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PREFACE

On July 1, 1955, those parts of the Physics Division primarily concerned with critical
experiments and reactor shielding were combined with a theoretical reactor physics group in
the Director’s Division to form the new Applied Nuclear Physics Division. The change has
not altered the work assignments of its new members significantly but has, rather, brought
together in a single professional division a group of scientists with common interests, namely,
the generation and ordering of information basic to the nuclear physics aspects of reactors.

In the studies of critical arrays of fissionable and moderating materials at the Critical
Experiments Facility, either of two criteria are accepted for undertaking work. One is that the
array being studied experimentally be sufficiently simple that it be amenable to a parallel
calculation, enabling an understanding of the phenomena that are observed. The other is that
the array mock up as nearly as possible a configuration which is of interest because it is to be
built, either as an operating reactor or as a part of a chemical processing plant. Two experi-
mental bays are currently being used for various experiments, primarily with thermal reactors.
A third is planned for studying reactors operating in an intermediate energy region (1 to 10 kev).

Shielding research accepts the same two criteria. The Lid Tank Shielding Facility, which
operates with a large (28-in.-dia) uranium converter plate as a source, is utilized for slab-type
experiments with materials of interest to shielding. The Tower Shielding Facility, consisting
of a reactor which can be elevated 200 ft above the ground, is used for those shielding experi-
ments in which ground scattering is to be avoided and air scattering is to be studied.

The Bulk Shielding Facility encompasses work of several types. First, shield mockups
can be inserted in the pool of water in which the reactor operates, and the penetration can then
be measured. Second, the facility affords a strong controlled source of radiation for physics
experiments, which deal largely with studies of the fission process itself. Examples are studies
of the fission-neutron spectra of various isotopes. Third, the reactor itself is studied. This
installation is the prototype for many research and educational reactors, such as the one used
at the Atoms for Peace Conference in Geneva, and the onus of obtaining as much information as
possible about the operation and possibilities of the Bulk Shielding Reactor falls on the
Laboratory. Thus the temperature coefficient of reactivity, effect of poisoning, neutron spectra,
as well as many engineering features, have been studied here.

The Reactor Theory Group is concerned with both analytical and numerical methods of
calculating the properties of reactors. The analytical work, currently, is on problems of res-
onance escape and capture cross sections. Current nuclear modeis are used whenever possible
to obtain simple estimates of these quantities. The numerical work is dedicated to making the
greatest use of the ORNL high-speed digital computer, known as the Oracle. To this end,
various codes are under development, either to calculate reactor criticality and, complete dis-

tributions of fluxes or fissions, or to calculate auxiliary parameters such as the Fermi age in
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various media. A general cross-section tape for use with the various routines is near completion,
as is a “Compiler’” routine for constructing reactor codes from subroutines already existent.
The end result, when proved by comparison with critical experiments (ORNL and others), should
be a considerable versatility in reactor calculational ability.

In addition to the foregoing, it is intended that special experiments be undertaken in the
reactor physics field. Typical of these is one now under way to measure diffusion coefficients
in various materials at various temperatures, using a time-varying source of neutrons. Another
is the measurement of various cross sections of particular reactor interest, such as the fission
cross sections of the more unusual fissile elements. These experiments may utilize the BSR,
the ORNL Graphite Reactor, or an accelerator which will be purchased.

About half the division's work is not now declassifiable and hence does not appear in this
document. That work is reported, however, in the periodic reports of the several classified
projects such as Aircraft Nuclear Propulsion Project and Project Sherwood (a study of controlled

thermonuclear reactors).
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above the 17/2 ft of water directly over the reactor is reduced from 800 mr/hr to 32 mr/hr.
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of H O-moderafed reactors has been made. Plots of k(H 04D O)/kH g@sa function of the volume fraction

of D 0 in the moderator are presented for all comblnaflons of severcl values of the macroscopic total
absorphon cross section of the uranium in the core (Efuel), the ratio of the volume fraction of metal in the
core to the volume fraction of the moderator (M/W), and the buckling (B ) The values used were
Zfvel = 0.03, 0.052, and 0.07 em™Y, M/W = 0.5, 0.733, and 1.0, and B2 = 0.01, 0.007, 0.004, and 0.001.

9. COMPARISON OF CALCULATED CRITICAL MASS OF THE BSR WITH EXPERIMENT
B G Si vl e e 47
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corresponding experimental critical masses for the specified loadings in the BSR. Two reactor codes
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regions (control rod, fuel, and reflector), and the Oracle three-group, three-region code. The latter was
used both as a two-region and as a three-region problem for a cylindrical or spherical reactor. The calcu-
lations with the best assumptions gave results that were within 1% of the experimental critical mass and
within 0.4% of the reactivity.

1. CRITICAL EXPERIMENTS

10. CRITICAL EXPERIMENTS WITH AQUEOUS SOLUTIONS OF u23%
Jo K Fox and Lo We Gilley. oo 61

A number of experiments have been performed to determine the critical conditions for vessels con-
taining highly enriched (™~90%) uranium in water solutions of U02F2. It was found that, for solutions
contained in cylinders, B.76 in. is very near the diameter of an infinitely high, unreflected aluminum

cylinder; 8.5 to 9 in. is the corresponding diameter for stainless steel cylinders.

The effect of interacting arrays of 6- and 8-in.-dia cylinders containing a solution with an H:0235
atomic ratio of 44.3 was also investigated for various reflector conditions and edge-to-edge spacings.
The critical height of water-reflected arrays of 6-in.-dia cylinders approaches the value of a single cylinder
at an edge-to-edge spacing of about 15 in. When the cylinders are wrapped in cadmium sheets, the infinite

critical height would be for a spacing of 2 in. The critical height of water-reflected arrays of 8-in.-dia
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cylinders approaches the value of a single cylinder at an edge-to-edge spacing of approximately 9 in. A
single cadmium-wrapped 8-in.-dia water-reflected cylinder becomes critical, and the values of the critical
heights of arrays of cadmium-wrapped 8-in.-dia cylinders approach the value for the single cylinder. Three
unreflected 8-in.-dia cylinders would become critical with infinite height at about a 9-in., edge-to-edge

spacing, while seven cylinders would require an 18-in. spacing.

The relative effects of water, furfural, concrete, graphite, and firebrick as neutron reflectors for

solutions contained in aluminum cylinders were also investigated.
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dimensions of 21 X 21 X 23.2 in. and was critical with a U235 ass of 18.08 kg; the withdrawal of one
contro! rod was equal to 0.0054 in reactivity. Assembly CA-18 had outside dimensions of 24 X 28.4 x 24.1

235,

in. and was critical with 7.65 kg of ; the control-rod withdrawal was equal to 0.0020 in reactivity.

Only the experimental data are presented, the correlation with theory having been published elsewhere.
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large quantities. For U233, U235, and Pu239, the values are 10.92, 11.59, and 7.27 g of fissile isotope
per gram of aqueous solution, respectively. Calculations are extended to the case in which some con-

version from one fissile element to another has taken place, giving mixtures of fissile elements.
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J T T R OMAS c oot oot ettt et ettt ee e eattbatetae s htgr et e e e oa et e e ee e eanbnb b e e eeen e 81

From four critical measurements on spheres of three sizes containing aqueous uranium solutions are
obtained a set of parameters from which various other critical spheres are calculated. These include a
a UB concentration of 537.86 g/liter) and

concentration of 58.81 g/liter). The parameters are

determination of minimum critical volume (6.291 liters for
minimum critical mass (0.790 kg of U235 for o U5
not satisfactory for calculations on slabs and infinite cylinders, probably because the measured cadmium

fraction varies with geometry.

14. DETERMINATION OF REACTOR PARAMETERS FROM PERIOD MEASUREMENTS
R WM oottt e e e e et et e e e e e 84

Measurements of a static critical mass as well as reactor period for off-critical conditions can be
used to determine the effective delayed neutron fraction, and from this the age of prompt and delayed

U235 in a cylindrical

neutrons can be estimated by age theory. From data on a dilute aqueous solution of
container the age of prompt neutrons has been estimated to be 25.4 cm?.  For delayed neutrons the age
was estimated to be 14.1 cm2, the effective delayed neutron fraction being 0.0096. Probable errors for

these values have not been estimated.
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COMPLETELY REFLECTED REACTORS
F. G.‘ PrORGIMMET oo oo e e ettt et et et et e e ettt et e ettt an e e e e e e e e 86

Critical-mass calculations for completely reflected cylindrical reactors would be greatly facilitated

if a one-dimensional computational program used for spherical reactors could be applied. A comparison

UNGLASSIFIED



UNGLASSIFIED

of cylindrical and spherical reactors has shown that the cylindrical reactors can be converted to equivalent
spheres by a relationship which assumes that the buckling of a sphere is equal to that of the cylinder,

making allowance for reflector savings 8. The relationship is expressed as

1/2
™ 2.4048\2 7 \?
= + .
R + & r + 8 b + 28

where R and r are the radii of the sphere and cylinder, respectively, and b is the cylinder height.

Itl. FISSION PHYSICS

16. MEASUREMENT OF THE SPECTRUM OF SHORT-LIVED FISSION-PRODUCT DECAY GAMMA RAYS
EMITTED FROM A ROTATING FUEL BELT
R. W. Peelle, W. Zobel, and T. A. Love ..ot N

U235, the short-lived fission-product gamma rays have been

By means of a rotating belt containing
measured with a three-crystal spectrometer. Rotation times as short as 1 sec have been used. A value

for the total gamma-ray energy of 4.8 Mev for the 0.36- to 5.8-Mev photon energy interval was observed.
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239 and Pu240

measurements have been made of the relative fission cross sections of Pu compared with

the cross section of U235. The results, after correction for the neutron spectrum to give cross sections
for neutrons of 2200 m/sec, are 0;9 = 715 £ 15 barns and U;o = 3.7 £ 8 barns. A value of 0'?5 =580 +8

barns was used to determine the results.
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By measuring fast neutrons in coincidence with fissions induced by thermal neutrons from the ORNL

241 4 U235 have been determined. The results give

41 U235.

Graphite Reactor, the relative neutron yields of Pu
a value of 3.17 1+ 0.12 neutrons per thermal fission of Pu? , assuming a value of 2,46 £ 0.03 for

The results of this experiment are compared with those reported by other investigators.

_20. FISSION NEUTRON SPECTRUM OF u?33

o K. M. Henry and M. Po Haydon...o.ooooiiiiii e e 108
U233

The fission neutron spectrum of was measured at the BSF with nuclear photographic plates
under the same experimental conditions as those of earlier measurements with a proton-recoil neutron

spectrometer. The shapes of the resulting spectra agreed within the combined limits of error.

21. FAST-NEUTRON SPECTRUM OF A 117-CURIE Po-Be SOURCE
K M HEIIEY e e e e et 110

Since Po-Be sources are used to calibrate fast-neutron dosimeters, the fast-neutron spectrum of such

sources should be known. Recently, the availability of a source of larger physical size and intensity
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prompted a further measurement with the BSF proton-recoil spectrometer. The resulting spectrum agrees

within statistical error with the spectra previously determined.
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The effective resonance integrals of
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lowest resonances has been investigated for pure U238 metal and has been found to be important.
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metric variations for U238 gnd Th232

and is found to overestimate the ratio of surface-to-volume absorption
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materials.
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u238,

are given for The importance of neutron angular momenta higher than zero is found to be large ot

quite low energies.
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advantage of new features of the Oracle, such as the curve plotter.
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the flux density and the second moment of the slowing-down density, Numerical results are given for

constant cross sections and for the experimental value of EH'

35. NEUTRON SLOWING DOWN BY HYDROGEN IN THE CONSISTENT P'I APPROXIMATION
A S M OM cenn i e 147

Two analytical solutions for the flux, slowing-down density, and age are derived in the consistent
P] approximation to the Boltzmann equation. One solution is for pure, nonabsorbing hydrogen with a 1/v
scattering cross section. The other is for all cross sections constant, with the heavy elements assumed
to have infinite mass. These results are compared with the corresponding predictions of the Goertzel-

Selengut theory, and a tentative explanation of the gross behavior is advanced.
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V. SHIELDING RESEARCH

36. ATTENUATION BY WATER OF THE FAST-NEUTRON DOSE RATE FROM THE BSR

e Ve Bl SOr ciitiiee i, 1

The fast-neutron dose rate in water at distances up to 180 cm from the BSR has been measured.

