and i1f the point slowing-
down kernel i1s an isotropic displacement kernel, then the second fundamental
theorem of reactor theory states that the nonescape probability of neutrons
during moderation in a uniform bare reactor 1s the Fourier transform of the
slowing down kernel. Since the slowing down kernel in a bare reactor will
change in form near the boundary, the theory cannot be expected to give a
detailed description of the neutron flux as a function of position and energy
near the boundary. If there exists a _region about the center of systems
having sufficiently small values of B2 1n which the fluxes at all energies
do have the same shape, then i1t 1s possible to formulate the critical con-
ditions for that reactor using these fundamental theorems.

The above ccncepts lead to the following equation for the balance of
neutrons in the thermal energy group, assuming no absorption over the fission
spectrum:
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in whach
Overscore = Maxwellian-flux-average values,
D = thermal daffusion coefficient,
. B = buckling,
: Eat = total thermal neutron macroscopic absorption cross section,
. K(B ,E) = nonleakage probability during slowing down to energy E,
p(E) = probability that a neutron will not be absorbed during
slowing down to energy E, -
Z‘.f(E) = macroscopic fission cross section,
™) (E) = average number of neutrons produced per fission.

The spectral distribution of the neutron flux was assumed to be Maxwellian
at the system temperature of 24° - 25°C, in the region of thermal energaes,
supplemented above 0.2 ev by & component nearly inversely proportional to the
energy. The following relations were used to describe this dastribution:

P(E) = Py = Maxwellian flux for 0 < E < 0.2 ev, \
- #(E) = iléﬁl + By for 0.2 <E < 10° ev,

n

A (E)

proportionality constant relating the Maxwellian spectrum to
the epithermal 1/E spectrum,

[0 0]
fy is normalized so that [P(M)dE = 1
0

The term A (E) 1s defined by
NE) - 528 p(E)O7°¢<E') £e(E') 9 (B )aE" (2)

in which ¥ 1s the logarithmic energy decrement and ):.t(E) 15 the total
macroscopic cross section.

The absorption escape probability to thermal energy is:

O
£ By(E) 2q4(E)dE

° T AE)
! By(E) T, (E)AE +O{2 () 5,q@0az

P(Eth) = (3)

From these relations the critical equation becomes




K(B,Ety) — Zax
- k = 227Ul E =1 L
eff 1 5 1282 p( th) ] Tt € (&)

in whach Eéx = Maxwellian-flux-averaged macroscopic absorption cross section
of the fissile isotope and

T A® ez (e .
0.2ev I £
€ = fast fission factor = 1 + ¢ R
M Zax )
By defaining:
K(B,E
p(B) = (B,Etn) ,
1 + 128
f = thermal utilization, and
F=¢g P(Eth))
- the critical equation becomes:
Kepp = P(B) T T F =1 (5)

In the above development 1t 1s seen that P(B) 1s the fraction of the
source neutrons which do not escape the system. The detailed effect of the
absorptions and legkage of eplt?ﬁsmalneutronsas a function of energy then

appears in the neutron flux, JL_”_q and the guantity, K(B,Eth), in the critical

equation i1s the Fouraier transfo%m of the point slowing-down kernel to thermsl

energy.

Epithermal Flux Parameter

The activations of bare and cadmium-covered fission foils in the critical
system, Apgre and A.q respectively, are used to evaluate the epithermal
( >0.h ev% source of fission neutrons in terms of the total source. The
equation used is:

(o] [e0] 5
J ¢M ZactdE + J >\ () act gg
boare 0 0.2 E )

A (o0}
cd [ A(®) Zect_ag -
0.4 E .




In the energy region between 0.2 and O.4 ev the source of fission neutrons
must be theoretically estimated. The epithermal source permits an average
value of A to be obtained from the expression

() 9 (E)aE (7)

L FEE 5 gen T A
0.4k e 0.4 e

\'s 'V'/E

Thas value of )‘can be applied also to the absorption integral within the
limits imposed by the assumption that the ratio of the absorption and fission
cross sections 1s constant with energy, thereby yielding an approximation of
the epithermal parasitic neutron capture. The error limits were estimated
theoretically to be t 2%.

The assumed form of the flug has been compared with that measured by
Poole? and by Stone and Slovacek® in the region where the transition from
Maxwellian to the 1/E distraibution occurs. It has been found that the assumed
form yields total U 35 activation integrals which differ by about 2% from
those based on above measured distributions.

Nonleakage Probability

The nonleakage probability during slowing down is given by the Fourier
transform of the point slowing down kernel in an infinite medium. This
probgbility can be written in moments of r! which are defined by the relation

®

___Ja(x) ™ Yarldr

m= 0 (8)
?G(r) Yxrédr
0

in which G(r) is the slowing-down kernel. The nonleakage probability
becomes

K(B) = Z (- 1) 8% <2 (9)
1=0 (21 + 1)t

By using the values of ré2l calculated by Certaine and Aronson7 for a
distribution of fission neutrons to indium resonance energy, the nonleakage
probability is



XK(B) = 1 - 25.67 BZ + 815.8 B - 3.837 x 10% B0 + 2.412 x 106 B8 (10)

A representation of K(B) satisfactory to within 0.2% for B2 £ 0.004 cm—2
and satisfactory to within 0.5% for B2 £ 0.007 cm-2 can be written as

K(B) = 1

Ttz veere T = 25.67 cm@ (11)

This equaivalence was used for simplicity in the experimental evaluation of
the nonleakage probability described below.

The craitical equation i1s of the form

Kopp = n fF P(B) = ky P(B) (12)

and 1ts differential for buckling perturbations is:

= P(B
Blegs = Koo SZBL A2, (15)
Further, the kinetic relation connecting the stable reactor period to the
change 1n keps from unity yields, neglecting the term & s

T

- =
Dkepr = Ko Pa(B) Z: ———51‘——— (14)
1 1+ AT
in whach
Bl = fraction of fission neutrons in the delayed group 1,
A , = decay constant of the precursors of the 1th group of delayed
neutrons,
2 = neutron lifetime,
T = stable reactor period,
P,(B) = average nonleakage probability of delayed neutrons.
d

From these equations

>

1 +A,T

= By(B) -2 : = -N. (15)
A B2




The nonleaskage probability, P(Bo), for a system having buckling, Béa
can be obtained by a Taylor's expansion about the nonleakage probability,

P(B), having buckling, BY 1In general,

(aB%)2

P® ) = p(B) + ABE)| A2, A°R(B)
o) (B) S 52 A =
B B

and for the infinite system, P(B,) = 1,

o

, OR(B) 52y , 9%P(B) y
) (=) B4 2!
B B

Using this expansion, the nonleakage probability can be evaluate

of 1ts deravatives.

+ .
2!

If P(B) can be represented by a one group model of the form

P(B) = L
1 + MeB2

in which M? = migration area = I? + 1:, then

P(B) = .21_ 14+ (1 - 4g2 N)/zJ.

For a two group model

_ 1
B(B) = (1 +TB2)(1 + LB2)

and, to terms in Bh,

P(B) = = 1+ 52 2RE)

2 382 |

N

+

o)
™
(5]
d
o)
td
S

1
™

oo

jos)
™

(16)

(17)

d 1n terms

(18)

(19)



T2 Lt
+
(1 +TB%)2 (1 + 12B2)2

where A =1 +

2
T 12

e +

1 +T B2 1 + 1282

Neglecting terms of higher order than Bh, this expression can be wratten as

2
9 P(B)
P(B) = 1 + B2 9P(B) _ [Bz 'a_é'z"g A

d B2 > [1+132 3P(B)
o B2

(20)

2

without introducing an error greater than 0.1% provided that B® 1s 0.004 cm ™2

or less.
An interesting relation can be obtained by rewriting Eq. 15 in the form
B1
B 1+ 2T

_ 1 _ 1 @ P(B)
5(8) = A B2 T P;(B) " 9 B2 (21)

and expressing P(B) in the form

P(B) = 1 .

TlT (1 + 1,%8%)

Then
2
9P(B) _ _ p(B) Z L
2 B2 1+ L,°B2
1
and, 1n the limt of B® = 0
22%1:'2 L% oM (22)
9B *

1

where M? 1s the migration area of the critical system having zero buckling.
Thus S(B) plotted as a function of B2 yields, as the intercept, the value of




Mz. The age of fission neutrons to thermal energy can, therefore, be obtained
from experimental bucklings.

Calculations of Steady State Flux Distribution

One of the critical volumes studied experimentally, a sphere of aqueogus
solutions of U235, was treated analytically using the Corn Pone code.®2™»
Since this volume had the greatest buckling of all those examined in this
series of experiments, this particular analysis was a test of the experimental

method. The calculation first yielded the steady state neutron source and flux

as functions of position and energy for various energy groups, with the con-
dition of zero net inwardly directed neutron current at the extrapolated
boundary.

The fluxes and sources i1n the energy groups were then satisfactorily
fitted to the equations

¢(r) - A¢ s;ZrB¢r

sin Bsr

S(r) = Ag -
sT

by a least-squares fit to obtain values of B, the square root of the buckling.