37. STUDY OF NUCLEAR AND PHYSICAL PROPERTIES OF THE ORNL GRAPHITE REACTOR SHIELD
T. V. Blosser, G. W. Bond, L. A, Lee, D. T. Morgan, J. F. Nichols, T. O. P. Speidel, D. W. Vroom,
M. A. Welt, R. C. Reid, and A. B. Reynolds.....cc..ccooiiiiiiiii e 155

The structural and nuclear durability of the 7-ft-thick concrete shield around the ORNL Graphite
Reactor has been investigated. The results of the gamma-ray and neutron attenuation measurements are

presented.

38. RADIATION ATTENUATION CHARACTERISTICS OF STRUCTURAL CONCRETE
Jo Mo M er e e e e e 157

Since the shields of many stationary reactors will probably be made of concrete, a series of experi-
ments has been initiated at the LTSF to measure the attenuation by concrete of radiation from a fission
source. A fast-neutron removal attenuation coefficient (ER/p) of 3.7 X 10—2 cmz/g was calculated and was
in good agreement with a value of (3.6 1 0.2) X 10~2 cm2/g obtained by taking the sum of the products
of the per cent by weight of each element (obtained by chemical analysis) and the mass attenuation

coefficient of the element,

39. NEW LID TANK SHIELDING FACILITY SOURCE PLATE
De Rt DS ettt e e e 163

The source at the LTSF consists of a plate containing U235, which absorbs thermal neutrons that
issue from a hole in the ORNL Graphite Reactor shield. In September 1955, a new source plate (SP-2)
that has several advantages over the old one (SP-1) was installed. The power of SP-2 is 5.18 * 0.26 w,
with a unit source strength of 1.30 X 1072 w/em?.

40. DETERMINATION OF THE EFFECTIVE POWER OF THE OLD LID TANK SOURCE PLATE (SP-1)

Y Y- 1Y O O SRR U OO PP PTRRRPRRRRNY 164

After installation of the new source plate (SP-2) at the LTSF, the power of the old source plate (SP-1)
was determined by multiplying the power of SP-2 by a neutron leakage factor and dividing by an effective

power ratio of the two plates. The results indicated a power of 1.7 w T11%.

41. EFFECTIVE NEUTRON REMOVAL CROSS SECTIONS OF CARBON AND OXYGEN IN CONTINUOUS
MEDIA
D. K. Trubey and G. T. Chapman ......cccooiiiiiiii e e e 167

Thermal-neutron flux measurements at the LTSF in media of water, oil, and a sugar-water solution
have been used to calculate the neutron removal cross sections of carbon and oxygen distributed in

continuous media. The values were 0.72 * 0.05 barn for carbon and 0.92 * 0.05 barn for oxygen.

42. THEORY OF THE C'3(y,n)C'? REACTION
| T T 12 T B =T IO R0 L RO U 167

A theoretical investigation of the Cw(y,n)C]2 reaction has led to the conclusion that, in contrast
with the Be9(y,rz)Be8 reaction, there is no evidence of resonance right above the threshold. This causes
the Cw(y,n)C]2 cross section to become much smaller (by about a factor of 10) than the corresponding

Be9(y,n)Be cross section.
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43. ESTIMATION OF PHOTONEUTRONS FROM C 13
D K TP Y oottt et 168

LTSF measurements of thermal-neutron flux in the presence of high-energy gamma rays in liquid media
containing hydrogen, or carbon and hydrogen, indicate that photoneutrons comprise a large fraction of the
total thermal-neutron flux at large distances from the neutron source. This is atiributed chiefly to the
(y,n) reaction in C]3. Measurements in an oil medium with and without a bismuth slab to reduce the

gomma rays, and consequently the photoneutrons which they produced, agreed with calculated fluxes.

44. ENERGY AND ANGULAR DISTRIBUTION OF GAMMA RADIATION FROM A Co%? SOURCE AFTER
DIFFUSION THROUGH MANY MEAN FREE PATHS OF WATER
R. W. Peelle, F. C. Maienschein, and T. A. Love ...t 170

Measurements have been made of the energy and angle spectra of the photon energy flux resulting
from 1.17- and 1.33-Mev gamma rays from a point source after diffusion in an infinite water medium. The
two sources used had strengths of 100 curies and 195 mc, respectively. Spectral measurements were made
with a Compton spectrometer having a peak-to-total ratio of 0.7 and a resolution of 14% (full width at half
maximum) for 1.12-Mev photons. The resulting energy and angle spectra of the energy flux are compared,

.t

after integration over angle, with calculated results which have been obtained by the ‘‘moments method."’

45, ENERGY AND ANGULAR DISTRIBUTION OF AIR-SCATTERED NEUTRONS FROM A MONOENER-
GETIC SOURCE
G Dy Z ety e ettt en 180

A calculation of the energy and angular flux distribution of air-scattered neutrons is being made by
using the Monte Carlo method. The source of neutrons can be taken as an isotropic point source, or a unit

surface source, located in a sphere. The coding for calculation on the Oracle is near completion.

46. ENERGY ABSORPTION RESULTING FROM GAMMA RADIATION INCIDENT ON A MULTIREGION
SHIELD WITH SLAB GEOMETRY
S AUS NG Or (oo e s 180

The code of a Monte Carlo calculation of energy penetration and deposition resulting from transport
gamma radiation in a shield of slab geometry has been used in a parametric study of a two-region lead-
water shield. For the study the radiation was 1-Mev gamma rays incident on the slab at 0°, 60°, 70° 327

and 75° 31" Results of the calculation are presented.

47. MONTE CARLO STUDY OF THE GAMMA-RAY ENERGY FLUX, DOSE RATE, AND BUILDUP
FACTORS IN A LEAD-WATER SLAB SHIELD OF FINITE THICKNESS
S AU ONAET i e 184

The gamma-ray energy flux, dose rate, and buildup factors in a lead-water shield of finite thickness
have been calculated by a Monte Carlo method for 1-, 3-, and 6-Mev photons incident on the slab both
along a normal and at an angle of 60 deg. The results are compored with those obtained by use of the
**moments method’’ for monoenergetic, plane monodirectional sources normally incident upon a semi-
infinite, homogeneous medium. The calculations for lead agree reasonably well for the first few relaxation

lengths, where the effects stemming from the dissimilarity of the slabs should be least.

VL. RADIATION DETECTOR DEVELOPMENT

48. FAST-NEUTRON SPECTROMETER DEVELOPMENT
R B MUITay (oo e ettt e e 191

A program is in progress that is aimed toward developing a fast-neutron spectrometer with a greater
sensitivity than has been available heretofore. The types of spectrometers being considered are (1) proton-
recoil spectrometers and (2) those in which the total energy released in a neutron-induced nuclear reaction
is measured. For the latter the L'|6(rz,a)H::l reaction (O = 4.78 Mev) is being utilized.
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49. INVESTIGATION OF THE HORNYAK BUTTON AS A FAST-NEUTRON DOSIMETER
Fodi Muckenthaler. ..o e e e 199

In the interest of developing an improved fast-neutron dosimeter, an investigation of the Hornyak
button as a dosimeter has been initiated. The button consists of a homogeneous mixture of fine Lucite
and Zn$S powder mounted on a phototube. The neutrons impinging upon the crystal collide with the protons
present, and the recoiling protons excite the ZnS centers. These, in turn, emit photons that are detected
by the photomultiplier tube. The response of the button to neutrons from Po-Be sources, the BSR, the
TSR, and the Van de Graaff are presented.

50. INSTRUMENTATION FOR A GAMMA-RAY SPECTROMETER
T. A. Love, R. W. Peelle, and W. Zobel .......c...oooiiiiii oo 208

In order to measure the time and energy spectra of short-lived fission-product gamma rays, it was
necessary to modify the instrumentation for the BSF multicrystal gamma-ray scintillation spectrometer.

The modifications in the existing equipment, and the new equipment added to the system are described.

51. PULSE-HEIGHT DISTRIBUTION FROM AN Nal(T!) CRYSTAL
e D Z@r by et ea e et e ettt e 214

A calculation of the relation between incident gamma-ray energy spectra and the pulse-height distri-

bution from an Nal(TI) crystal used as a gamma-ray spectrometer has been started.

Vil. PROJECT SHERWOOD

52. DIFFUSION OF IONS IN A PLASMA ACROSS A MAGNETIC FIELD
Y LT Y- s SO OO OSSPSR SURUPPTOR VNN 217

The diffusion rate of ions across a magnetic field has been investigated both experimentally and
theoretically. The resultant diffusion coefficient is found to vary inversely as the square of the magnetic
field strength, in accord with the usual collision-diffusion theory. The magnitude of the coefficient is
much larger (x 700) than the coefficient predicted by the usual ambipolar diffusion theory. This discrepancy
is resolved by showing that diffusion across a magnetic field is not ambipolar in character in most arc
experiments. The final experimental and theoretical values are in good agreement, and it is unnecessary

to postulate any additional diffusion mechanisms, such as plasma oscillations.

53. DIFFUSION OF LLIKE PARTICLES ACROSS A MAGNETIC FIELD
YL T 1T s BT U O O OO SO PI 217

The diffusion rate across a magnetic field due to collision of like charged particles is derivable from
the macroscopic equations of the plasma. However, it is necessary to include the off-diagonal terms in
the stress tensor. The resultant diffusion rate does not obey Fick’s faw and is proportional to the inverse

fourth power of magnetic field strength.
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1. CRITICAL EXPERIMENTS AT THE BSF

K. M. Henry

Several critical experiments with the fuel ele-
ments for swimming-pool-type reactors being con-
structed elsewhere have been performed at the
Bulk Shielding Facility (BSF). The first set of
elements tested were those from the Aquarium
Reactor, which was demonstrated by Oak Ridge
National Laboratory at the Atoms-for-Peace Con-
ference at Geneva in August 1955, and in a second
experiment the criticality of the fuel elements of
the Pennsylvania State University Reactor (PSUR)
was tested. A series of critical experiments with
the Bulk Shielding Reactor (BSR) elements has
been performed by the 1955 class of the Oak Ridge
School of Reactor Technology (ORSORT), and the
effect on reactivity of voids adjacent to, and
within, the BSR was investigated,

AQUARIUM REACTOR CRITICAL TESTS#

The critical tests for the Aquarium Reactor were
carried out in four steps: (1) the evaluation in
terms of reactivity of a single Aquarium fuel ele-
ment in a BSR lattice; (2) a preliminary critical
test in the grid of the BSR, using Aquarium fuel
elements except for those containing the control
rods, which were BSR components; (3) the instal-
lation in the Aquarium grid of BSR elements in a
known critical assembly to check instrumentation;
and (4) the final (in this country) critical test,
using the entire Aquarium Reactor assembly.

The elements for the Aquarium Reactor were of
the MTR type, with UO2 as the core material. The
enrichment was 20%, each full element containing
about 170 g of U235, The rod elements contained
approximately half this amount of material, or
85 g of U235, Since these elements were the first
pool-type reactor elements containing such a low
fuel enrichment, the BSF measurements served to
demonstrate the small effect of the lower enrich-
ment on the critical mass.

Test Using Single Aquarium Element in BSR

A single Aquarium fuel element (No. G-1) was
placed at various positions in the BSR lattice,
and its effect on the reactivity was compared with
that of a regular BSR element (No. B-106) in the

same positions. The basic configuration was a

’

E. B. Johnson

J. D. Kington

cold! loading designated as ORSORT 18 (Fig. 1.1),
which was a 5 by 5 fuel-element array with two
additional elements, one on the east center line
and the other on the west. Throughout the tests
the two safety rods were completely withdrawn,
and the position of the regulating rod at a low
stable power level was observed. The change in
reactivity resulting from the substitution of the
Aquarium element for the standard BSR element
was obtained from the calibration curve of the
regulating rod. The results (Table 1.1) indicated
that the Aquarium element contributed considerably
more reactivity than did the BSR element.