These calculations were performed in steps which successively included
larger volumes of the sphere until the boundary was reached and show that,

while the pure s1n Br mpode does not exaist even near the center, the de-
Br
parture from this mode is very small. It was observed that the bucklings

for the various energy groups were within a range of less than 0.3% when
points within 9 cm of the boundary were omitted; the corresponding value of
the extrapolation length, d, 1s 2.3 cm. The fact that the spatial distri-
bution of the neutrons about the center of the reactor 1s mot strongly de-
pendent on their energy is significant in that, for larger systems, there 1is
no reason to expect the effect of the boundary to be projected any further
inside the surface than in this case. The conclusion 1s then that bare
systems of small B can be very useful in testing certain aspects of reactor
theory. The value of the effective extrapolation length for the source and
the flux for each of various energy groups i1s shown in Fig. 1. Data from the
entire sphere were included in these evaluations. Table 1 shows the energy
corresponding to each of the various groups.
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Table 1. Energy-Group Lamits

Lower Lower Lower

Group Energy (ev) Group Energy (ev) Group Energy (ev)
1 x 108 11 3.372 x 10% 22 1.52% x 10-1
1 1 x 10! 12 1.515 x 101 23 1.247 x 10-1
- 2 6.065 x 100 13 1.016 x 101 2L 1.021 x 10-1
3 3,679 x 100 1k 4.564% x 100 25 8.3%58 x 10-2
L 2.231 x 106 15 1.375 x 100 26 6.843 x 10-2
. 5 1.353 x 100 16 9.21k x 10-1 27 5.603 x 10-2
. 6 8.208 x 105 17 6.176 x 10-1 28 4.587 x 10-2
T 1.8%2 x 105 18 4,140 x 10-1 29 3,756 x 10-2
8 9.118 x 102 19 2.775 x 10-1 20 3.075 x 102
9 L.54 x 102 20 2.272 x 10-1 31 2,518 x 10-2

10 1.12 x 102 21 1.860 x 10-1 22 Thermal

. A calculation was also performed to find the value of B which, when used for

all energy groups, gave the same total nonleakage probability as in the previous
3 case. The associated extrapolation distance is 2.4 cm, which compares favorably -

- with the above value of 2.3 ecm. However, the assumption of an energy-inde-
pendent buckling can not describe the leakage in each energy group. In order to
1llustrate the effect of the boundary condition chosen and to compare the con-
sistent P; solution with diffusion theory, a summary of the above calculations
1s shown in Table 2.

Table 2. Summary of Theoretical Calculations for a
34 .6-cm-radius Sphere

Boundary Consistent Pp Diffusion Theory

Condaition P(B) k2 P(B) k

J_=0at R=34.6 cm 0.8374 1.0377 0.8256 1.0231
f =0atR=35 cm 0.8212  1.018% 0.804k 0.9977
§ =0atR =3 cm 0.8297  1.0287 0.8132 1.0086
f =0atR=37 cm 0.8375 1.0384 0.8216 1.0189
p =0atB=3 e 0.8449  1.0475 0.8294 1.0286

a. The calculation was for'ﬁ =R+d=34.6 + d cm and for the fuel solution
camposed of U235 and Hy0 only.




EXPERTMENTAL RESULTS -

Critical Experiments

The craitical systems from which data were obtained in these experiments
consisted of aqueocus solutions of uranyl nitrate enriched in either the U233
or the U235 isotope. A 27-1/2-1n.-d1a aluminum sphere was made critical wath
both unpoisoned and several poisoned solutions of both isotopes. The neutron
poison employed was boric acid. A 48-in.-d1a aluminum sphere was used only
with unpoisoned solutions of U233 and U235, A 5-ft-dia stainless steel
cylinder, & diameter chosen to minimize the buckling for the available amount
of U255, was made critical at several heights with both U233 and U235, The
concluding experiments were performed with U235 solutions in a 9-ft-d1a steel
cylinder. At the maximum critical height in this container the neutron _
leakage was less than 2%, thus limiting the uncertainty in the value of 17(U235)
to that resulting from the errors in the cross sections. Descriptions of -
apparatus and experimental details are given in Appendix A.

Buckling Measurements and Extragpolation Distances

Flux traverses with miniature U235 fission counters (described in
Appendix A) were made in most of the critical geometries to determine the
buckling for that gecmetry. The normalized counter data were fitted to the .
form

_ Agsin B.(x + x5)
Bp(x + xg) .

for spheres, and to the forms
y = A¢cos B(x + xo) and
Yy = A4 3, [Br(x + xo)]
for the height and radius, respectively, of cylainders.

A preliminary analys1s9 of some of these data has reported values of
the extrapolation distances for spheres of 1.9 and 1.0 cm. However, 1t 1s
now believed that these small values were the result of non-ideal experi-
mental conditions. Since 1t was necessary to vary the solution height to
maintain criticality as the counter was traversed through the sphere, the
solution did not fi1ll the sphere when data were taken in the upper half.
The void was greater in the 48-in.-d1a sphere, for which d was reported as
1.0 ecm. The data from these traverses are not valid, even though there
were no observable distortions from the expected form of the spatial flux
distributions. Values of the extrapolation distances for the spheres have
been extrapolated from those obtained from cylinder experaiments.

12
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Tables 3 and 4 summarize the buckling values derived from counter
traverses in cylindrical systems. Counting data teken within 2 in. of the
boundary were excluded from the analyses. The quoted errors are derived from
the variances calculated by the IBM-704 1n the curve fitting of the experi-
mental data. A number of flux traverses were also analyzed excluding data at
a greater distance from the boundaries, and the derived B values, although
slightly different, reflect only errors of measurement and not a variation in
curvature with distance from center. Although the counting errors in any
particular traverse show no difference between different-sized systems, the
measurements in the 5-ft-dia cylinder were internally more consistent than
those made in the 9-ft-dia cylinder. It 1s believed that inaccuracies in
height measurements in the latter cylinder are responsible. When the extrapo-
lation distances are plotted for different critical heaghts, a variation
greater than their errors is noted. However, i1t 1s only for the 69.2-cm-dia
sphere and the short cylinders that this variation of 4, ¥ 0.8 cm, can affect
the nonleakage probability by as much as 0.5%. Figure 2 shows this variation.

The extrapolation distances measured with fast-neutron detectors showed
no variation beyond the experimental error with critical height, the average
value being 3.02 + 0.28 cm. The average value of the epithermal extrapolation
distance, measured with cadmium-covered U235 detectors, was 2.97 * 0,10 cm.
Fast and epithermal measurements were made at critical heights of 18 and 41 an.
in the 5-ft-dia cylinder.

The apparent difference between the thermal and fast extrapolation
distances experimentally observed was similarly evident in the Corn Pone
calculations for the 69.2-cm-d1a sphere previously discussed.

The experimental bucklings and their pertinence to the nonleakage
Probability measurements and calculations are further discussed later in thas
report,

Cross Sections Needed for Calculations

Since the thermal utilization depends upon the absorption cross sections
employed, 1t 1s appropriate to consider the values used in this report. The
continued improvement in methods and techniques of measurement during the past
decade has brought recent values of the total cross section of U235 from
various laboratories into close agreement and the latest tabulation has been
used .19,11,12,13 The fission cross sections, needed only for calculation of
corrections, were essentially the older values.

The g=-factor for U255, used to obtain the Maxwellian-average value of
the cross sections from the 2200 m/sec values, was taken from Westcott and
Roy.12 Since the recent tabulationl® shows the absorption and fission cross
section of U233 to be 1/v in the thermal region, the g-factors for these
cross sections must be unity. Table 5 shows the cross sections used and the
appropriate g-factors.



Table 3. Buckling Measurements in the 60.92 in. Diameter Cylinder

(Ax1al Extrapolated Extrapolation 2
Solution Buckling )l/2 Height Distance By,
Height® By 1 h 24 d 2
Detector (n.) (1n.”) (1n.) (1n.) (em) (cm™)
ye35 18 08 0.1588 + 0 0006 19.78 £ 0.07 170 2.16 *+ 0.09 3.909 x 102
" 17.91 0.1588 + 0.0005 19 78 * 0.05 1.87 2.37 + 0,07 3.909
" 19.08 0 1495 *+ 0.0006 21.01 = 0,08 1.93 2.45 * 0.10 3 L6lL
U235 4 ca 19.11 0.1474 + 0.0005 21.31 + 0.07 2 30 2.92 £ 0.09 3.367
y238 19 01 0.1469 + O 0007 21,39 * 0.10 2.38 3.02 *+ 0.13 3,30l
U35 28.81 0.1023% * 0.00025 %0 70 + 0.08 1.89 2.40 + 0.10 1.623
" L2.07 0.0743 + 0.00012 L4.17 * 0.07 2.10 2.67 * 0.09 0.784
U235 + ca 42.30° Min 0.07031 * 0.00015 L4 .68 + 0,09 2 38 302 + 0.11 0.766
42.55b Max 2.13 2.71 *+ 0.11 ';
ya38 42.35b Min 0.07023 + 0,00045 L 7k £ 0.29 2.39 % 0 £ 0,37 0.764 ]
42,380 Max 2.36 3.00 t 0.37
U235 80.12 0.03805 + 0.00011 82.57 + 0.24 2.45 3.11 * 0.30 0.224
(Radaral Extrapolated B2
Buckling )l/ 2 Radius r
Height B. R d +ARC d -2
Detector (an ) (1n.71) (1n.) (1n.) (ecm) (em™)
U235 41 0 07547 *+ 0.00020 31.87 + 0.08 1.43 3.30 £ 0.20 0.883 x 10~
U238 41 0 07546 * 0,0003k4 31.87 + 0.1k 1.43 3,30 £ 0,36 0.883
ye3> 80 0.07578 + 0.00018 31 74 * 0.08 1.28 2.92 * 0.20 0.890

a Height measurements have been corrected for dished bottom (0.25 in.) and for bottom reflector (0.53 n.).
b. Height was varied in order to maintain criticality, the maximum occuring while counter was at center.
c. The correction, A R, for the container was assumed to be the wall thickness, 0.13 in.




Table 4. Buckling Measurements in the 107.7 in. Diameter Cylinder

(Ax181 Extrapolated
Solution Bucklmg)l/2 Height B 2
He1ght? B, h h - h h
Detector (an ) (1n 1) (1n.) (in ) (cm=2)
Gold 35.78 0.08065 £ 0 00017 38.95 3.17 + 0.08 1.008 x 10-2
yed 35.78 0.08110 * 0.00023 38.7h 2.96 t 0.11 1 020
" 35.78 0.08118 * 0.00038 38 70 2.92 + 0 18 1 021
" 35.68 0.08132 + 0.00018 38 63 2.95 + 0.08 1.025
" 91.4% 0.03310 * 0,00005 94 91 3 48 + 0.1k 0.170 .
" 48 L7 0.06248 + 0,00023 50.28 1.81 £ 0 19 0.605 t;
" 48.5L 0.0618% £ 0 00025 50 80 2.26 * 0.20 0 592 h
" %5.80 0.08327 * 0,0002 37.73 1.9% * 0.09 1.075
(Radial Extrapolated
Solution Buckllng)l/2 Radius
Detector Height B, R R - R B2
U235 35 78 0.04314 + 0,00012 55.75 1.90 + 0.15 0.288
" 91.59 0.04312 * 0.00018 55.77 1.92 + 0.11 0.288

a. The values of the solution dimensions have not been corrected for effects due to structure surrounding the critical
cylinder of solution. The difference in column 5 1s, therefore, not exactly proportional to the extrapolation distance

-n
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Table 5. 2200 m/sec Cross Sections

Isotope dg, (b) &g, Uf)(%d &r
ye33 577 + 4 1.0000 527 1.0000
235 682 + 3 0.9749 580 0.975k

For the fissile isotopes U233 and U235 the resonance 1ntegrals Elven in

Table 6 were cbtained by numerical machine 1ntegrat10n of BNL- 525 curves.
'% Table 6., Uranium Resonance Integrals

U235 U235
106 o
of , T % (®) 930 428
106 gf
] —+4—aE, (b) 802 330
O.h
lO6 "
sz Et aE, (b) 1368 780
106 O
f = aE?®, (b) 1224 636
0.2

8. Assuming o, = 11l b for the epithermal neutrons.

The following 2200 m/sec microscopic absorption cross sections, assumed
to be proportional to l/v, were used for the other componenés hydrogen,
0. 332 b boron,?ig b; nitrogen, 1.88 b; thorium, 7.0 b; ues y 2,75 b;
and U23 113 b; other consitutents contrlbuted negllglbly

Foil Measurements of the Epithermal Flux

The assumption that the flux can be represented by a Maxwellian, ¢M, and
A/E epithermal flux has been discussed previously, and the measurements are
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thus dependent on this model. The cadmium ratio, CR, which i1s the ratio of
the actaivations of bare and cadmium-covered foils, 1s given by the following

equation: 6
les] 10
¢ % aE + )‘z aE

f M Tact f E “act

CR = Avare - 0 - 0.2

Aeg 10 A
f =z Z"a.ct dE
0.4

The cadmium cutoff energy 1s chosen to be 0.4 ev. This relation assumes no
flux depressions or self-shielding effects in the foil activities. For the
actual U235 foils used, the self-shielding and flux depression effects in the
resonance as well as in the thermal range must be included.

Tru'bey16 has calculated the self-shielding coefficient for thermal
neutrons 1n the U235 metal foils used in these experiments to be 0.79. The
flux-weighted average of this factor for the absorptions in resonances was
0.94, The cross sections used in the calculations have been listed previously
in Teble 5. Attempts were made to measure the order of magnitude of these
effects by using foils of different thicknesses and extrapolating to zero
thickness. The results of these activations define a flux depression and foil
self -shielding factor, based only on bare activations, of 0.76. This agree-
ment with the calculation may, however, be somewhat fortuitous; considering
the nature of the measurements and the approximations in the calculations.

Table 7 and Fig. 3 summarize the foil measurements and calculations for
the determination of the epithermal flux. The metal and oxide foil measure=-
ments, as well as the counter values for both U233 and U237 detectors in both
U233 and U235 solutions, are included in these data. The foils and their use
are described in Appendax B.

The best-fit line through the measurements 1is A, = 0.682 Zgt. From the
tabulated values of ¥ X4 for various energles}7 the theoretical expression
for \ in infinite systems with no absorption becomes 0,576 Zgt at 0.278 ev
and has increased to 0.656 Igt at 10.16 ev. This higher value 1s then
constant up to the kilovolt energy region. An average value of X,, weighted
by the U232 fission cross section in a 1/E spectrum, 1s 0.63 Zgt. It 1s
realized that A 1s a function of the buckling as well as Zg4 1n a detailed
neutron balance theory, but this correction is small and only adds some
scatter to the plot of the data in Fig. 3.

Experamental Determination of Nonleakage Probabilities

The results from the perturbation measurements of the reactivity as a
function of solution height can be described in several ways, each
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Table 7. Experimental Determination of )\, the Epathermal Flux Parameter

Solution Detector Observed
Heaght ot Posation Cadmium
Isotope (in.) (cm=-1) Detector in Container Ratio )\ a

27.24-1n.~d1a Aluminum Sphere

U235 Full 0.05427 U235 metal foil Center %6.50 0.0%363
U235 + B " 0.07723 " " 27.27 0.0492
uéds 4+ B " " " 8 in. from center 26.18 0.051k
y233 v 0.04T743 " Center 39,06 0.0338
U233 + B " 0.05523 " " 36,10 0.0378
48.04e1n.-d1a Aluminum Sphere

U235 Full 0.04629 U235 metal foil Center 42 .64 0.0309
" " " V23502 forl " 41.55 0.0317

o 1 i 1 U25502 fo1l " ].6 .25 0.0528
© " " " U235 metal foil 18 in. from center 10,00 0.0330
" " " U235 counter Center 49.26 0.0317

" " " U233 counter " 17.08 0.0370
U233 " 0.04166 U235 metal foil " 46.08 0.0285
" ] 11 U25302 foil H 17075 0.0299

60.92-1n.-d1a Stainless Steel Cylinder

U235 17-1/2  0.04975 U235 metal foil Center 39.70 0.033%
" 28 0.04648 " " 39.67 0.0333

" 41 0.04542 " " 43,65 0.0302

107.7=in.-dia Steinless Steel Cylinder

U235 35 0.04485 U235 metal foil Center 43,05 0.0306
" 47-1/2 0.04430 " " 44 .88 0.0293

" 95 0.04378 " " 45 .45 0.0289

a. Self-shielding and flux-depression factors of 0.79 for thermal neutrons and 0.94 for epithermal neutrons
were used for the foils. Thesge factors were assumed to be unity for the counter data.

1 ! Ll 4 - ’ v
' ‘ * i .
y . 4 ¥
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emphasizing a particular facet of the theoretical model previously discussed.
The leakage parameter S, defined in Eqs. 21-22, depends only on the periods
resulting from changes in the height after criticality has been established
and on the buckling of the critical system. In Fig. 4 this parameter is
plotted as a function_of buckling for nine measurements in the 5-ft-dia
cylinder with both U233 and U235 solutions and for three measurements in the
9-ft-dia cylinder with U235 solutions. Experimentally determined bucklings
from U235 counter traverses were used for the calculations of z&Bzo The curves
are theoretical values of S based on the equation and parameters shown on the
figure.

The variation of L? the square of the thermal dlffusion len th as a
function of buckling, Bz, 1s shown in Fag, 5 for both U233 ana y2 solutlons
The values of L% were calculated from the relation

% (H20)
= LO(HEO) Za%Solutlonj ’

in vhich L3(H,0) = 7.34k cu’ (Ref. 18).

Since the fast-neutron extrapolation distances measured wath U238 counters

at two critical heights were not significantly different, a constant value,

= 5.0 cm, was used in a second calculation of the parameter S. These values
are plotted as a function of buckling as Fig. 6 and the results of both
calculations are summarized in Table 8. The curves on Fig. 6 are the same
theoretical values of S shown on Fig. 4. As B2 goes to zero the effect of the
extrapolation distance vanishes, thus an extrapolation of either curve to
B2 = 0 should give the same value of M2,

The equation

< By
«='1 4+ X,T
yP(B) () 2 A1
L S B) = = = P.(B) S(B)
:)Bz d ABZ d
- 1 - 2
in whach Pd(B) = 1‘:’%;1'];2 and ’c‘d = 9 cm (Ref. 19)

was used with the Taylor's expansion of P(B) in order to evaluate P(B).

This expansion was given in Eq, 20. The correction term, A, was computed
by using the theoretical value of T, 26.5 cmz, and the values of B2 and 12
from each experimental determinstion, From these values of P(B) experi-
mental ages were computed from the two-group equation, Eq. 19. Figure 7
plots the experimental age as a function of the buckling determined by the
U235 counter, while Fig. 8 shows the experimental age as a function of the
buckling determined by a constant extrapolation distance. For the 9-ft-dia
cylinder, only the buckling measured with the U235 counters were used 1n
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Table 8.

for Cylindrical Geometry

Summary of Calculations of the Nonleakage Probability and the Age

Extrapolation
Cylinder Critical Distance Bucklinga Calculatedb Experimental Age to
Uranium Diameter Height d B2 5 Nonleakage Nonleakage Thermal
Isotope (in.) (1n.) (cm) (cm=2) (cm?) Probability Probability (cm@)
ue35 60.92 17.78 2.27 4,67 £ 0,11 24.3 * 0.9 0.8764 0.8814 + 0.0075 25.1
3.00 4 46 26.4 0.8814 0.8759 28.1
U35 60.92 18.67 2.45 k.31 £ 0,10 24.7 £ 0.9  0.8850 0.8880 + 0.0069 25.6
3,00 4.17 26.2 0.8883 0.8854 27.4
U235 60.92 28.70 2.40 2.47 £ 0.05 26.1 % 0.6 0.9307 0.9340 + 0.0035 25,0
3.00 2.42 27.3 0.9319 0.93%20 26.4
U235 60.92 41.53 2.67 1.67 £ 0.05 27.3+ 0.5  0.9518 0.9534 + 0,0023 25.5
3.00 1.66 27.9 0.9521 0.9528 26.1
U235 60.92 80.15 3,11 1.11 + 0.02 28.5 + 0.3  0.9677 0.9680 + 0.0014 26.1
3.00 1.10 28.4 0.9678 0.9683 26.0
U3  60.92 19.41 2.60 4,09 £ 0,10 24,3 +0.8  0.8885 0.8967 + 0.0064 24,0
3.00 3.93 26.2 0.8926 0.8927 26.5
U233  60.92 23,32 2.65 3,20 £ 0,07 25.4 £ 0.7  0.9108 0.9160 + 0.0053 2k4.6
3.00 3.11 26.9 0.9130 0.9132 26.4
U233  60.92 30.59 2,72 2.29 £ 0.05 26.6 + 0.6 0.9346 0.9378 + 0.0033 24.9
3.00 2.25 27.6 0.9355 0.93%62 26.1
ug33  60.92 54.65 3,04 1.35 + 0.03 28.3 £ 0.5  0.960% 0.9612 + 0.0019 25.8
3.00 1.35 28. 0.9602 0.9610 25.9
u23>  107.7 39.2 1.31 £ 0.02 29.5 + 0.6  0.9618 0.9606 + 0.0020 27.5
U235  107.7 h7.5 0.93 + 0,01 28.3 £ 0.5 0.9727 0.9767 * 0.0013 25.7
U235 107.7 95.5 O.44 £ 0,01 30.1+0.3 0.9869 0.9883 + 0,0006 27.0
Cin = 25.6 £ 0.3
T = 26.5 £ 0.2
Average 7 =26.0 £ 0.2
a. are given for each system, the first determined from U235