Tests Using Aquarium Elements in the BSR Grid

Twenty full (170-g) Aquarium fuel elements were
placed in the grid of the BSR and made critical
with BSR instrumentation and the three BSR rod
elements. The first loading (Fig. 1.2), which was
the result of an attempt to find the minimum critical

]The term ‘‘cold’’ is used to designate loadings that
consist of fuel elements that have not previously been
operated at powers higher than 1 mw.
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mass, was essentially a 5 by 5 fuel-element array
with the two back corners missing. The total
U235 content was 3615 g. The excess reactivity
indicated by the regulating rod position was about

0.4%.

TABLE 1.1. EFFECT OF AN AQUARIUM ELEMENT
IN THE BSR ON THE REACTIVITY

Distance )
Lattice Regulating Rod Chongle .|n
Position Element is Withdrawn Reactivity
(cm) (% Ak/E)
3 BSR 44.7 +0.10
Aquarium 40.2
4 3SR 46.7 +0.14
Aquarium 40.3
5 BSR 44.4 +0.15
Aquarium 37.6
15 BSR 50.6 +0.18
Aquarium 41.5
25 BSR 53.3 +0.23
Aquarium 41.0
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The second Aquarium loading (Fig. 1.3) was the
result of an attempt to mock up the Aquarium
control rod and source element positioning and at
the same time to approximate the 5 by 6 element
BSR loading. In addition to the BSR control-rod
elements, this configuration contained two other
BSR partial elements — one in lattice position 15
and the other in lattice position 45. The U235
content of this loading was 3792.6 g, and the
excess reactivity was about 0.5%. It was presumed
from the test with the single Aquarium element
that the substitution of Aquarium elements for the
remaining BSR elements in either of these loadings
would increase the excess reactivity of the loading.
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Because of the stringent time schedule for the
construction of the Aquarium Reactor no calcu-
lations of the critical mass were performed prior
to the critical experiments. A comparison can be
made with BSR loading No. 33, however, which
contains 3636 g of U235, with an excess reactivity
of about 0.66%. This comparison shows that the
design of the Aquarium elements was very con-
servative with respect to achieving criticality in
a 6 by 5 element lattice.

Check of Aquarium Instrumentation

In order to provide a final check on the instru-
mentation and controls of the Aquarium Reactor,



the regular BSR "‘hot’’ elements were installed
in the Aquarium grid and operated at power levels
up to 100 kw. Since the Aquarium elements were
to be shipped to Geneva, it was not possible to
operate them at appreciable power levels.

Tests Using Aquarium Elements in Aquarium Grid

The final loading of the Aquarium elements in
the Aquarium grid resulted in the same configu-
ration as shown in Fig. 1.2, except that Aquarium
rod elements were used rather than BSR rod ele-
ments. The total amount of U235 in this lattice
was 3660.9 g. The excess reactivity could not
be measured, since the Aquarium rods were not
calibrated.

The results of the Aquarium Reactor experiments
have been published elsewhere.?
PENNSYLVANIA STATE UNIVERSITY 4

REACTOR CRITICAL TESTS

Critical tests were performed in the grid of the
BSR with PSUR fuel elements, which contained
highly enriched (~89%) fuel but had a lower metal-
to-water ratio than BSR- or MTR-type elements
and thus permitted a lower critical mass. Since
the metal-to-water ratio was reduced by reducing
the number of plates, the heat transfer potentiali-
ties of the elements were also reduced. A total
of three configurations was assembled, each of
which was completely reflected by water. In each
loading the proposed positions of the four control-
rod elements were simulated.

The fuel elements were modified MTR-type ele-
ments with the same outside dimensions as the BSR
elements. A full element consisted of ten curved
fuel-bearing plates brazed into flat aluminum
side plates in such a way that cooling water could
flow freely between the individual plates. Each
fuel plate was of sandwich-type construction with
a 28-mil-thick core of enriched uranium—aluminum
alloy and a 20-mil-thick aluminum cladding on each
side. Each full fuel element contained approxi-
mately 165 g of U235, The elements through
which the control rods moved consisted of seven
fuel-bearing plates, giving a total of about 131 g
of U235 in each element. There was one partial

2. B. Johnson and K. M. Henry, Reactivity Measure-
ments with a Single Aquarium Fuel Element, ORNL
CF.55-5-118 (May 19, 1955); K. M. Henry, E. B. Johnson,
and F. C. Maienschein, Preliminary Critical Tests
Using Aquarium Fuel Elements in the BSR Grid, ORNL

CF-55-5-189 (May 31, 1955). A

),
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element which contained only five fuel plates and
therefore had only about half the amount of U235
(~82 g) as a full element.

The first configuration (Fig. 1.4) consisted of
13 full fuel elements and the four control-rod ele-
ments. The total U235 content of this loading was
2666 g, and the excess reactivity® was about 0.5%.

A second configuration (Fig. 1.5) was a result
of an attempt to fill the three vacant corners (see
Fig. 1.4) by placing the partial element in a high
flux region (position 15) and inserting a full fuel
element into one of the corners. The resulting
loading was symmetrical around the north-south
center line but was not a perfect rectangle. It
contained 13 full fuel elements, one partial fuel
element, and four rod elements. The total amount
of U235 in this lattice was 2749 g, and the excess
reactivity® was about 0.7%.

3The amount of excess reactivity in each loading was
determined from the position of the rods at criticality.
The values quoted are a lower limit because they are
based on the calibration of the pertinent rods in a
larger loading and in a different rod configuration. It
is known that these rods are more effective in smaller
lattices, but the magnitude of the difference is not
readily determined.
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In a third arrangement (Fig. 1.6) the partial
element was moved from position 15 to position 25
(between two of the safety rods). The reactor
was almost critical before a full fuel element was
placed in the corner (position 17). With 14 full
fuel elements, one partial element, and four rod
elements the total amount of U235 was 2914 g,
and the excess reactivity® was about 1%.

The observed reduction in critical mass of the
lattice composed of these fuel elements over that
of one composed of the BSR elements was ex-
pected, since the metal-to-water ratio of a full
PSUR fuel element is 0.460, while that of a full
BSR element is 0.715.

The critical mass calculated by Breazeale?
agreed with the experimental value within 100 g.
The details of the experiments have been published
previously.’

W, M. Breazeale, private communication.

SE. B. Johnson and K. M. Henry, Critical Tests for
the Pennsylvania State University Reactor, ORNL
CF 55-6-148 (June 30, 1955).
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ORSORT TEST WITH THE BSR

During the past year approximately 180 Oak Ridge
School of Reactor Technology students from two
classes have performed experiments employing
the BSR as a part of their laboratory course. The
experiments were designed to acquaint the partici-
pants with the physical problems of the assembly
of a reactor and to consolidate much of their
theoretical training with practical experience. One
of the experiments was a determination of the
exact critical maosses of several BSR loadings
(Fig. 1.7). Each loading had less than 0.1% excess
reactivity. A second experiment consisted in a
measurement of the importance of epithermal neu-
trons in reactor control. In a third experiment the
effect on the reactivity of inserting a small sample
of either poison or fissionable material in various
locations within the reactor was determined, and
a fourth experiment was performed to measure the
attenuation of the leakage thermal neutrons and
gamma rays by the water surrounding the BSR.

These experiments were performed for and by the
students, who served in every capacity. The
classes were divided into groups, usually about
seven students in each. The members were rotated
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from assignment to assignment so that all of each
group had experience with each portion of the
experiment. The staff members of the BSF super-
vised the experiments, acted as instructors, and
also ensured that all operations were conducted
in a safe manner.

EFFECT OF A VOID ADJACENT TO THE ¢
BSR ON THE REACTIVITY

Several pool-type reactor installations are being
designed, most of which incorporate irradiation
test facilities extending through the reflector to
the reactor core. These proposed beam tubes

range in size from a few inches in diameter to
facilities covering one or more faces of the reactor.
The presence of the large voids will necessitate
considerable excess reactivity in addition to that
required for operation without voids, and the
possible flooding of such chambers represents a
potential hazard for a reactor of this type. Since
these effects on the reactivity were uncertain, and
because it was felt that they could not be ade-
quately treated by existing calculational tech-
niques, a series of experiments was performed
with the BSR to determine the magnitude of the
reactivities involved.
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The particular configuration chosen for instal-
lation in the pool of the BSF consisted of a large
{26 x 22]/2 x 36 in.) air-filled tank placed against
one of the faces of the reactor lattice.

In addition to the void, two curtains of sufficient
size to completely cover the face of the void were
provided. One of these was made of 100-mil-thick
cadmium and the other of ]/“-in.-thick boral. The
effect of the void on the reactivity was measured
with and without each of these curtains inserted
between the reactor and the void. Three iron slabs
(]/2, ]]/2, and 3 in. thick) were used in conjunction
with the neutron-absorbing curtains to simulate
experimental equipment placed inside the void.
Whenever any of the iron slabs was in place, a
neutron-absorbing curtain was adjacent to the
reactor, The differences in reactivity in each
experiment were determined from the measured
positions of the BSR control rods at criticality.

Data showing the change of reactivity produced
by flooding the initially air-filled void are pre-
sented in Table 1.2. The largest change was
observed when there was no curtain between the
reactor and the void (+2.62% Ak/k). When the
cadmium curtain was inserted the reactor was
shielded sufficiently to reduce the change in
reactivity to +0.60% Ak/k, while the boral curtain
reduced the change to +0.42% Ak/k. Curve A of
Fig. 1.8 shows graphically the results of incre-
mental flooding of the void with no curtain between

TABLE 1.2. CHANGES IN REACTIVITY RESULTING
FROM FLOODING THE INITIALLY AIR-FILLED
VOID WITH WATER

Chatige in
Experimental Condition Reactivity
(% Ak/k)
No curtain +2.,62
Cadmium curtain +0.60
Cadmium curtain plus ]/2-in.-thick +0.49
iron slab
Cadmium curtain plus 3-in.-thick +0.15
iron slab
Boral curtain +0.42
Boral curtain plus ‘/2-in.-fhick +0.33

iron slab
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it and the reactor, while curve B shows corre-
sponding data when the boral curtain was between
the reactor and the void. It should be pointed out
that in the BSF experiment these changes in
reactivity occurred very slowly, since it required
approximately 50 min to completely fill the void.
Such, of course, would not be the case in an
accident if the void should suddenly collapse or
become physically separated from the reactor.
This experiment is reported in detail elsewhere.®

EFFECT OF VOIDS WITHIN THE BSR COREy
ON THE REACTIVITY

In order to gain access to the higher fluxes with-
in the cores of some of the pool-type research
reactors now being constructed, proposals are
being made to incorporate experimental facilities

ée. B. Johnson, K. M. Henry, and J. D. Flynn, The
Reactivity Effect of an Air Tank Against One Face of
tbe Bulk Shielding Reactor, ORNL-2179 (in press).



of various sizes within the core. Such facilities
would consist of regions in which fuel has been
replaced either by an experiment or by a moderator.
Since either type of void will perturb the flux
distribution and therefore the reactivity of the
reactor, it is necessary to have some knowledge
of the magnitude of such perturbations for reactor
design.

A series of experiments to determine the effect
on the reactivity of introducing voids within the
core has been performed. The reactor loading
used was a 3 by 7 fuel-element array reflected on
one vertical side by 3 in. of beryllium oxide and
on the opposite side by 6 in. of beryllium oxide
(Fig. 1.9). Two additional safety devices in the
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form of cadmium guillotines in two opposite sides
of the reactor were employed throughout the experi-
ments. Most of the voids were introduced in
position 25 of the loading.

Effect of Removing Fuel Plates from an Element

In one phase of these experiments, 12 of the 18
fuel plates in a special element were removed
successively, The two outside plates and the
four central plates, which are brazed into the
element, were not removed. Several different
sequences of fuel-plate removal were used, two
of which are shown in Fig. 1.10. In sequence A

PERIOD ENDING SEPTEMBER 10, 1956
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each successive plate was removed from the center
of the region still containing the greater amount
of fuel. In sequence B the plates were removed
first from one side of the element, then from the
other. The order of plate removal results in dif-
ferently shaped curves, all of which apparently
come to the same end point, as expected. (Since
this reactor is limited to an excess reactivity of
2.5%, it was not possible to remove the last or
twelfth plate in any sequence and maintain criti-

cality.) At point 7 of sequence A, alternate
plates had been
in another sequence, alternate plates were re-
moved, first from one side of the element,
then from the other, The end point of this

removed from the element;



APPLIED NUCLEAR PHYSICS PROGRESS REPORT

sequence coincided with point 7, although the
curve shape was different.

Effect of Introducing Yoids Between Fuel Plates

In another phase of the experiment the water
channels in a regular BSR element was separately
blocked so that the water could be replaced with
air in any or all channels, Aluminum tubes were
welded in the pieces of metal at the top and
bottom of the channels but did not extend into the
channels themselves. This arrangement ensured
that the aluminumeto-water ratio in the active part
of the element remained unchanged, Plastic
tubing was attached to the aluminum tubes and
extended into a manifold at the side of the pool,

The effect on the reactivity of two sequences of
water removal is shown in Fig. 1.11. For se-
quence A the net change in reactivity was approxi-
mately 2.3%, while for sequence B the change was
1.4%. In each case the reactivity change was
negative when water was removed from the channels
between the fuel plates. This, of course, is the
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mechanism which has been traditionally postulated
for reactor shutdown following runaway.

Effect of Air- or Water-Filled Aluminum Boxes
in a Rod Element

Apparently, positive coefficients were observed
when voids were located within a regular BSF rod
element (also located in position 25). The size
of the void was defined by aluminum boxes which
could be inserted into the center of a rod element.
These boxes, filled alternately with air and water,
were located at various positions above and below
the center line of the fuel. Figure 1.12 shows the
result of such a vertical traverse with the 4-in.-
long box. The traverse made with the water-filled
box gave a zero or a positive change in reactivity.
In the case of the air-filled box, the change in
reactivity was negative toward the top of the
element, definitely positive as the box was in-
serted farther, and then was negative again toward
the bottom of the element. Similar traverses made
with 12- and 20-in.-long boxes showed essentially
the same effect.

The question arose as to whether the presence
of the aluminum box itself was the reason for the
positive reactivity, or whether the partial beryllium
oxide reflector was responsible. To investigate
the first possibility, two other tests were per-
formed. In the first one a traverse was made with
a solid block of aluminum having the same dimen-
sions as the outside of the 4-in.-long box, the
results of which are also shown in Fig. 1.12. In
the second test the central channel of the rod
element was blocked at the top and bottom so that
the water could theoretically be removed incre-
mentally without the introduction of extraneous
material into the element. This experiment yielded
nonreproducible results, possibly because the
experimental arrangement was too crude to accu-
rately control or reproduce the water level inside
the element.

To investigate the influence of the partial beryl-
lium oxide reflector further, some of the above
experiments were repeated in another reactor
loading that was completely water-reflected and
which had a larger core volume. Positive reactivity
changes were again observed with the aluminum
boxes, although the effect was not so great as in
the smaller beryllium-oxide-reflected loading. Of
course, the importance of a given perturbation
should be less in a larger core than in a small
one.



PERIOD ENDING SEPTEMBER 10, 1956

UNCLASSIFIED
2—-01-058—0-85

o0 A’_'\ [
/ |
+008 = ! A\
/ I \ A AIR-FILLED BOX
/ X A WATER-FILLED BOX
+0.06 & \ +— o DIFFERENCE (A — A)
! ® SOLID ALUMINUM BLOCK
|
g - /%/7{-r \ ) B
£ 4002 s / A /°’.—.\L =\\
>
= »
§ / /; ) N &\&
5 7 ~ N . R
z o—‘B\ P \ \ 2 — ‘/o’
u . § OF FUEL . / Ac/(
g —0.02 N\ \ s
i . at” AN \ ./ V4
J BOX WAS 4in. LONG G v /
| -0 Po
_— A
0.04 | ey
{ A
—0.06
|
e BOTTOM OF FUEL ’ TOP OF FUEL -
—-0.08 |
12 10 8 6 4 2 o) 2 4 6 8 10 12 14 16 18 20

DISTANCE BETWEEN CENTERLINE OF BOX AND CENTERLINE OF FUEL (in.)

Fig. 1.12. Effect on BSR Reactivity of a Vertical Traverse of Air-, Water-, or Aluminum-filled Boxes
in Position 24 of Loading No. 53. .

11



APPLIED NUCLEAR PHYSICS PROGRESS REPORT

2, EFFECT OF THE REFLECTOR ON THE NEUTRON FLUX IN AN ORR BEAM HOLE MOCKUP

K. M. Henry

The advantage of increasing the flux leakage
into beam tubes adjacent to a research reactor
without appreciably increasing the total or peak
heat generation in the reactor is apparent. For
reactors using MTR-type fuel elements in water, a
possible simple approach to the problem would
consist in changing the reflector (light water) on
the face of the reactor against which the beam
hole is positioned to one which has less neutron
absorption (heavy water). This change would tend
to flatten the reactor flux profile and thus help
offset the reoctivity change introduced by the
beam tube. If the reflector were extended an
appreciable distance so as to surround the beam
tube, it should give rise to higher thermal-neutron
fluxes within the tube. The feasibility of this
approach for the Oak Ridge Research Reactor
(ORR) has been investigated in a series of tests
at the BSF.

In the first tests, a tank, in the shape of a right
parallelepiped, containing four concentric tubes
which were 6, 10, 14, and 18 in. in diameter and
3 to 4 ft long, was placed against the reactor face.
The tank was sufficiently large to cover the reactor
face. The largest volume in the tank contained
either H,0 or D,0, while the concentric cylinders
contained either air, HZO, or D20 in various
sequences.

The reactor loading (Fig. 2.1) used for these
tests was the result of an attempt to mock up a
slab geometry and yet retain sufficient reactivity
in the control rods to perform the tests without
the necessity of changing configurations. The
core was moderated by water and reflected by
water on five faces. The test tank was adjacent
to the north (nine-element) face. The power of the
reactor was determined by the standard BSR instru-
mentation (servo chamber).

For further tests a second tank (Fig. 2.1), which
appeared to be a segment of a cylinder and which
was a realistic mockup of the proposed ORR
installation, was placed against the nine-element
reactor face. It contained six independent beam
tubes, the central tube being positioned approxi-
mately 6 in. above the horizontal center line of the
reactor.  All measurements were made in the
central beam tube, and the contents of the other

12
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tubes were changed to simulate different experi-
mental apparatus. Again, the reflector, or largest
volume in the tank, was either H2O or D20 during
these tests.

The central air-filled beam tube was a 6-in.-OD
aluminum cylinder which extended from the north
reactor face for a distance of 16 ft. Only the first
12-ft length was used in these tests. At the north
end of the tube another cylinder was placed
perpendicular to the horizontal tube; this cylinder
extended above the water level. Small, flexible
stainless steel cables positioned a *'sled”” which
carried a spiral U233 fission chamber and its pre-
amplifier along the tube oxis. The stainless steel
cable was connected to a linear potentiometer
which was used to indicate the sled and fission-
chamber positions on a two-dimensional plotter.

The U235 fission chamber (‘/2 in. in diameter by
3/4 in. long) was mounted on the end of an 18-in.-
long brass tube. During one test to investigate
the effect of a heavy absorber, the fission chamber
The fission
pulses were amplified by a conventional preampli-
fier combination and were fed to both a log count-
rate meter and a scaler. Plots of the counting rate
as a function of the detector position were made
directly on the two-dimensional plotter. Measure-
ments of the reactor leakage flux at other positions
outside the core were made with the reactor fission
chamber, located above the core, and two additional
fission monitors located at the side and at the
rear of the reactor. In addition, a small number
of gold foils were exposed within the reactor core
for each variation of the reflector condition.

was surrounded by stainless steel.

The results of the U235 fission chamber measure-
ments in the beam tube of the parallelepiped tank
are shown in Fig. 2.2. The responses of the gold
foils, the reactor servo chamber, the reactor fission
chamber, and two external detectors during the
runs are summarized in Table 2.1. Run 1 does
not have the supporting values of external monitors
and foils and is included in Fig. 2.2 merely to
show the effect on the thermal-neutron flux of the
displaced moderator around the beam tube.

The results of the measurements in the ORR

beam hole mockup are plotted in Figs. 2.3, 2.4,
and 2.5. Runs 1 through 8 (Figs. 2.3 and 2.4)
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were with a bare U233 fission chamber, while
runs 9 through 12 (Fig. 2.5) were with a stainless-
steel-covered fission chamber (1.6-in. minimal
thickness). The corresponding measurements with
the other detectors during these runs are summa-
rized in Table 2.2.

The results appear to demonstrate that an appre-
ciable increase in the thermal-neutron flux within
the beam tube results from the substitution of the
partial heavy-water reflector. However, the degree
of certainty of such a conclusion is reduced by
the perturbations of the reactor flux distributions
caused by the reflector changes. [t was not

PERIOD ENDING SEPTEMBER 10, 1956

possible in a reasonable length of time to obtain
sufficient foil exposure data to determine the
extent of the flux distribution changes. It was
recognized before the experiment was started that
such a limitation would exist, but the experiment
was carried out in order to provide engineering
data sufficient to choose the reflector for the ORR.

Future similar experiments should profit greatly
from the use of the wire scanner now available at
the BSF. It is expected that wires may be exposed
and scanned in only a fraction of the time that
would be required for foil exposure and counting.

TABLE 2.1. THERMAL-NEUTRON FLUX MEASUREMENTS WITHIN AND OUTSIDE THE BSR FOR
VARIOUS REFLECTOR CONDITIONS DURING THE PARALLELEPIPED TANK TESTS

Normalized Thermal-Neutron Flux

Detector Detector Position Run 2, Run 3, Run 4, Run 5, Run 6,
ADDDD? ADDDH ADDHH ADHHH AHHHH
Flux Normalized to Response of Foil in Position 5E, on e, During Run 6

Gold foil 5E;b on EC 1.52 1.40 1.25 1.09 1.00

5E; 6 in. above ¢ 1.21 1.10 0.98 0.86 0.85

5E; 6 in. below ¢ 1.49 1.37 1.14 0.94 0.90

17W; on @ 1.64 1.54 1.45 1.30 1.27

17W; 6 in. above ¢ 1.18 1.08 1.06 0.97 0.99

17W; 6 in. below ?_ 1.50 1.41 1.21 1.06 1.03

27E; on ¢ 1.27 1.20 111 1.00 1.00

27E; 6 in. above E 0.89 0.83 0.81 0.75 0.77

27E; 6 in. below E 1.13 1.03 0.92 0.81 0.80

45E; on (E 0.92 0.80 0.91 0.75 0.77

45E; 6 in. above ¢ 0.61 0.58 0.62 0.55 0.57

45E; 6 in. below ¢ 0.87 0.79 0.78 0.62 0.62

Flux Normalized to Response of Detector During Run 6

Reactor servo chamber
Reactor fission chamber

External fission chamber At side of reactor

At rear of reactor

y23s fission chamber In beam tube

1.00 1.00 1.00 1.00 1.00
1.04 1.04 0.96 0.97 1.00
2.43 1.36 1.03 1.00
1.30 117 0.72 1.00
1.69 1.45 1.22 1.06 1.00

% = air, D = DZO' and H = H20; the first four symbols designate the contents of beam tubes 1 through 4,

respectively; the last symbol designates the contents of the largest volume of the parallelepiped.

b attice position in reactor.