Two extrapolation distances and two bucklings
lux traverses, the second from ué>

counter_f
only U§35

counter traverses.
counter traverses were made to determine the buckling.

by 0.53 in. from bottom reflector savings for calcul%ta
B

Calculated from the equation P(B) = [ (1 +TB2)(1 + L

For the 9-ft-dia cylinder experiments,
Critical heights have been corrected

on of 4 in the 60.92-1n.-d1a cylinder.
)] =1 with T = 26.5 cm@.
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the age calculations. It is seen that the age based on a constant extrapo-
lation digstance, derived from bucklings measured with bare U23% or cadmium-
covered U232 counters, 26.5 £ 0,2 cm, 1s in better agreement with the theo-
retical age, 26.5 cm, than the age based on thermal bucklings, 25.6 = 0.3 cm.
Because of the quoted uncertainty of 4% in the absolute yield of delayed .
neu‘brons,zo the error in the age must be increased to * 1.k cm®. It 1s
concluded that, within the precision of these experiments and accuracy of the
delayed neutron fractions, the ages of fission neutrons from U233 and U235
are the same,

The measured reactivities have been based on delayed neutron data?0 1n
which the value of P was taken as 2.47. If recent values of 9 = 2,420 *
0.037 or y = 2.426 * 0,068 (Ref. 21) are used, then the delayed neutron
fraction must be increased by 2%, and the value of S and the experimental
ages calculated from the reactivity measurements would also be increased by
this percentage._ The above values for the age-to-thermal energy become
27.0 and 26.1 cm?, respectively. The average 1s then 26.5 * 1.4 cm®. The
age=-to-indium-resonance energy based on the reduced values of ¢ 18 25.5 cmz,
which 1s identical with the theoretical value computed by Coveyou and
Sullivan.22

Calculation of Eta from Critical Experiments

The measurement of the nonleakage probability in cylindrical geometry
has resulted in confirmation of the theoretical value of the age of fission
neutrons to thermal energy. This agreement does not prove that this model
can be used for bucklings significantly beyond the range of these experiments.
However, such agreement does encourage confidence in the experimental measure-
ments and in the suitability of the model. On this basis, therefore; the
sphere comparison measurements have been evaluated also and a value of eta
obtained, subject to the errors in epithermal corrections and in the cross
sections. It should be emphasized that the eta ratios obtained from the
sphere comparisons. are not affected by the errors in the nonleakage pro=-
babilaty.

All eta values and ratios were calculated with T = 26.5 em? and the
thermal and fast bucklings, and each value was assigned the same statistical
weight in computing the average value. The experimental data are given in
Tables 9, 10,,and'1l. The calculations are summarized in Table 12.

The eta ratios, ﬂ of U233/ﬁ of U235, deduced from experiments in
indivadual vessels were:

From 9 experiments in the 27-in.-di1a sphere, 1.100;
from 2 experiments in the 48-in.-di1a sphere, 1.,102; and
from 9 experiments in the 6l-in.-d1a cylinder, 1,103,

The average thermal values of eta are: ﬁ(Uz33) = 2,284 + 0,015;

7(UZ30) =
2.074 + 0.015. The average value of the ratio 7 of U233/q of Ué3g

18
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Teble 9. Experimental Data for Critical Conditions of Spheres

Experi- Isotopic Composition (wt%) Solution Total Total Total Total I
ment > - Density Uranium Boron Nitrate Thorium (k-1)x10
Number U233 u234 235 236 u238  (g/m) (mg/g)  (mg/s) (me/e)  (me/g) at 200C
27.24-1n,-d1a Aluminum Sphere
1 0.00 1.04 93.18 0.27 5.51 1.0288 19.56 0.00 18.7 0.00 11.8
2 0.00 1.04 93.18 0.27 5.51 1.0333 22.77 0.0905 21.2 0.00 7.3
3 0.00 1.04 93.18 0.27 5.51 1.0387 25.77 0.18 23.7 0.00 9.0
L 0.00 1.0 93.18 0.27 5.51 1.04k4s5 27.24 0.22 25.1 0.00 2.8
5 97.70 1.62 0.0+ 0,00 0.64 1.,0226 16.76 0.00 11.9 0.074 5.0
6 97.70 1.62 0.0k  0.00 0.64 1.0253 17.42 0.0233 12,3 0.077 10.3
7 97.70 1.62 0.0k  0.00 0.64 1.0274 18.03 0.0453 12.8 0.080 10.9
8 97.70 1.62 0.04 0.00 0.64 1.0275 18.67 0.0670 13.2 0.083 3.3
9 97.70 1.62 0.0k 0,00 0.64 1.0286 19.27 0.0887 13.6 0.085 L.k
48.04-1n.~d1a Aluminum Sphere
10 0.01 1.05 93.21 0.5k 5.19 1.0216 14.82 0.00 11.3 0.00 12.9

1 97.67 1.54 0.03 0.00 0.76 1.0153 13.05 0.00 7.6 0.056 4.6
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Table 10. Experimental Date for Critical Conditions of Cylinders

Experi- Critical Solution Total Total Total

ment Solution Isotopic Compos;tlon (gt%) 538 Density Uranium Nitrate Thorium

Number Beight (1n.) U233  ye3h u235 g2 U (g/m1) (mg/g) (mg/g) (mg/g)

60.92-1n.~d1a Cylinder
12 17.77 0.00 1.05 93,22 0.55 5.18 11,0229 16.92 12.8 0,00
13 18.68 0.00 1.03 93,035 0.51 5.43  1,0247 16.61 14,2 0.00
14 28.64 0.00 1.0k 93,12 0.54 5.30 1,0209 14.96 12.0 0,00
15 h1.45 0.00 1.06 93,11 0.52 5,31 1.020L 14,31 12,2 0.00
16 80.06 0.00 1.06 93,01 0.52 5.41 1.0197 13.79 12.6 0,00
17 19.49 97.37 1.50 0.0k 0,00 1.09 1,0203 14,21 8.3 0,014
18 23.31 97.35 1.52 0,05 0.00 1.08 11,0198 13.62 8.6 0.012
19 30.58 97.30 1.49 0.05 0.00 1.16 1.0169 13.00 8.1 0.01L4
20 54,69 97.25 1.55 0.05 0,00 1.16 1.0166 12.33 8.1 0.098
107.T=1n.=dia Cylinder

21 35.8 0.00 1.08 92.79 0.66 S.47 1,0194 14,00 14,2 0.00
22 48.21 0.00 1.06 92.78 0.65 5.51 1.,0218 13.66 13.8 0.00

23 94.9 0,00 1.05 92.82 0.63 5.50 1.0210 13.33 13.5 0.00




Table 11 Atom Densities x 10'20 for the Craitical Experaments (cm'3)

.-'[g-

Experi - Solution Uranium Isotope
ment Height (an ) Ued> 234 235 236 238 N H B B/X
27 2k-in -dia Sphere
1 Full 0 00538 0 L8066 0 00138 0 02807 1 869 662 28 1378
2 " 0 00631 0 56206 0 00163 0 03281 2 129 661 48 0.052 1177
3 " 0 00716 0 63944 0 00184 0 03734 2 392 660 70 0 104 1033
L " 0 00762 0 67959 0 00197 0 03967 2 548 660 28 0 128 972
5 " 0 43284 0 00716 0 00018 0 00281 1178 663 60 1533
6 ' 0 45120 0 0074k 0 00018 0 00291 1 224 663 L5 0.0133 1470
7 N 0 46798 0 00772 0 00018 0 00301 127k 663 29 0 0259 1417
8 " 0 48455 0 00801 0.00021 0 00311 1 319 663 15 0.0383 1368
9 v 0 05066 0.00827 0 00021 0 00327 1 363 663 00 0 0508 1324
48 Ok-in -d1a Sphere
10 Full 0 00409 0.36185 0 00220 0 01985 1116 663 94 1835
11 " 0.33460 0 00525 0 00010 0 00256 0 753 664 67 1986
60 92-in -dia Cylinder
12 17 77 0.00469 0 L136k4 0 00243 0 02271 1272 663 45 1604
13 18 68 0 00451 0 40595 0 00222 0 02339 1 ko9 663.43 1634
1L 28 64 0.00409 0 36452 0 00209 0 02048 1 185 663.8% 1821
15 41 42 0.00397 0 34845 0 00194 0 01962 1 208 663 89 1905
16 80 03 0 0038L 0 33519 0 00186 0.0192k 1 24y 663 91 1981
17 19 49 0 36517 0 00556 0 00410 0 826 664 39 1819
18 23 31 0 34978 0 00525 0 00395 0 849 66L L 1900
19 30 58 0 33292 0 00507 0 00375 0 802 664 59 1996
20 54k 69 0 31567 0 00481 0.0035k4 0 795 664 70 2106
107 T-in -die Cylainder
21 35 718 0 00397 0 33940 0 002L0 0 01975 1 Lo7 663 67 1955
22 18.20 0 00381 0 33124 0 00232 0 01942 1 367 663 T4 2004
23 ok 93 0 00368 0 32347 0 00220 0 01894 1 338 663 85 2052




Table 12. Craitical Experiment Calculations

girl- Lz B%h B}z‘
Nunber® £ F (cm?) (cm-2) P(Byp) 2(T ,B¢n) (cm=2) P(By) (T ,Bp)
(x10-3) (x10-3)
1 0.5878 0 9961 2 999 7 288 0 8202 2 082 6 981 0 8266 2 066
2 0 5863 0.9955 2 557 " 0.8228 2 082 " 0 8290 2,067
3 0 5835 0 9949 2 237 " 0 8247 2 089 " 0 8309 2 073
L 0 5840 0 9946 2 107 " 0 8254 2 086 " 0 8317 2 070
5 0 5280 1 0107 3 431 ' 0 8177 2 292 " 0.8241 227k
[ 0 5273 1.0112 3 287 ! 0.8185 2 291 " 0 8249 2 273
7 0 5264 1 0116 3 164 " 0 8192 2 292 N 0 8256 2 275
8 0 5254 1 0122 3 045 " 0 8199 2 293 " 0 8263 2 276
9 0 5245 1 0126 2.947 " 0 8205 2 295 0 8269 2 277
10 0 5189 0 9972 3 515 2 455 0 9308 2.076 2 409 0 9321 2 073
11 O L6k 1 0122 3 906 ' 0.9300 2 287 " 0 9312 2 284
12 0 5519 0 9967 3 271 4 672 0 8764 2 o7k L 46 0 8814 2 063
13 0.5470 0 9968 3 304 4 311 0 8850 2 072 4 17 0 8883 2 065
1% 0 5206 0 9971 3 501 2 465 0 9307 2 070 2 42 0 9319 2.067
15 0 5093 0 9973 3 583 1 670 0 9518 2 069 1 66 0 9521 2 068
16 0.4996 0 9975 3 653 1106 0 9677 2 O7h 110 0 9678 2 073
17 0 4861 1 0117 3 746 4 093 0 8885 2 289 3 93 0 8926 2 2718
18 0 4753 1 0120 3 825 3 197 0 9108 2 283 3 11 0 9130 2 277
19 0.4631 1 0122 3 915 2 285 0 9346 2 283 225 0 9355 2 280
20 0 4499 1 0126 4 012 1 349 0 9603 2 286 135 0 9602 2 286
21 0 5024 0 9973 3 628 131 0 918 2 075 (2 o75)P
22 0.4964 0 9974 3 673 093 0 9727 2 076 (2 076)P
23 0 4905 0 9976 3 717 0 44 0 9869 2 071 (2 o71)®
’ n(u233) 2 289 2 278
Averages _ E(UZBS) 2 077 2 070
(U233) /7(u235) 1 102 1.100

a See Tables 9 and 10 for identification
b This value of n was assumed to be the same as that calculated using the thermal neutron extrapolation distence since, for this large
system, the nonleakage probability and, hence, the calculated n 1s insensitive to differences in the extrepolation distance

_ag-
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1.101 * 0,008, These values of eta and the eta ratio are the same as the
2200 m/sec values since the g-factors for eta are unity.

Supplementary Data

From the data primarily obtained for the calculation of 1, other infor-
mation of interest in the fields of reactor physics and nuclear safety can be
deduced. The analyses of the critical solutions in spheres and cylinders are
given in Tables 9 and 10. If, from these datae, the concentration of the fissile
1sotope 15 plotted as a function of the thermal bucklings shown in Tables 8 and
11, extrapolation to zero buckling can be made. The intercepts are the limit-
ing cratical concentration of U233 and U235 in these nitrate solutions. This
plot 1s shown as Fig 9. The lumiting critical concentrations are 11.25 g/liter
for the U233 solutions and 12.20 g/later for the U235 golutions.

In addition, if the hydrogen-to-uranium ratio from Table 11 1s plotted as
a function of the nonleakage probability, the result. i1s a straight line. The
intercept at P(B) = 1 then represents the limiting H/X ratio for each of the
nitrate solutions used in these experiments. Thas plot is shown as Fig. 10.
The limiting concentrations for these particular nitrate solutions are H:U233 =
2260 and H:U235 = 2110,

Error Analysis

The error analysis has been based on the experimental deviations of the
measured guantities and the quoted errors on all quantities used in the cal-
culations. Since the multaiplication factor of a critical system can be
determined to less than 1 x 10~%, the errors in the eta values are compounded
only from nonleakage probability errors and thermal utilization errors.

The errors in the nonleakage probabilities are made up of errors in the
leekage parameter, S, and the quoted error of 4% in the absolute delayed neutron
yield. The errors in the leakage parameter, S, were determined by the observed
deviations of reactivities as a function of buckling, Bz, where buckling errors
are based on a * 0.3 cm error in the extrapolation distance. This value was
deraved from the variance in the least squares fit of the counter data from the
measured flux traverses.

Thermal utilization errors are dependent upon the macroscopic cross
section errors, and range from O.h% for small systems to 005% in the largest
systems. These values are compounded from a 0.5% error in the uranium cross
sections, a 0.5% error in the uranium density, and a 0.6% error in the hydrogen
cross section.

The errors in the epithermal flux and the resonance integrals can be as
large as 10% without introducing more than 0.1% error in the epithermal flux
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correction factor. Since the epithermal fissions have been correctly accounted
for by using the appropriate isotope in the foil measurements, the only source
of error in the correction for epithermal ebsorptions is in the epithermal
ceptures in the uranium isotopes. In other words, the ratio of the fission
and. sbsorption integrals might be in error. Because of the size of the
epithermal correction factor, F, only 1% different from unity, no error has
been included for this term.

SUMMARY

A series of experiments has been performed to determine the critical -
conditions of unreflected homogeneous agueous solutions of the nitrates of
U233 and U235 in both cylindrical and spherical vessels. These critical
conditions have been used to calculate the thermal values of 1 for both
isotopes. The average values obtained were: 1(U233) = 2.284 + O°Ol§ and
7(u235) = 2,074 £ 0,015, From these values the ratio n(U233) /q(U232) vwas
1.101 + 0,008, The ratio 7(U233)/7(U235) may also be compared with the value
of 1,113 + 0,018 obtained by the present authors by a reactivity coefficient
experlment.23 These results may be compared to the sbsolute values at ~-
2200 m/sec as measured by Macklin and deSaussure”? which are n(U233) = 2.296 * )
0.010, n(U235) = 2.077 + 0.010, and 7(U235)/q(Ue33) = 1,105 + 0.007. This
comparison to 2200 m/sec values is valid because the g-factors for eta are =
unity.

Bucklings were measured in most of the experimental configurations by
using miniature U235 fission counters. These measurements indicated a
variation in extrapolation distance with height of assembly, an assembly
18 in. high having a & = 2.2 £ 0.1 cm, while an 80-in.-=high assembly had an
extrapolation disgance of 3.1 *+ 0.3 em. Measurements of the extrapolation
distance wath U230 or cadmium-covered U235 fission chambers did not show a
height dependence greater than the experimental error, the value being
d =30 0,35 cm, ‘

Nonleakege probability measurements made in cylindrical geometry were
found to differ less than 0.3% from calculated values based on a two=group
model using the experimentally determined bucklings and the theoretically
calculated age of 26.5 em?, Inclusion of epithermal absorptions and fissions
in the analysis produced small corrections.

From the analysis of the experimental data it 1s concluded that a con-
si1stent theoreticel model has been employed. The experiments have demon-
strated consistency between the direct measurement of eta, the theoretical .
age and recent cross section measurements. -
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Appendix A
EXPERIMENTAL DETATIS

Nuclear Instrumentation

Both neutron and gamms-sensitive instruments were used in these experi-
ments. The neutron-sensitive instruments were BF:~filled ion chambers and
progortional counters and miniature fission countérs which contained U233,

and U238 f1lms.* The garma, -sensitive instruments were anthracene crystal
scintillation detectors. Both types of instruments were used in the safety
caircuits.

Since the neutron-sengitive instruments were used in reactivity measure-
ments, 1t 1s appropriate to describe them in more detail. The enriched and
normal BF:z ion chambers, made at ORNL from the design of Haake,5 were used
with the Tecorded output of logarithmic amplifiers of several types, including
a Beckman, a Keithley, and an ORNL model. The instruments were calibrated
several times daily by internal calibrating currents which, in turn, were
checked repeatedly against a standard current generator. Periods were
derived by alignment of a straightedge on the recorded traces, which were
essentially linear over two decades. Timing tests of the chart drives indi-
cated errors less than 0.5%. The power levels were selected so that the
chamber output was always below saturation but was at least 2 decades above
background. In the U233 experiments the chambers were surrounded with lead in
order to reduce the effects of the gamma rays arising from decay products of
U232, a contaminant of U233, Proportional counters®* and miniature fission
counters with associated scalers were also used for period determinations.

The fission counters, constructed by the ORNL Instrument Department and
described in Fag. 11, were utilized for the flux traverses.

27-1n.-d1a Sphere

Hemispherical shells, spun from Type 1100 sheet aluminum, were welded
into a sphere. At the poles of the sphere with respect to the equatorial
weld, 2-in.-daa tubes were attached which served for filling and venting.

The upper one also served as access port to the sphere for foils and
counters. The lower tube was flanged for attachment to the solution handling
system., The capacaty, 173.6 liters, was measured with volumetric flasks and
by weighing the water contained by the sphere. The volume averaged diameter
was 27.24 in. To prevent corrosion the interior surfaces of the aluminum
vessel were coated with a phenolic-base baked-on enamel which had no appreci-
able amounts of neutron absorbers. The sphere as installed on the support
platform is shown in Fig. 12. The storage vessel, pump, and piping, made of
stainless steel, are located below the support stand.