“Horizontal center line.
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THERMAL-NEUTRON FLUX (counts/min/0.5 watt)

Reflector Conditions (Stainless-Steel-Covered U233 Fission Chamber).
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TABLE 2.2. THERMAL-NEUTRON FLUX MEASUREMENTS WITHIN AND OUTSIDE THE BSR FOR
VARIOUS REFLECTOR CONDITIONS DURING THE ORR BEAM TUBE MOCKUP TESTS

Normalized Thermal-Neutron Flux

Detector Detector Position Run 1, Run 2, Run 3, Run 4, Run 5, Run 6, Run 7, Run 8, Run 9, Run 10, Run 11, Run 12,
AAAAAAH?  AAAHAAH AAHHAHH AHHHAHH  AHHHHHH AHHHHHD  AAAHAAD  AAAAAAD AAAAAAD AAAHAAD AHHHHHD AHHHHHH

Flux Normalized to Response of Foil in Position 5E, on E, During Run 1

Gold foil SE;b on EC 1.00 1.04 1.16 1.18 1.20 1.46 1.44 1.42
5E; 6 in. above ¢ 0.74 0.73 0.78 0.81 0.80 1.01 0.99 0.97
SE; 6 in. below ¢ 0.82 0.91 1.01 1.01 1.06 1.33 1.32 1.3}
17W; on ¢ 1.26 1.36 1.37 1.42 1.55 1.55 1.55

17W; 6 in. above ¢ 0.93 0.97 1.01 1.00 1.08 1.08 1.08
17W; 6 in. below ¢ 1.06 1.15 1.18 1.21 1.41 1.39 1.40
27E; on ¢ 1.01 1.00 1.15 1.13 1.18 1.26 1.22 1.26
27E; 6 in. above ¢ 0.77 0.76 0.82 0.83 0.84 0.89 0.87 0.89
27E; 6 in. below ¢ 0.83 0.85 0.94 0.94 0.99 L 1.10 1.10
45E; on ¢ 0.75 0.7 0.87 0.85 0.83 0.81 0.86 0.87
45E; 6 in. above ¢ 0.55 0.49 0.61 0.60 0.55 0.54 0.57 0.60
45E; 6 in. below ¢ 0.62 0.67 0.76 0.74 0.72 0.76 0.80 0.81

Flux Normalized to Response of Detector During Run 1

Reactor servo chamber 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Reactor fission chamber 1.00 1.01 1.03 1.02 1.05 1.09 1.09 0.97 1.18 1.20 1.33 1,09
External fission chamber At side of reactor 1.00 1.07 0.91 0.94 0.99 1.18 1.21 1.22 1.22 117 1.20 0.98

At read of reactor 1.00 0.98 1.09 1.03 . 1.13 1.16 1.04 1.14 1.09 1.15 1.12
U235 fission chamber In beam tube 1.00 1.04 1.13 1.1 LN 1.72 1.67 1.71 0.18 0.18 0.18 0.12

%A = air, D = D20, and H = H20; the first six symbols designate the contents of the beam tubes 1 through 6,
respectively; the last symbol designates the contents of the largest volume of the mockup tank.
bLaﬂice position in reactor.

“Horizontal center line.
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3. SENSORY INSTRUMENTATION STUDIES FOR THE BSR

K. M. Henry

A series of experiments was performed to check
the saturation properties and linearity of response
of the ionization chambers which supply the basic
signals for control and power-level indication of
the BSR. Three ORNL-type Q-1045 gamma-com-
pensated chambers, a fog N chamber, a servo
chamber, and a galvanometer chamber, are used
as neutron flux detectors in the BSR instrumen-
tation. The log N chamber is a sealed chamber
which actuates the log reactor power indicator,
recorder, period meter, and period scram circuit.
The servo chamber actuates the servo recorder
and is responsible for the automatic operation of
the reactor, and the galvanometer chamber sends
a signal to a Leeds & Northrup galvanometer,
which gives a direct indication of the neutron flux.

SATURATION PROPERTIES OF THE ,
BSR CHAMBERS

The saturation properties (i.e., the current as a
function of voltage) of the three gamma-compensated
chambers were examined by measuring the output
current to each electrode as a function of electrode
voltage for various nominal reactor powers. The
output current of the boron-coated section was a
measure of the ionization due to both alpha particles
{from the B10(»,a)Li” reaction) and gamma rays.
The output current of the other section was a
measure of the ionization caused by gamma rays
alone. Typical results of the tests for the three
chambers are plotted in Fig. 3.1,

In order to observe any variation with age in
the saturation properties of the log N chamber,
the results of this most recent test (performed
December 12, 1955, after the chamber had been
exposed to 128,000 pa-hr) were compared with
those of two earlier tests. The first measurement?
was made November 27, 1953, during the initial
chamber exposure. Several months later, after
11,185 ua-hr of operation, the chamber was again
checked. Each of the saturation curves from the
three tests was normalized to a net current of
58 pa with 650 v on the positive electrode and

]Banelle Memorial Institute.

2Measurements were made by J. G. Gundlach of the
Instrumentation and Controls Division.

J. N. Anno!

300 v on the negative electrode. A comparison
of the results (Fig. 3.2) showed that the charac-
teristics of the chamber have changed no more
than about 0.4% (at 600 v) since its initial instal-
lation.

LINEARITY OF THE BSR CHAMBERS *#

In on experiment to determine the actual power
of the BSR at various power demand levels (control
settings), readings from a BF, counter, a U235
fission chamber, and a compensated Q-1045 cham-
ber, which were located at relatively large dis-
tances through the water shield from the reactor,
were compared with those from three reactor
chambers. |t was assumed that local changes of
reactor characteristics, which are seen by the
reactor chambers, would not be seen by the cham-
bers located at greater distances. For these
chambers the reactor would appear to be a large
point source, and the chamber output should be
proportional to the total power output. All detec-
tors were operated in their linear or compensated
ranges.

Several In the first
geometry the external detectors were placed on
the horizontal center line of the reactor, and the
reactor chambers were positioned so as to give
approximately 50 pa of current for 100 kw of
reactor

geometries were used.

power.  (Chamber currents larger than
50 pa were not permitted so as to ensure a com-
pletely linear response.) The response of each
chamber is given in Table 3.1. For a second test
the reactor chambers were moved up far enough so
as to give only 5 pa for 100 kw. Thus the reactor
could have been operated at 1 Mw without exceeding
the previous chamber current, but it was actually
restricted to 500 kw in deference to the radiation
level at the pool surface. In an effort to magnify
the relative effect of activated water observed
in the second test, the reactor chambers were
repositioned so as to give a reading of 0.5 pa at
100 kw. The absence of any observable change
seems to indicate that the activated water is not
the source of the nonlinearity.

In another geometry the Q-1045 chamber and
the U235 fission chamber were successively
located 4 in. in front of, and 6 in. below, the
corner of the reactor core.
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In a third geometry additional measurements
were made along the horizontal center line of the
but water jets were placed around the
reactor to reduce any effect due to activated water
streaming past the reactor chambers. In one test
a jet was placed on both sides of the reactor, and
in another a single jet was placed in the rear of
the reactor. For reasons given elsewhere (see
““Water Purification and Circulation Systems at
the BSF,”" this report), the jets permitted the
extension of the power response readings to 1 Mw,

A summary of the results (Table 3.1), which
includes the response of the reactor fission cham-
ber, shows that the reactor power sags approx-
imately 2% at 100 kw, 10% at 500 kw, and 16% at
1 Mw. Directing the activated water from the
chambers did not reduce the nonlinearity. Readings
taken below the reactor did not parallel those
taken above the reactor, but agreed with those
taken on the horizontal center line (Fig. 3.3).

reactor,

PERIOD ENDING SEPTEMBER 10, 1956

It appears that, for
reactors operated at powers

This is not yet understood.
swimming-pool-type
greater than 100 kw with natural convection cooling,
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the control chambers should be either on or below
the horizontal center line or otherwise corrected

to these positions.

It is not believed that the chamber temperature

coefficient enters into these errors because of
the negative effect of the jets and the speed at
which the readings were taken. Accuracies of
the order of 2% were attained in the experiment.

TABLE 3.1. COMPARISON OF BSR POWERS INDICATED BY REACTOR CHAMBERS
AND BY EXTERNAL DETECTORS

Power Required to Obtain

Ratio of Power Indicated by Reactor

Ratio of Power Indicated by External

50-ua Response from Nominal Chamber to Nominal Power Detector to Nominal Power
Reactor Chambers Power Fission Galvanometer u23s BF3 Compensated
(kw) (kw) Chamber Chamber Fission Counter Chamber
External Detectors on Reactor Center Line; No Jets
100 1 1.00 1.00 1.00
10 0.98 1.00 0.98
100 1.01 1.01 0.98
1,000 10 1.00 1.00 1.00 1.00
100 0.98 1.00 0.97 0.95
200 0.97 1.01 0.94
500 0.96 1.00 0.91 0.89
External Detectors on Reactor Center Line; Jets at Side
1,000 10 1.00 1.00 1.00 1.00
100 .01 1.00 0.93
500 1.03 1.00 0.88 0.87
10,000 10 1.00 1.00 1.00
100 0.98 0.98 0.95
500 0.93 0.90 0.87
1000 0.90 0.84 0.84
External Detectors on Reactor Center Line; Jet at Rear
1,000 10 1.00 1.00
100 0.98 0.97
500 0.99 0.92
1000 1.00 0.89
External Detectors Below Reactor; No Jets
1,000 10 1.00 1.00 1.00
50 0.98 0.99 1.00
100 0.97 0.97 0.97
200 0.96 0.95 0.92
325 0.95 0.92 0.91
500 0.94 0.90 0.88
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4. TEMPERATURE DISTRIBUTION IN THE BSR UNDER NATURAL CONVECTION COOLING

K. M. Henry

Heat transfer and nuclear calculations for
swimming-pool-type reactors would be greatly facil-
itated by experimental evidence of the effect of
the reactor power on the temperature distribution
within the core. Temperature measurements within
the BSR have provided this information for a range
of operating powers.

The core of the BSR is formed by a lattice of
MTR-type elements immersed in a pool of water.
Present operation is restricted to power levels
not exceeding 1 Mw. Cooling of the reactor depends
upon the water in the pool rising through the
elements by the natural convection process and
dissipating the heat directly into the pool water.
Consequently, for operations greater than about
50 kw (at which power level the heat input by
the reactor equals the pool heat loss to the air
at normal room temperatures) the bulk pool-water
temperature gradually rises. One of the purposes
of this experiment was to determine the rate of
temperature rise, which could not only be used in
future calculations but which could also be im-
mediately applied to other reactors of this type
under construction.

Various core configurations can be attained in
the BSR by arrangement of the fuel elements in
the grid.lattice. The particular loading used in
this experiment was a 5 by 6 fuel-element array
with two of the corner elements missing. This
loading, designated as loading 33 (Fig. 4.1), has
24 full fuel elements, three control-rod elements,
and one partial element in which half the plates
contain no fuel. Each full fuel element is roughly
a 3- by 3- by 24-in. box containing 18 fuel
plates separated by a 0.117-in. gap for water flow.
Each plate contains a 20-mil-thick layer of uranium-
aluminum alloy, highly enriched in the U235 isotope,
sandwiched between two 20-mil-thick 2-S aluminum
covers. The side plates of the fuel elements and
the end boxes are also constructed of aluminum.
The total U233 content of a full fuel element is
approximately 140 g.

Measurements? of the thermal-neutron flux in
loading 33 with cobalt foils indicated that position

Battel le Memorial Institute.

2The foil measurements were made by E. B. Johnson.

J.N. Anno!

25 (Fig. 4.1) in the core possessed the maximum
flux, whereas position 3 had the lowest. Thermo-
couple measurements of the temperature were made
at various locations on the surface and in the core
of fuel plates inserted in these two regions while
the reactor was operated at nominal {i.e., indicated
on control panel but not verified by calibration)
powers ranging from approximately 10 kw to 1 Mw,
The ratio of the average thermal flux in position
25 to that in position 3 was about 2.0. The ratio
of the peak flux (highest flux observed in measure-
ments} to the average flux in the reactor was
approximately 1.8.
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Measurements on the surface of nonfueled plates
were also made for various operating power levels
in order to differentiate between gamma-ray heating
and other possible effects in the elements. Once
surface temperature profiles were obtained, a plot
of the peak surface temperature vs the power level
of the reactor could be extrapolated beyond 1 Mw
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to estimate the power at which local boiling would
first occur. Differences between observed core and
surface temperatures were incidentally obtained
by a comparison of the results of the experiment;
these were verified by additional tests. The
effect of the positions of the control rods on the
observed temperature was also investigated.