* The U228 and some of the U230 films were prepared by C, A. Kienberger
at ORGDP; the other films were prepared by G. A, Jarvis of LASL.
%% Both RCL-10500 and RCL-10502 BF3 proportional counters were used.
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A partial spherical shell of aluminum of thickness equal to the nominal
thickness of the sphere wall, 0.32 cm, and having an ares 32% of that of the
sphere was worth 2.3 x 10=% in reactivity. The reactivity value of solution
filling the top polar port was 0.36 x 0=k, & partial paraffin reflector
8 1in. in dieameter and 6 in. thick was worth 2.5 x 10=%. The effective delayed
neutron fraction was assumed to be 0.0064 in calculating these react1v1t1es-«
from reactor periods. The critical experiments in this sphere™APé&" summarized
in Tables 9 and 1l and are listed as Experiments 1 = 9.

48-1n.d1a Sphere

Hemispherical shells die-formed from type 1100 aluminum plate were
welded to form the sphere. Flanged tubes 3 in. 1n diameter were welded at
the poles. Scmc measurements of the wall thickness ranged from 0.26 to
0.35 1n. The average thickness, based on the weight of aluminum in the shells,
was 0.303 in. (0.77 cm). The capacity, 949.1 liters, was measured by weighing
the water contained by the sphere. The volume-averaged diameter was 48.04 in.
The outside diameter was measured at 28 places and found to be 48.65 * 0.09 in.
Maximum and minimum values were 48.87 and 48.50 in. The interior surfaces were
coated with a phenolic base baked-on enamel to prevent corrosion. The instal-
lation is shown in Fig. 13.

Although the reactivity effect of filling the top polar tube with
solution was not measured accurately, 1ts value was less than 0.1 x 10™*. The
reactivity effect of the sphere wall was not measured in a manner simlar to
that waith the 27 in. sphere. Since the leskage from this large sphere was
about one-third that from the 27-in. sphere, this reactivity effect was ex-
pected to be reduced. A 20-in.-dia, 8-in.=-thick- cxllnder of paraffin was used
as a reflector control rod and was worth 1.7 x 10 If this value is
compared to the result (2.5 x 10=}) of & similar reflector for the 27 in.
sphere, one can conclude that the effect of the container is reduced in the
case of this 48-in. sphere.

The critical experiments are summarized in Tables 9 and 11 as Experiments
10 and 11.

5-ft-dia Cylinder

The 5-ft-dia cylinder was fabricated from type 316 stainless steel using
machined hoops of mild steel to maintain cylindrical geometry. The internal
diameter was measured at 28 places and the average diameter was 60.92 = 0,05 in.
with maximum and minimum values of 61.01 and 60.82 in. The fact that the bottom
of the cylinder was slightly dished requared an additive correction of 0.25 1n.
to the observed mancmeter readings to give the solution height. Thas .
correction was evaluated by depth measurements of the liquid ain the nominally
empty cylinder. A stainless steel reservoir, 1-1/3 x 16 x 8 ft high, provided
a safe storage configuration of the solutions used in the 5-ft cylinder. Thas
assembly 1s shown in Fig. 1k,
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The effect of the tank bottom plate and support beams as a neutron
reflector i1n reducing the critical height was measured by suspending a mock=-
up of the bottom structures over the top of the solution. By means of a
remotely operated crane the mock-up could be lowered to contact with the
solution. An electrical probe monitored contact with the solution. The
reflector savings obtained at a critical height of 17.25 in. was 0.43 in.;
at a critical height of 28.19 in. 1t was 0.51 in. With the reactor height -
constant at 27.88 in., the reactivity change accampanying the removal of the
mock-up was calculated from stable positive and negative periods. Using the
3ﬁ/ah measurements, the height equivalent of this reactivity change was 0.53
in., 1n close agreement with the critical height change. The latter value of -
0.53% 1n. was used in all the calculations in spite of the measurement of
0.43 1n. at a height of 17.25 in. because of more confidence in the latter
value, The variance in the reflector savings reduces the confidence that
one has 1n the estimated extrapolation distances from buckling and height
measurements. It does not affect the calculated values of eta from these
'?xperlments because the bucklings were determined by counter traverses. The
critical experiments in this cylinder are summarized in Tables 10 and 11
‘as experiments 12 - 20. o

.

9=-ft-dia Cylinder

The 9-ft=dia cylinder was used fotr these experiments because 1t was
the largest tank availsble at the Critical Experiments Facility. It is
shown 1n Fig. 15. This tank was formerly used to contain water moderated
and/or reflected assemblies which could be floocded by pumping water into thas
tank. The associated plumbing was modified to contain a mixing circuit and
a means of changing the uranium concentration. Nine control and safety rods,
fabricated from 0.026 in. cadmium sheet and encased in stainless steel, were
crucaform in cross section with each of the four arms 9 x 96 in. The top
of the cylinder was covered by plywood and sheet plastic, with holes for the
rod penetrations,to reduce evaporation. This water loss changed the concen=
tration enough to be measurable, During extended experiments water was added
in small amounts to maintain the original concentration and hence the critical
height., The critical experiments in this cylinder are summarized in Tables 10
and 11 as experiments 21 - 23,







Appendix B

FOIL MEASUREMENTS

U233 and U235 Foils

The seme pair of U235 metal foils (93.2% U235), nominally 0.002-1n,-
thick and 0.3125 i1n, in diameter, the one bare and the other with a
0.026-1n.-thiek cadmum cover, were used for all epithermal flux evaluations.
This practice eliminated any error which might have existed in the use of
several foils of possibly varying characteristics. Each of the foils was
sealed in an envelope of Teflon tape with a silicon-base adhesive previously
shown to produce no measurable activation. The cadmium cover encased this
sandwich. Polyethylene pressure-sensitive tape protected both the cadmium-
covered and bare foils during immersion in the uranium solutions.

Oxide foils of U233 and U3° consisted of a weighed amount of oxide
encapsulated in a 0.025-in.-thick, 0,5125-1n. ID, 0.500-in.~0D aluminum
annulus, with 0,005-1n.-thick aluminum top and bottom plates cemented on
with epoxy resin. The U233-0xide used in this foils was of high isotopic
purity, with gemma-ray background sufficiently low so that 1t could be used
for the activation and be counted by scintillation counters. Oxide foils
were protected by polyethylene tape while being exposed.

Activation Techniques

The irradiation time for foil exposures was 20 min., at a power level
selected so that foil activities could be compared in two scaintillation
counters within an hour after irradiation. Pulse height selection was
arbitrarily set so that only gemma rays with energies greater than 0.58 Mev
were counted. Background counts were made on the foils prior to irradistion
to evaluate activity remasining from previous exposures. Foil activity was
permitted to decay to relatively low levels before reuse of the foil.
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Appendix C

PERIOD OBSERVATIONS

The determination of the nonleakage probability from measurements of
the reactor periods induced by height perturbations has been previously
detailed., Table 13 contains a complete listing of the many experimental
perturbations made in the 5-ft-dia cylinder., Fach run number identifies a
continuous series of experiments. After the first measurement of each run,
height changes in the 12-i1n.-dia metering reservoir were used to celculate
the height change in the 5-ft-dia cylinder, thus improving the precision of
measurement of the changes in the solution heights by a factor (24.20) equal
to the area ratio between the two vessels. The direct readings of the
solution heights are shown in the second column of Table 13. The variation
in the metering~tank height indicated in repeated measurements at infinite
period reflects a very small drift in the system behavior due probably to
inhomogeneities such as bubbles and temperature gradients.

Table 14 presents a similar compendium of height and period date for
the 9-ft-dia cylinder. With this system, however, the heights used in the
calculations were those observed directly, since no auxiliary vessel was used
to improve the precision of the measurements.

L7
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Table 13. Period Data for Various Height Perturbations
in the 5-ft-dia Cylinder

Solution
Height (in.) Peri1ods (sec)

Run Metering Ton Chamber Counter
Nunber Cylinder Reservoir No.3 No. k4 No. 1 No. 2
SA 17.57 32.15 211.9 211.1

B 17.54 33,08 e} ©

C 17.52 33,95 - 297.0 - 290.3%

D 17.57 32.07 184.7 185.8

E 17.55 33,07 0o 00

F 17.52 33.80 - 353.1 - 343.9

G 17.55 32,63 496.5 487.5

H 17.54 33.29 - 1043,0 - 995.2

I 17.55 32.81 967.0 912.7

J 17.51 34,13 - 248.8 - 240.5

K 17.57 32.26 246.6 239.0

M 17.51 34,16 - 256.4 - 240.1

N 17.58 31.86 156.5 151.4

0 17.51 34,32 - 180.8 - 207.0

6H 17.52 3L .04 oo @

I 17.54 33.29 300.6

Jd 17.53 33.83

J 17.52 33,97 0o 0o

J 17.52 33,94

K 17.50 34,63 - 398.4 - 363.4

L 17.56 32.98 203.0 198.8

M 17.52 33.95 00 @

N 17.50 34,72 - 316.7 - 315.1
21A 28.69 7.78 - 309.4
B 28.59 10.08 - o)

C - 13,06 - - 305.1
D 28.72 6.80 - 202.8
E 28.47 13.16 - - 290.7
F 28.74 6.22 - 167.7
G 28.59 10.15 - ©
22A 28.54 9.36 - 172.1
B 28.3%9 13.10 - 0o
C 28.19 17.99 - - 186.0
D 28.62 7.49 - 102.9
E 28.39 13.11 - feo)
F 28.16 19,01 - - 167.3
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Table 13 (Cont.)

Solution
Height (in.) Periods (sec)

Run Ion Chamber Counter
Number Cylinder Reservoir No. 3 No. 4 No. 1 No. 2
22G 28.63 7.49 - 100.7

H 28.39 13.11 - @

I 28.26 16.4Y4 - -269.0

J 28.54 9.48 - 174.6

K 28.39 13.11 - 00

L 28.25 16.49 - 261.8
23A 28.55 ik .65 - 124 .2

B 28.36 19.44 - @

C 28.21 22.97 - -259.3

D 28.57 14.38 - 117.0

E 28.36 19.49 - ool

F 28.22 22.98 - -254.7

G 28.54 ik.91 - 133.6

H 28.36 19.50 - 0o

I 238.21 22.98 - -254.2
L6A 41.84 13.98 - 123.1

B 41.30 27.72 - @

c 40.98 35.68 - -295.5

D Lki.61 19.87 - 230.3

E 41.30 - - o)

F 40.93 36.89 - -265.5

G 41.60 19.84 - 229.6

H 41.30 27.88 - (oo

I 40.93 36.98 - -263.7

J L1.61 19.65 - 223.8

K 41.30 27.84 - foe)

L 40.93 36.91 - -263.3

M k1 71 17.31 - 167.3

N 41.30 27.80 - 0

o} 40.93 37.06 - -264.0
L7A 41.75 10.02 115.2 113.4

B 41 18 24 .59 @ 00

c Lo.7h 35.15 -235.2 -230.3

D 4142 18.12 273.2 28k .2

E 41.16 2k .69 oo @

G 41.39 18.95 333.2 326.0

H 41.17 24 .66 00 ool

I 40.81 33.57 -275.2 -262.9

J L4k 17.85 271.6 274 .3



Table 13 (Cont.)
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Solution

Height (in.) Periods (sec)

Run 1on Chamber Counter
Number Cylinder  Reservoir No. 3 No. k4 Wo. 1 Wo. 2
LK 41.18 2L .64 oo} Ioe)

L 40.78 34.48 -237.4 -237.4

M 41.33 20.32 456.3 45k.0

N 41.18 24 .53 © foel

0 40.80 34.05 -2L7.7 -245.5
51A 41.68 10.02 146.7 142.3

B k1.20 22.24 - oo

c L0.79 32.56 -230.3 -233.2

D L1.54 13.51 204 .3 206.1

E 41.20 22.32 - oo

F 40.80 32.34 -249.9 242.6

G 41.60 11.90 168.2 166.6

H 41.20 22.35 - [e9)

I Lo.61 36.84 -190.1 -179.6

J 41.56 13.13 193.4 190.8
5TB 41.48 20.82 - 00

c 40.95 33.97 -179.3 -193.4

D 41.95 8.99 149.1 149.2

E 41.48 20.89 fo's) o)

F 41,18 28.35 -316.5 -311.5

G k1.73 14,38 297.0 295.5

H 41.48 20.86 fo'e} 00

I L1.0k 31.87 -230.9 -225.3

J 41.97 8.60 146.5 4L .1

K 41.49 20.87 o0 oo

L Lo.94 34.13 -198.3 -192.7

M 41.86 11.38 191.2 190.5
67A 79.98 - © o)

B 78.02 - -302.8 -

c 83.20 - 157.2 159.5

D 80.01 - fo'e} 00

E 78.41 - -370.8 -366.7

F 82.53 - 198.5 197.7

G 80.03 - © oo

H 78.19 - -322.3 -322.3
68A 79.94 © o)

B 78.50 - -409.2 -412.9

C 81.48 - 335.4 331.0

L 2
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Table 13 (Cont.)

Solution
Height (in.) Periods (sec)

Run “Ton Chamber Counter
Number Cylinder Reservoir No. 3 No. &4 No. 1 No. 2
68D 79.95 - Iee) ool

E 78.45 - -391.1 -394.0

F 82.03 - 247.0 246.1

G 78.02 - -304.9 -307.8
69A 79.78 - loe) oo

B 78.48 - -452.0 ~432.4

C 81.7h - 264 .4 259.1

D 79.78 - @ ool

E 77.71 - -291.2 -293.4

F 82.43 - 187.6 184 .3

G 78.00 - -328.1 -326.5

H 81.04 - 420.0 415.0

I 79.78 - @ o

J 77.51 - -266.5 -267.3

Average of 3 and 4

804 18.44 6.86 ®

B 18.46 6.06 275.6

c 18.41 7.66 -359.1

E 18.4k4 6.89 @

F 18.40 7.91 -287.0

G 18.49 5.39 1344

H 18.41 7.69 -365.2

I 18.44 6.53 620.0

J 18.42 7.45 -510.0

K 18.43 6.63 790.6

L 18.43 6.94 Io

M 18.41 7.62 -408.4
81a 18.41 6.63 oo

B 18.35 8.12 -203.4

c 18.44 5.42 176.5

D 18.41 6.65 @

E 18.37 7.51 -332.5

F 18.42 5.83 270.4

G 18.41 6.67 co

H 18.39 7.22 -506.0

I 18.41 6.23 527.6

J 18.40 6.68 0
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Table 13 (Cont.)

Solution
Height (in.) Periods (sec)
Run Ion Chamber Counter
Number Cylinder Reservoir No. 3 No. 4 No. 1 No. 2
Average of 3 and 4
81K 18.33 8.54 -174.6
L 18.46 5.03 123.4
M 18.34 8.38 -186.1
N 18.47 4 .66 96.2
0 18.41 6.70 o
P 18.36 8.06 -223.7
97A 19.26 0.84 - - -
B 19.25 1.82 fe'o) o0 oo
c 19.23 2.56 - -272.8 -267.5
D 19.25 1.16 197.7 198.8 196.0
E 19.25 1.82 (o) 00 o'
F 19.23 2.57 - -280.8 -269.7
G 19.25 1.16 189.7 191.0 187.6
H 19.25 1.84 fo's) 0 oo
I 19.24 2.28 -411.3 -426.6 -419.2
J 19.25 1.47 373.8 382.1 375.5
K 19.25 1.85 oo o oo
L 19.24 2.20 -4ok .0 -521.4 -511.7
M 19.25 1.38 276.0 297.1 287.3
N 19.25 1.86 %) o) ®
0 19.23 2.71 - -236.6 -235.8
P 19.26 1.01 154.9 151.9 151.2
Q 19.25 1.86 o0 o0 00
R 19.24 2.24 -319.4 ~-330.7 ~323.2
98A 19.23 2.38 =413.4 -405.3
B 19.24 1.48 304.2 299.0
c 19.24 1.94 ©® oo
D 19.22 2.60 -293.4 -286.3
E 19.25 1.27 195.6 193.0
F 19.24 1.94% © o0
G 19.23 2.20 -686.7 -668.2
H 19.24 1.69 566 .4 564.3
I 19.24 1.95 (o) oo
J 19.21 3.00 -208.6 -202.8
K 19.25 0.97 121.0 120.6
L 19.24 1.96 o0 ©®

A~



Table 1% (Cont.)

Solution
Height (an.) Periods (sec)
Run Ton Chamber Counter
Number Cylinder Reservoir No. 3 No. &4 No. 1 No. 2
Average of 3 and 4

99A 19.25 .50 o0 oo o0
B 19.25 4.09 337.9 349.5 343.0
c 19.23 4 .08 -360.7 -380.3 -372.8
D 19.24 4.25 567.8 577.1 564.1
E 19.24 4,50 o0 0 @®
F 19.22 5.35 232.5 -240.5 -236.2
G - 3.65 ik .1 151.5 149.0
H 19.24 4,01 430.9 4h2.9 437.3
I 19.25 .50 00 o0 (09
J 19.25 L .20 h71.1 483.3 471.9
K 19.22 5.53 -196.2 -204.9 -199.2
L 19.26 3.78 176.0 182.4 179.4
M 19.24 4.96 -378.1 -392.9 -386.
0] 19.24 4.50 @ [e'o) fo o)

102A 23.07 4. 42 @ @ 0 oo
B 23.08 4.05 608 .4 619.3 659.9 637.1
c 23.03 5.56 -272.1 -267.7 -269.3 -265.1
D 23.10 3.32 180.4 181.1 184 .9 181.9
E 23.06 4.83 -698.6 -684.5 -723.5 -710.3
F 23.06 4. 48 oo 00 00 [oo)
G 23.07 4 .00 486.0 478.1 495.3 486.0
H 23.04 5.29 -353.1 -354.7 -361.5 -354.8
T 23.10 3.08 134.7 134.4 140.5 138.0
J 23.07 4.51 ® [0'0) @ [0'0)
K - 5.00 -557.7 -549.8 -575.0 -564.8
103A 23.07 3.02 @ 0 o0 @

B 23.00 4.68 -192.7 - -202.7 -200.9
C 23.10 1.43 117.0 115.9 122.6 119.0
D 23.06 3.05 o) o) oo o)
E 23.03 4.02 -315.1 -302.6 -318.8 -313.0
F 23.08 2.06 206.1 204 .6 210.2 205.8
G - 3.07 oo ) 0 00
H 23.05 3.57 -565.0 -570.4 -583.3 -572.3
T 23.07 2.52 434 .6 423.7 Lh1.5 433.2
J 23.06 3.09 o0 00 o) o)
K 23.02 4.36 -252.8 -250.6 -254 .2 249.4
L 23.09 1.84 163.0 160.4 166.7 164.5
M 23.06 3.12 @ oo oo [
N 23.00 L .6k -216.4 -214.3 -216.4 -213.7
0 23.09 1.56 121 3 123.0 125.4 124.0
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Table 1% (Cont.)