One of the BSR fuel elements, designated element
B-112, was constructed so that the third plate from
the concave surface of the element could be re-
moved. Plates on which the temperature was to
be observed were equipped with No. 30 (10-mil-
dia) mechanically bonded Chromel-Afumel thermo-
couples attached to the surface or embedded in the
core of the plates. A maximum of eight thermo-
couples was used on a single plate. The thermo-
couple junctions on the plote surface were posi-
tioned accurately. However, the positions of the
thermocouples in the core were only approximate,
so that the comparison between surface and core
temperatures is not precise.

Rod Shading Effects on Fuel Temperature

The effect of the control-rod positions on the
temperature distribution in the reactor was inves-
tigated briefly so that it could be minimized prior
to the other measurements in the experiment,

Thermocouples were embedded in the core of a
fuel plate at 3]/2-in. intervals along the vertical
center line, and the plate was placed in the special
element in reactor position 27. At this position
the element was adjacent to safety rod No. 2 but
was shielded considerably from the effects of
movement of safety rod No. 1 and the regulating
rod (Fig. 4.1).

For a constant power level the regulating rod
and safety rod No. 1 were completely withdrawn
to give maximum insertion of safety rod No. 2.
The temperature was allowed to stabilize for
about 10 min before data were taken. Then safety
rod No. 2 was completely withdrawn, and the other
rods were inserted to maintain the constant power
level. After the 10-min stabilization period, the
temperature distribution along the plate was again
observed. This procedure was repeated for four
power levels ranging from 100 to 400 kw. The
results are shown graphically in Fig. 4.2, To
eliminate the effect of the small variation (gradual
increase) of inlet water temperature, the tempera-
ture difference was plotted.

26

At a power level of 400 kw the peak temperature
on the plate changed by about 1.5°C for a movement
of safety rod No. 2 from 15.1 to 21.8 in. The
results of this limited experiment emphasized the
fact that it was necessary that the control-rod
positions be held closely constant as the tempera-
tures of the plates were measured. However, as
the reactor power was increased, the rods had to
be withdrawn to compensate for the temperature
effect of the reactivity. As seen in Fig. 4.1,
the two safety rods were symmetric about position
25; for simplicity, a scheme of symmetrical rod
movement was devised. The regulating rod was
held constant at 18 in. {of withdrawal), and the
two safety rods were always moved together to
Total safety-
rod withdrawa! usvally omounted fo about 2 in.,
in elevating the nominal power level from 10 kw

to 1T Mw.

maintain the symmetrical condition.

Nonfueled-Plate Surface Temperature

Measurements were made of the temperature dis-
tribution on the surfaces of two nonfueled 2-S
aluminum plates having dimensions identical with
the standard fueled plates. One of the nonfueled
plates had thermocouples positioned along the
The other
plate had five thermocoupies positioned along a
horizontal 12 in. from the bottom of the piate.

The distribution of heat along the vertical center
line of the plate in the high-flux region (position
25) of the reactor was determined for various power
levels (Fig. 4.3). The temperature rise with the
plate in the low-flux region (position 3) was 66%
of that at the same points with the element in
position 25. It can be seen that the temperature
rise along the top half of the plate is approximately

vertical center line at 6-in. intervals.

linear.

After the 1-Mw run for the above measurements,
the increased pool temperature and xenon poisoning
in the reactor had consumed the remaining excess
reactivity. Thus it was necessary to add another
fuel element to the reactor in order to attain a
1-Mw power level for temperature measurements
across the horizontal on the plate. The additional
element was placed in position 28 (Fig. 4.1), and
the new loading was designated 33A. The hori-
zontal temperature profiles for a plate in position
25 were approximately symmetrical, but in position
3 the absence of an adjacent element on one side
effected an asymmetrical temperature distribution.
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It should be pointed out that for these horizontal
measurements in position 3 the plate was not
completely inserted in the element, and the tempera-
ture readings represent the horizontal profile about
14 in. from the bottom of the reactor instead of
the intended 12 in.

The addition of the element in position 28 ap-
parently flattened the flux distribution across the
reactor. The temperature 12 in. from the bottom
of the plate in the vertical profile in loading 33
for the 1-Mw power level was several degrees
higher than the temperature at that point in loading
33A.

Fueled-P late Surface Temperatures

Two standard BSR fuel plates were equipped
with surface thermocouples, along the vertical

center line at 4-in. intervals on one plate and
along a horizontal 12 in. from the bottom of the
other plate, for temperature measurements in the
element in position 25 of loading 33. The results
along the vertical center line are shown in Fig.4.4.

After each change in power level, at least 10 min
was allowed for the temperature to reach equilibrium
before any readings were taken. At operating
power levels greater than 500 kw the individual
readings varied over a small range. These varia-
tions can probably be attributed to the uneven
heating of the water in the natural convection flow
stream. For each power level the average of 20
readings was considered to be the measured tempera-
ture.

From these measurements on the surfaces of the
fuel plates an estimate of the power level at which
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focal boiling would first occur can be made from
a plot of the maximum temperature observed vs the
actual (i.e., from calibration) power (obtained by
use of conversion factors resulting from the inves-
tigation reported in Chap. 3 and from cobalt foil
exposures in the core). The water in the reactor
at the position of maximum surface temperature is
under a pressure of approximately 22.2 psi (atmos-
pheric pressure plus pressure due to an 18.3-ft
head of water). At this pressure the boiling point
of water is 111.6°C. The maximum inlet water
temperature observed during the surface temperature
measurements was about 35°C. Figure 4.5 is a
graph of the observed peak surface temperature on

28

a plate in position 25 (loading 33) vs the actual
power, with the reactor inlet water temperature
assumed to be constant at 35°C. Extrapolation of
the curve indicates that local boiling would first
occur in the reactor in the neighborhood of 2100 kw.

A comparison of the vertical center line surface
temperatures observed for the fueled and nonfueled
plates showed that the linearity of temperature
increase observed in the nonfueled plate was not
present in the surface temperatures of the fueled
plate. At the higher power levels the fuel-plate
temperatures reached a maximum between 4 and 5
in. above the mid-point and then decreased rapidly.
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A comparison of the horizontal surface tempera-
tures across the fueled and nonfueled plates showed
several obvious differences. The parabolic dis-
tribution observed in the nonfueled plate is not
present in the fueled plate. The asymmetry of
the profile in the fueled plate is probably caused
by a decrease in thermal flux (and hence heat
generation within the plate) in the north-south
direction, that is, from position 35 to position 15.

PERIOD ENDING SEPTEMBER 10, 1956

Also, of course, the magnitude of the temperature
difference is much greater in the case of the fueled
plate.

Fueled-Plate Core Temperatures

Measurements of the temperature in the core of a
fuel plate were taken with thermocouples embedded
along the vertical center line of the core at 3]/2-in.
intervals. Before the measurements were made, a
brief test of the thermocouples was made to ensure
that no extraneous thermoelectric effects were
introduced in the technique involved in burying
the couples in the core. The fuel plate was placed

first in air at 23°C, then in pool water at 38°C,

and finally in tap water at 51°C. Thermocouples
on the plate surface and in the core responded
identically. The temperature distributions in the
plate in the element in position 25 (loading 33) are
shown in Fig. 4.6. The small deviations which
had been observed in the surface temperature
measurements were not detectable
To obtain a measure

in these core
temperature measurements.
of the accuracy of the readings, three runs were
made over a two-day period. The thermocouple
readings were reproducible to within 1%.

Core-Surface Temperature Differences

Since the exact position (depth) of the thermo-
couple junctions within the core were not accurately
known, the significance of the core temperature
measurements is somewhat clouded. However, the
difference (AT) between the core temperature and
the surface temperature (data available for a
comparison for position 25 of loading 33) shouid
show the approximate AT value from the plate
core to the plate surface.

Since the core temperatures and plate surface
temperatures were obtained in separate experiments
under conditions of different inlet water tempera-
tures and different fuel
experiment was performed.

plates, a confirmation

A new standard fuel
plate was equipped with several sets of thermo-
couples, each set measuring the temperature 12,
16, and 20 in. from the bottom of the plate along
the vertical center line, both in the core and on
the surface. Again, accurate positions of the core
thermocouples could not be attained, but the other
variables were eliminated. The plate was then
placed in the element in position 25, and the
temperatures were observed for various power
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Fig. 4.6. Core Temperature Distributions Along Vertical Center Line of Fueled Plate (Position 25

of BSR Loading 33).

levels. Surface temperature variations were again
observed at the higher power levels, at each power
level 25 readings being taken. The probable error
was calculated from the observed deviations from
the mean.

Figure 4.7 shows the differences in the core-
surface temperatures along the vertical center
line, obtained both from the comparison of the
separate core and surface measurements and from
the confirmation experiment.
are rather large, primarily since small differences
were taken between large numbers.

The probable errors
Also shown

on the plot are the thermal-neutron flux values
measured 15 in. east of the vertical center line of

30

an element in position 25 (loading 33) by the
exposure of cobalt foils. The neutron flux dis-
tribution should give a rough estimate of the
variation of heat generation in the vertical direction.

The spread of experimental points has been at-
tributed to inaccurate positioning of the thermo-
couples in the core. The most significant aspect
of the AT measurements is the magnitude of the
differences. Preliminary estimates placed the AT
in the neighborhood of about 3°C. The maximum ob-
served AT was 12.5°C from the confirmation experi-
ment and 15.4°C from the difference between the
separately observed surface and core temperatures.
Furthermore, these temperature differences are not



necessarily maximum values, since none of the
thermocouples may have been {ocated exactly at
the core center. The points shown in Fig. 4.7
actually represent values less than (or perhaps
equal to) the measured AT. The discrepancy be-
tween measured and calculated values indicates
the difficulty of measuring the temperature dis-
tribution without changing it. The thermocouples
inevitably disturb the heating and cooling mech-

PERIOD ENDING SEPTEMBER 10, 1956

anisms in their vicinity.

The largest temperature difference obtained in
the confirmation experiment was observed 12 in.
from the bottom of the plate. It is possible that
the thermocouple in the core was actually closer
to the center of the fuel.

This paper will be published in more detail at
a later date.
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5. WATER PURIFICATION AND CIRCULATION SYSTEMS AT THE BSF
J. D. Flynn

WATER PURIFICATION SYSTEM

Two water-purifying loops for the demineralized
water of the reactor pool have been installed at
the BSF. One system, built around a Stay-New
filter, removes suspended particles from the water,
and another system, built around an Elgin Ultra
deionizer, maintains a high specific resistance of
the water,

Filter System

With the filter system an ottempt is made to re-
move dust and other foreign matter from the surface
of the water before they sink below the surface.
In order to accomplish this, a pool skimmer has
been installed in one corner of the pool. This is
merely a tank, placed under and around the suction
line of the pump, with the top submerged below the
pool level. The distance below the pool level is
determined by the diameter of the tank and the
capacity of the pump. The tank must be low
enough to prevent the vortex from reaching the
suction line and producing an air lock in the pump
or filter, and yet high enough to cause a fast sur-
face flow into the tank. Once the surface water is

PRESSURE SWITCH ..

FILTER TRAP FOR
VACUUM CLEANER.

SURFACE
/ SKIMMER \

in the skimmer tank, the water is pushed through a
close-woven, cotton filter several times and then
returned to the bottom of the pool, A diagram of
the system is shown in Fig. 5.1.

Much of the foreign matter which finds its way to
the pool is insoluble, That which sinks to the
the bottom before being picked up by the skimmer
must be removed by a vacuum cleaner passed over
the pool floor. A vacuum cleaning line has been
installed on the suction side of the pump for
cleaning the bottom and sides of the pool. It has
a coarse filter in the line to prevent large objects
from damaging the pump. This type of cleaning
has been required at intervals ranging from one to
four months,

The filtering system is made of 2-in. stainless
steel pipe with flange fittings. There is also a
2-in. line coming from the plant demineralizer for
adding makeup demineralized water when it is
needed in large quantities or for filling the pool.
The centrifugal pump for the filter system has a
7-hp  Allis-Chalmers motor, rated at 200 gpm
against a 75-ft head., A safety device, added to
prevent possible overheating of the pump bearings,
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consists of o pressure switch which will stop the
pump if an airlock occurs in the line and causes
the output pressure to fall below 5 psig. If a leak
occurs anywhere in the filter system, the water
level in the pool will rapidly be lowered below the
pump intake, and this pressure switch will be
actuated and will shut off the pump.

The filter itself employs a closely woven fabric
over a copper screen. The closest weave avail-
able (No. EPHLS-7A-2 from the Dollinger Corpo-
ration, Rochester, N.Y.) is used, since looser
weaves were almost completely ineffective. The
cloth inserts have lasted about two to four months
and have measured up to 10 mr/hr when removed
from the filter,

There is a flanged fitting on the outlet side of
the filter where water may be obtained to supply
the reactor jets discussed below. |f more pressure
is needed at this point, the filter may be bypassed
in order to eliminate an approximate 5-psi pressure
drop.

Deionizer System

A diagram of the deionizer system is shown in
Fig. 5.2. The capacity of the Elgin Ultra deionizer

PROCESS WATER LINE

PERIOD ENDING SEPTEMBER 10, 1956

is rated at 20 gpm, but with the pump now being
used only 10 to 12 gpm passes through the system.
Since this unit is used only for bypass treatment,
the input resistance is high, and the output water
normally has a resistance of >1.9 megohms/cm for
a period of six to nine weeks after resin regenera-
tion. [t was necessary to replace the resin after
almost one year of operotion, since it would not
regenerate. The radiation level of the surface of
the resin was not measurable,

This deionizing system has been sufficient to
maintain the specific resistance of the water in

the pool between 250,000 to 350,000 ohms/cm,

WATER CIRCULATION SYSTEM

At operating power levels above 400 kw a set of
jets is used to diffuse the water rising upward from
the BSR as a result of thermal convection. De-
mineralized water from the filter system is fed
through a fire hose connected to a common T-pipe
joined to two headers positioned above the reactor
on opposite sides. A typical jet diffuser arrange-
ment is shown in Fig. 5.3. The effect of the jets
is primarily to suppress the pool surface N6
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activity (7.3-sec half life). The activity is formed
by the O'6(n,p) reaction in the pool water as it
passes through the reactor, Use of the jets in-
creases the underwater path length, thus increasing
the underwater lifetime of the isotope. Without the
jets in operation the radiation level ]9]/2 in. above
the ]7]/2 ft of water directly over the reactor oper-
ating at a power of 1 Mw is approximately 800
mr/hr, which is excessive for routine operation.
Three types of jet diffusers have been employed
(Fig. 5.4). The same piping was used for each
type; only the outlet orifices were modified. The
type 1 diffusers had five 3/4-in.-0D by I-in. nozzles
on each header and were positioned so that the
west header was approximately 355/8 in. higher.
The type 1 jets reduced the gamma radiation levels
considerably, but the radiation near the reactor
bridge was still 62 mr/hr, which was too high for
routine operation. The type 2 jets were more
effective than the type 1 jets and reduced the
radiation level at the reactor to 32 mr/hr. With
both type 1 and type 2 jets the radiation level on
the east side of the pool was greater than that on
the west side. Since the reactor operator is
stationed on the east side of the bridge and since,
in general, most personnel traffic is along the east
side, further modification of the jet diffusers to
“‘push’’ the radiation to the west side was desir-
able. The jets were then modified to type 3 and
reversed in elevation so that the diffuser on the
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east side of the lattice was 355/8 in. above the top
of the reactor, whereas the west diffuser was
53/8 in. higher., The resulting gamma radiation

PERIOD ENDING SEPTEMBER 10, 1956

Fig. 5.5. The type 3 jets have proved to be very
successful in suppressing the surface radiation
and in directing it away from the east side of the

during 1-Mw operation of the BSR is shown in  pool.
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Used During 1-Mw Operation.

6. AIR ACTIVITY PRODUCED BY THE BSR
W. R. Champion'

In the operation of the BSR considerable activity
is evolved into the air at powers of a few hundred
kilowatts. In order to operate the reactor above
about 400 kw it is necessary to employ jets (see
Chap. 5) above the reactor to diffuse the activity
and increase the length of time required for it to
reach the surface of the pool. Without the jets
the reactor is scrammed, when the power reaches
about 400 kw, by a reactor safety monitor preset at
45 mr/hr and located 3 ft above the pool surface
and 10 ft to the side of the vertical center line of
the reactor. With the jets this same monitron indi-
cates 25 mr/hr with the reactor operating at a
power of 1 Mw, and the level of activity (as meas-
vred with a cutie pie) at the edge of the pool

10n loan from Lockheed Aircraft, Marietta, Ga.

surface is 80 mr/hr. At a power of about 400 kw,
approximately 1 min is required for a change in
power level of the reactor to be reflected in the
reading of the reactor safety monitron, thus indi-
cating the time required for the thermal stream to
reach the surface of the pool from the reactor.

The level of air-borne activity 40 ft from the
reactor is monitored by a recording instrument
using a G-M tube as the detector. This detector
measures the activity trapped on filter paper. At
high reactor powers it indicates a few thousand
counts per minute and, when the reactor is
scrammed, displays a half life of about 30 min for
the gross activity at this location.

Since the activity, as seen by this monitor, was
an appreciable fraction of the tolerance level, an
attempt was made to determine the origin of the
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activity, with a view toward its possible elimina-
tion.

In order to identify the sources of activity, an
examination was made of the gamma-ray energy
spectra and the time decay characteristics of the
gamma-ray activity. Figure 6.1 is a schematic
representation of the experiment. The sources of
the activity were collected from above the pool
water by the air flow through the assembly and
deposited on the trap in the shield. The trap was
viewed with a single-crystal scintillation spec-
trometer, and the resultant pulses were analyzed
on a 20-channel pulse-height analyzer. In addition,
the activity in the pool water pumped from 6 in.
above the reactor was measured with the hope that,
if the spectrum was the same as that observed from
the air, a more intense source would be available
for half-life measurements, The data presented
here were taken with a ]]/2- by ]'/Z-in. Nal(T})
crystal,

Alignment and stability checks on the analyzer
and its associated components were made in the
usual manner. Energy calibration was accom-
plished by using known sources in the energy
range to be investigated, and over-all linearity
checks were made by using these data, Operation
of the electronics from the preamplifier through the
analyzer was satisfactory with respect to linearity
and stability throughout the measurements. Over-
all drifts were encountered, however, that ap-
peared to be eliminated by taking care not to
expose the counter to intense sources during cali-
bration. A number of crystal-photomultiplier com-
binations were used. However, the resolution of
the system with a ]]/2- by 'I]/z-in. crystal was con-
sistently about 8%.

Half-life measurements were also made with the
20-channel analyzer, except for those activities
that were either shorter than a few minutes or
longer than a few hours. These extreme half lives
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were measured with a single-channel analyzer, a
count-rate meter, and a Brown recorder. When the
20-channel analyzer was used, it was adjusted so
that the peak under investigation appeared in
channel 10, thus allowing simultaneous observa-
tion of the adjacent spectra so that it could be
taken
Successive observations were corrected for the
effect of decay of adjacent spectra and plotted as
a function of time to obtain the half life,

into account in computing the half life.

Most of the measurements were made at a reactor
power of 350 kw. This power was the highest that
the reactor could consistently hold without jets,
although a few runs were made at 400 kw. From
the time the reactor reached operating power and
the vacuum pumps were started, the total count
rate was recorded on a strip-chart recorder until
apparent equilibrium between the rate of accumula-
tion and the rate of decay of the activity was
obtained. Data were not recorded until this equi-
librium had been reached, the process requiring
about 1 ]/2 hr.

There was some variation in the gamma-ray spec-
tra from one measurement to another. This may
have been due to the previous operating history of
the reactor, variation of impurities in the pool
water, etc. The spectra of the activity trapped on
the filter paper are shown in Figs. 6.2 and 6.3.
Measurements have been made of the half lives of
the five largest peaks, and they are shown in
Table 6.1. (The variations mentioned above were
considered in the results.) Other peaks, which
were not satisfactory for half-life measurements
but which were consistently observed when they
should have been resolved, appeared at 636 and
833 kev and at 1.26, 1.60, and 1,77 Mev.

These half-life measurements are suspect for at
least two reasons. First, they all fall into the
very narrow range of from 18 to 39 min, Although
this is in general agreement with the gross half
life as seen by the BSF monitor of the air-borne
activity, it may only represent the rate of escape
of the active material from the trap. The half lives
may be suspect also because of the poor statis-
tical accuracy of the measurements, particularly at
higher energies. The low count rates available in
the limited decay times and the very low peak-to-
total ratios account for this.

The spectra of the activity trapped on charcoal
are shown in Figs. 6.4 and 6.5. The half lives of

the prominent peaks are also listed in Table 6.1,
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Fig. 6.2 Gamma-Ray Spectra of Activity
Trapped on Filter Paper.

TABLE 6.1. HALF LIVES OF PROMINENT PEAKS
OBSERVED IN THE GAMMA-RAY SPECTRA OF
TRAPPED ACTIVITY

Energy Half Life

Activity Trapped on Filter Paper

206 kev 30 min

474 kev 28.5 min
1.03 Mev 18.5 min
1.44 Mev 31.2 min
2.19 Mev 37.8 min

Activity Trapped on Charcoal

207 kev 11 days
510 kev 13.3 hr
1.04 Mev 22.9 min
5.12 Mev 7.6 sec
5.62 Mev 7.6 sec
6.13 Mev 7.6 sec
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Fig. 6.3. Gamma-Ray Spectra of Activity

Trapped on Filter Paper.

along with the other consistently observed peaks
not suitable for half-life measurements.

The curve in Fig. 6.6 is the spectrum of the
activity in the pool water 6 in. above the reactor.
This measurement was taken while the water was
circulated around the spectrometer crystal after a
23-sec delay in transit. It was useful only in
confirming the presence of N1¢ also seen on the
charcoal,

An exhaustive comparison with published data?
has failed to result in any definite assignments
other than N6, which was obvious. The only
other case which warrants discussion here is Ci38,
Consistently, peaks are found at 2.19 and 1.6 Mev
on both the filter paper and the charcoal, The

2J. M. Hollander, I. Perlman, and G. T. Seaborg, Rev.
Mod. Phys. 25, 469 (1953).
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half life of the 2,19-Mev peak was measured as
38 min, The peak at 1.6 Mev was too small for a
half-life measurement. These data compare with
published values of 2,19 and 1.60 Mev and with a
half life of 37.29 min for CI38, This correction
suggests that from the chlorine in the pool water
the reaction CI37(n,y)C|38 took place. The chlo-
rine concentration in the water is <0.2 ppm,

Considering the strong bias against sources with
short half lives and considering the diminished
response of the spectrum at high energy, it is
obvious that N1¢ is by far the largest contributor
to the activity measured. The results do not indi-
cate that any fission products are escaping from
the fuel elements into the water but imply that
perhaps all the qir activity can be accounted for
by the activation of impurities and dissolved gases
in the water and by the activation of the water
itself.
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7. MEASUREMENTS OF THE THERMAL-NEUTRON FLUX FROM THE BSF THERMAL COLUMN

E. G. Silver

The thermal column at the BSF can be used for
a number of experiments which require thermal
neutrons. In order to determine the intensity of
the flux available and its uniformity across the
column, a number of foil measurements of the flux
have been made. The need for a facility such as
this one has been emphasized with recent measure-
ments at hole 57 of the ORNL Graphite Reactor
which were difficult to interpret because of the
uncertainty of the spectra and the lack of geo-
metrical uniformity of the neutron beam.

The thermal column consists of a stack of
graphite which is positioned in the pool so that
the reactor may be brought into close proximity
to one face of the column (Fig. 7.1). A 10-in.-

thick lead shield between the graphite and the
reactor face serves to attenuate the gamma-ray
flux from the reactor, thus diminishing the gamma-
ray heating of the graphite with its attendant
dimensional instability problems.  The entire
graphite block is encased in a water-proof steel
tank which is lined with Tybor! to absorb neutrons
and prevent activation of the steel. The radiation
port consists of a 9- by 9-in. square hole which
extends from the top of the graphite down to 2 in.
below the horizontal center line of the reactor;
it is covered at the top by a 5/]6-in.-'rhick aluminum

]Tybor is a plastic heavily loaded with B4C.