Solution
Height (in.) Periods (sec)
Run Ion Chamber Counter
Number Cylinder Reservoir No. 3 No. 4 No. 1 No. 2
Average of 3 and 4 Average of 1 and 2 .
10ka 23.07 4.50 fos) o0 )
B 23.07 L .08 635.6 650.2
C 23.05 5.10 4h2 .9 -457.6
D 23.08 3.69 294 .0 290.9
E 23.07 L. 45 o) 0o
F 23.04 5.36 -334.6 -345.3
G 23.07 4,50 (o) fos)
H 23.03 5.54 -289.7 -293.8
I 23.09 3.24 165.8 167.6
J 23.03 5.55 284 .2 -291.0 .
K 23.0T7 3.84 358.1 361.8 .
L 23.06 L. 46 oo o)
1054 23.08 6.47 00 oo oo oo ’
B 23.02 7.93 -217.3 -217.3 224 .3 -217.9
c 23.10 5.0k4 135.8 133.6 138.9 135.7
D 23.08 6.46 oo oo @ (oo
E 23.0k 7.46 -304.2 -303.8 -318.0 -308.7
F 23.09 5.49 217.3 213.7 220.0 216.1
G 23.08 6.47 0o 0o 00 @
H 23.05 7.18 -412.9 -398.7 -416.4 -408.6
I 23.08 5.80 330.3 327.7 337.6 331.7
J 23.07 6.47 oo oo oo @
K 22.99 8.41 -179.5 -181.4 -182.6 -178.3 -
L 23.12 4.58 k.2 93.4 95.1 9k.2
Average of 3 and 4 Average of 1 and 2
111A 30.36 7.28 00 ®
B 30.32 8.34 -528.7 -535.6
c 30.36 6.34 Lh9.2 460.1
D 30.36 7.39 00 oo
E 30.30 8.92 -375.7 -384.1
F 30.38 5.87 285.7 287.7
G 30.36 744 fe») fo'e) -
H 30.26 10.06 -2h1.2 -243.6
I 30.42 L.97 164.3 166.7 .
J 30.35 7.50 o) 0o '
K 30.23 10.78 -206.4 -204 .4
L 30.45 L. 24 116.6 118.1 .



55

Table 1% (Cont.)

+ Solution
Height (in.) Periods (sec)
Run “Ton Chamber Counter
Number Cylinder Reservoir No. 3 No. &4 No. 1 No. 2
i Average of 3 and 4 Average of 1 and 2
111M 30.36 7.52 00 ©
. N 30.28 9.51 -309.7 -310.5
0 30.41 5.29 18h.7 185.9
i P 30.35 .57 o ®
112A 30.41 5.30 - -
B 30.34 7.71 ® [eo)
c 30.37 6.04 267.7 -
D 30.28 9.07 -415.5 -432.0
E 30.31 7.78 oo} e}
- F 30.39 5.76 219.9 226.5
2 G 30.2k 10.08 -266.2 -271.7
- H 30.42 L. .84 134.5 137.0
- I 30.26 9.22 -396.6 -401.5
. J 30.30 7.94 00 lo)
K 30.39 5.52 185.1 187.9
L 30.27 9.48 -357.0 -364.3
M 30.41 5.09 14k4.5 147.6
N 30.33 7.86 @ ®
0 30.24 10.36 -251.0 -257.5
P 30.40 5.34 159.7 163.6
] 30.33 7.88 @ @
. R 30.26 9.76 -321.6 -325.9
113A 30.34 7.49 00 00
) B 30.35 6.34 4oi.2 408.4
v C 30.34 7.48 ™ o'
D 30.29 8.83 -429.5 -442.3
E 30.37 6.21 358.0 365.7
F 30.33 7.48 0 oo
G 30.26 9.53 -297.0 ~-307.4
I 30.33 7.48 oo @
J 30.26 9.53 -298.5 -306.1
K - 5.32 -194.3 -196.9
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Table 13 (Cont.)

Solution
Height (in.) Periods (sec)
Run Ion Chamber Counter
Number Cylinder Reservoir No. 3 No. &4 No. 1 No. 2
Average of 3 and 4  Average of 1 and 2

122X 16.17 3.37 - -

A 54 .40 16.94 @ -

B 54,55 12.86 593.0 -

C 54,09 24,91 -362.1 -

D 54.70 9.04 281.2 -

E 54,25 20.89 -680.1

F 54.38 16.90 © -

G 54.53 13.31 659.0 -

H 53.99 27.29 -289.4 -

I 54 .82 6.29 198.6 -

J 54.16 23.34 =427, -

K 54.38 16.85 ® -
123A 54 . 4Y 17.24 00 -

B 54.58 12.76 543.3 -

c 54 .26 21.89 -590.0 -

D 54 .70 9.93 306.2 -

E 54,14 24.53 -393.9 -

F Sk Lk 17.31 oo -

G 54 .54 13.82 706.8 -

H 54.31 20.78 -749.1 -

I 54,67 10.76 347.0 -

J 5k . 4 17.19 ® -
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Table 1h. Period Measurements in 9-ft-dia Cylinder

Solution Height (in.) Periods (sec)
Liquad Count Rate Logarithmic Counter Counter
Date Probe Level Meter Amplifier 1 2
4-30-59 47,782 L7.76 209 194
k7.24 L7.24 oo @
48.21 48,22 96 97.8
47.235 k7.22 00 o
46.20 46.19 - 146 - 148
Y7.775 47.78 192 18k4.6
47.205 L7.24 ® w
46.72 46,76 - 295 - 285
k7.52 47.53 382 351
47.205 47.20 w @
46,415 - 185 - 187
48.20 - 98 92.4
47,205 47.22 00 ©
46,18 46,21 - 7.7 - 155.8
5-4-59 46,882 - 195.5 192.5 192.4
46,36 - oo o) @
45,84 - 254 - 248 - 254.5
46.87 - 181 187 186
46.32 - el o) @
45.82 - - 207 - 266 - 262.5
46 .60 - 401 375 373
46,31 - @ ool oo
46,06 - - 476 ‘ - 483 - 492
47.0 - 142 135 134 .45
46,30 - ® - o
45.59 - - 1901 = 190.5 = 195.15
47.21 - - 98.0 99.93
46.29 - 00 00 ®
45.32 - 151.5 - 148 - 151.2
5-7-59  99.67% _ 137.5 139.7 143.75
94,26 - oo 00 o
90.28 - - 234 - 235.5 - 237
97.73 - 227.5 212 218.5
ok.14 - ® [o's) ®
90.57 - - 259 - 254 = 26k
9%6.15 - 371 370.5 367
935.92 - o) 00 la o)
91.21 - - 327 - 352 - 312
99.83 - 119.5 119.5 122.8
93,78 - 00 @ 1es)
89.80 - - 291 - 2%6 - 237.6
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Table 14. Contd.

F B9

Solution Height (in.) . Periods (sec)
Liquid Count Rate logarithmic Counter Counter
Date Probe Level Meter Amplifier 1 2
5-15-59 99,762 - out 178 178.9 178.5
95.23 - - (o] 0 (e o)
90.27 - - - 192 - 202.5 - 195.2
98.24 - - 268 268.9 2684
95,155 - - (o o} fas) (s 0]
92,08 - - - 308 - 313.4 = 314.5
97.66 - - 315 312.5 314,0
95.01 - - 00 o @
92.52 - - - 377 - 382.9 - 381.7
98.57 - - 217.3 218.2 214.9
9. 79 - - fo el @ Ie's)
91,17 - - - 263.5 - 265,1 - 264
97.83 - - 26%.5 266 .k 262.9
94,75 - - @ o lo's}
92.755 - - - 465 - 471.9 - UW67.5
9k 652 - 234 225 - 231
91.45 - fo s} fo s} @® 00
88.48 - - 306.5 - 295.5 - 303 - 294.7
95.33 - 396 391 39k 391.1
91.37 = (oe} (e o] (o] @
89.37 - - 438 - 426 - 42L.7 - 427.2
96,10 - 153 44,2 154.8 148.2
91.32 - 00 @ 0 e's)
87.79 - - 256 - 254 = 256.7 - 249.6
95.08 - 187 181 198.8 191.1
91.28 - 00 00 o) )
88.63 - - 32k - 324 - 348.9 - 326.2
93,68 - - 304 - 306.5
91.23 - o) ® 0 w
86 .14 - - - - - 193.4
Logarithmic Logarithmic Counter Counter
Date Probe Amplifier Amplifier 1 2
5-20-59 99,942 143.8 143 1424 143.9
9L.54 fo s} 00 ® o
98,90 - 215 - 211.5 - 215.1 - 216.6
98.96 178 175.5 177.8 178.9
9k.50 0 00 w (o)
91.48 - 309.5 - 303 - 316.6 - 318.4
98.0 230 232.5 230.2 230.6

oh Ll o @ lo's} ®
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Table 14. Cont'd

Logarithmic Logarithmic Counter Counter
Date Probe Amplifaer Amplifier 1l 2
5-20=59 90. 54 - 248.8 2Lks5.5 - 248.3 - 249.5
9% .92 345 3L43 340.3 343.9
oL . kk 00 0 e o) ®
91.99 - 373 - 365 - 372.3 - 37Lk.3
7-27-59  35.44P 00 © o
35.66 214 221 223
35.43 00 00 ®
35.22 - 289 - 287 - 294
35.815 118 125 123
34,94 - 145 ‘ - 157 - 149
35.44 00 0 oo
35,08 - 189 - 182 - 186
35,56 429 L68 L66
7-28-59 35.785 120.4 121 121
35.41 00 o' oo
34,985 - 166 - 167 - 168
35,53 168 446 450
35.41 o e ®
35,205 - 277 - 308 - 312
35.625 232 230 233
35.41 o 0 1o’
35.08 - 196 - -
35.63 228 237 239
35.41 oo 00 fo'e}
35.06 - 207
7-30-59 34,995 - 201.5 - 208.1 - 206.9 - 207.8
35.665 140.4 137.4 143.4 44,2
35.065 - 248.1 - 267.6 - 252.4 253.9
35.565 204.3 202.1 207.9 208.7
34.925 - 173.3 - 174.9 - 174.6 - 177.0
35,725 115.9 135.8 116.3 115.7
35,10 - 276.0 - 278.9 - 271.3 - 274.0
35.560 220.56 218.4 221.4 222,2
34,825 147.0 150.7 - 1442 - 1bk.1

probe height + 0.67 in.
probe height + 0.43 in.

a. Solution height
b. Solution height
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