39



APPLIED NUCLEAR PHYSICS PROGRESS REPORT

| "—ALUM\NUM ROD

|~ STAINLESS STEEL
‘ WIRE ROPE

HOLE 1N GRAPHITE

{9x%in)

UNCLASSIFIED
2-01-058-0-97

15-in.~LONG LUCITE
FOIL HOLDER

ALUMINUM
COVER PLATE

LUCITE DISK

ANGULAR POSITION
INDEXES

STEEL TANK

POSITION OF
REACTOR WHEN
IN PLACE

BARYTES BLOCK

Fig. 7.1. Schematic Diagram of BSF Thermal Column.

disk. The water level of the reactor pool is
123 ft above the top of the tank.

T‘Le measurements were made with gold foils,
1 cm square and 5 mils thick, which were counted
on continvous-flow beta proportional counters.
(The counters were calibrated by means of an
identical foil exposed in the ORNL Standard Pile.)
The foils were positioned to within 0,02 in. of
the radiation port cover, They could be positioned
both in angle and radius, all foils in any one
exposure being along one diameter of the aluminum
disk. The spacing between foils was always
maintained sufficiently large to prevent pertur-
bations due to adjacent foils. In order to make
the results of the several runs comparable, one
foil, called the monitor, was always included at

40

the center of the foil holder, and all foils were
normalized to this center foil.

The comparative results, that is to say, the
results normalized to unity ot the monitor position,
were self-consistent within statistical deviations,
For example, the standard deviation of six measure-
ments 1 in. from the center was 0.72%. The valuve
for the absolute flux magnitude was not as certain,
yielding a standard deviation of 3.6% from eight
measurements, This may be ascribed, in part, to
the fact that the temperature in the pool varied
as much as 30°C during the measurements,

The location and magnitude of the measured
fluxes with relation to the hole in the column are
shown in Fig. 7.2. Figure 7.3 shows the normal-
ized flux along one diameter. Figure 7.4 gives
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the results of a survey of fluxes at various levels
above the cover plate in the water. The value of
the flux at the center point was (7.13 + 0.26) x 108
neutrons.cm~2.sec~! at a reactor power of 100 kw.
The corresponding epicadmium flux was measured
to be (4.84 * 1.22) x 10% neutrons.cm=2.sec—1,
(The poor statistics for the epicadmium flux are
due to the fact that the counting rate was only
about half the background rate.) The cadmium
ratio was therefore approximately >1500 for the
gold foils used.

It may be concluded that an area of 47 in.? is
available above the thermal column in which the
flux is uniform to within +3%, The exact relation
of the absolute value of the flux level at a given
reactor power to water femperature remains fo be

2

investigated.
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8. CALCULATION OF THE EFFECT ON REACTIVITY WHEN HEAVY WATER
IS ADDED TO A LIGHT-WATER-MODERATED REACTOR

E. G. Silver

A calculation of the effect on reactivity when
D20 in various proportions is added to the moder-
ator of H,O-moderated reactors has been made. In
the calculation it was assumed that the reflector
properties are unchanged by enriching the moder-
ator. {*“Enrichment'’ in this report refers to the
fraction of D,O in the moderator. The fuel en-
richment is not involved.) This assumption is
deemed applicable for safety considerations, even
in the case of swimming-pool-type reactors, since
only short-time effects (that is, the effects before
any D,O introduced into the core could diffuse
throughout the bulk of the surrounding water) are
of interest. In any case, the amount of D_O which
could be diffused uniformly throughout the entire
pool would be too low to be of interest. It was
also assumed that the D,0 is uniformly distributed
in the core, which is considered to be homo-
geneous throughout.

v2/ep

where L is the diffusion length (cm) in the core
and %°°'® s the macroscopic total absorption
cross section of the core;

T T
Al "mix

<VA|V Tmix T Vmixﬁ;)z

where 7 is the Fermi age in the core (cm?), Tal
is the Fermi age in pure aluminum, T . is the
Fermi age in the H O + D,O mixture, and Vi
is the volume fraction of the H,O + DO mixture
in the core. This equation, which was also used
to calculate T ik from TH20 and To o
on the fact that \/ 7 varies as the mean free path.
Experimental evidence on the age in aluminum-
water mixtures? agrees well with this equation
and therefore lends support to its use.

The equation3 for &, the multiplication constant,
is

is based

vEfep

k = =
core [1 + (L2 + T)Bz] [2

a

The parameters used in the calculations were
determined from the following expressions:

D

fuel Al

’

+ 3+ E:ix] [1 + (L2 + T)B?

D D

0"D,0" Al

2 2

D =
core
|4 D D
H20 D20 Al

where V, is the volume fraction of constituent i,
and D; is the diffusion coefficient of constituent
i in the core;!

core

L?2 =

core

1D is the volume fraction weighted average of the
diffusion coefficients of the components.

+ V
D,0

D D D

D,0

+ V,.D
H, 07 Al AI”H,07D,

where v is the number of neutrons released per
fission, X, is the fission cross section, € is the
fast-fission coefficient, and p is the resonance
escape probability. Thus, for the case in which
the reflector remains unchanged but the moderator

2L, D. Roberts, J. E. Hill, and T. E. Fitch, J. Appl.
Phys. 26, 1018 (1955).

35. Glasstone and M. C. Edlund, Elements of Nuclear
Reactor Theory, Yan Nostrand, New York, 1952,
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is enriched, the ratio of kH20+Dzo to kHzo is
fuel Al 2”20
2 2]
ky 0+D,0 .t 5, [1 + (L% + 7T)B H, O -
kH 0 B fuel Al mix
2 l 2 21
2, o+, 4+ 2 1+ (L5 +7)B H,0+D,0

where B2 is the buckling and the subscripts
(H,0 + D,0) and H,O describe the composition
of the moderator.

The values of the absorption cross sections and
diffusion coefficients used in this calculation
were as follows:

the fraction of moderator. For each of the nine
parameter pairs, four values of B2 (0.01, 0.007,
0.004, ond 0.001) were considered, and a curve
for each is plotted in the figures.

H,0
2
2 = 0.01915cm™! Dy, = 0-160 em 2201 osa-0o73
1.2 \ *j
D,0O 82=0001 .
2
S 7 = 0.000074 cm™! D . = 0.80 cm >
a 020 14
82=0004
At / -
= = 0.0120 cm™! Dyy = 3.97 cm ;ﬁ :
1.0 ~J

B%=0.007 ]
These absorption cross sections are averages over
a Maxwellian distribution ot 30°C.

The results of the calculations, in terms of

k

(H20+DZO)/kH20 as a function of the volume
fraction of D,O in the moderator, are presented
in Figs. 8.1 fﬁrough 8.9 for all nine combinations

of the following parameters:

Mw=10
sFUEL =003
o

Kngo+ Dzo)/’(ﬁzo
o (]
o] w
Lov)
n_ |
n
o
2

o7

fuel

pY = 0.03, 0.052, and 0.07 cm=" ,

a 06

M
— = 0.5,0.733,and 1.0 ,
W Fig. 8.1. Ratio of the Reactivity of an H,0-

D,0-Moderated Reactor to the Reactivity of an
where M/W refers to the fraction of metal (aluminum H,0-Moderated Reactor as a Function of the Vol-
and uranium) in the total core volume divided by  ume Fraction of D,0 in the Moderator.
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9. COMPARISON OF CALCULATED CRITICAL MASS OF THE BSR WITH EXPERIMENT

E. G. Silver

The critical masses of three swimming-pool-type
reactors have been computed and compared with
corresponding experimental critical masses for the
specified loadings in the BSR. Two reactor codes
were employed in the calculations: the UNIVAC
Eyewash 30-group code using three concentric
spherical regions (control rod, fuel, and reflector);
end the Oracle three-group, three-region (3G3R)
The latter was used both as a two-region
and as a three-region problem for a cylindrical or
spherical reactor. A discussion of the experiments,
the calculations, and the correlated results are
given below.

code.

Critical Experiments'

Critical experiments were performed with three
water-reflected reactor loadings in as ¢lean a geom-

etry as possible. In each case only one control
rod, located at or near the center of the loading,
The required safety characteristics
were supplied by two cadmium curtains which were
suspended, guillotine fashion, on opposite sides
of the reactor above the core-reflector interface by
means of a control-rod-type electromagnet. These
curtains were connected to the safety system of
the reactor so that any of the usual scram signals
would drop them between the core and the reflector.

The three configurations used in the experiment
included (1) a 3 by 9 element array, {(2) a 5 by 5
element array that contained four partial elements

(Fig. 9.1), and (3) a 6 by 4 element array (Fig. 9.1)

was used.

Mhese experiments were performed by K. M, Henry,
E. B. Johnson, and J. Kington.
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Fig. 9.1. Experimental Critical Reactor Loadings Used for Calculations.
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that contained one partial element. The grid was
loaded so that criticality was achieved with the
control rod fully withdrawn, in order to eliminate
any vertical variation in the poison concentration.
Each partial element used in the 5 by 5 and the
6 by 4 element loadings had the full complement
of plates, so that its metal-to-water ratio was
equal to that of the other elements. The control-
rod element has 13/32-in. control-rod guide plates
so that, with the rod fully withdrawn, the metal-
to-water ratio in this element is equal to this ratio
in the other elements. With this arrangement the
critical assembly had o uniform metal-to-water
ratio. All elements used in the experiments were
cold elements; that is, they had not been previously
operated at powers high enough for them to be
contaminated with fission products.

The 3 by 9 loading did not go critical, even with
a complete set of full fuel elements. However, the
extrapolation of the reciprocal count rate as a
function of mass (Fig. 9.2) gave a predicted critical
mass.
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Fig. 9.2. Experimental Subcritical Multiplica-
tion Curve for the 3 by 9 Element BSR Loading.
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The full fuel elements and the control-rod element
used in these configurations were elements con-
structed for the University of Michigan Reactor.
During the tests the worth (in % Ak/k) of each
element compared with the worth of a full BSR

element (No. 90) was determined. The results are
listed in Table 9.1.

TABLE 9.1. MEASURED REACTIVITY WORTH OF
THE UNIVERSITY OF MICHIGAN REACTOR

FUEL ELEMENTS

Reactivity Worth

Difference in

Element Worth from
No. % Ak/k (Michigan) Average of Entire
% Ak/k (BSR Na. 90)* Set (% Ak/k)
1 —0.143 +0.0021
2 -0.142 +0.0011
3 —0.153 +0.0121
4 —0.145 +0.0041
5 -0.153 +0.0121
6 —0.150 +0.0091
7 ~0.137 —-0.0039
8 -0.129 ~0.0119
9 ~0.137 ~0.0039
10 —0.154 +0.0131
1 -0.135 ~0.0059
12 ~0.124 -0.0169
13 -0.137 -0.0039
14 -0.131 ~-0.0099
15 -0. 147 +0.0061
16 -0.137 —0.0039
17 -0.137 -0.0039
18 -0.145 +0.0041
19 ~-0.142 +0.00 11

*BSR element No. 90 is a ‘*hot’" element; it had the
lowest worth of the BSR elements tested and had a nom-
inal fuel contentof 139, 149 g of U235, adjusted for burnup.

Critical-Mass Calculations

Since the codes availabie for reactor calculations
are largely one-dimensional and are most suitably
applied to a sphere or cylinder, it was necessary
to convert the parallelepiped geometry of the actual
loadings to equivalent spheres or cylinders. In
order to do this the bucklings B with reflector



savings 8 were assumed to be equal? in the two
geometries. That is to say, the reflector savings
were added to the dimensions of the parallelepiped,
and the geometric buckling of this figure was set
equal to that of the sphere or cylinder with the
same reflector savings. For example, the radius R
of a sphere equivalent to a parallelepiped with
dimensions @, b, and ¢ is determined as follows:

7
R =—~28,
B
where
\/ m 2 7 2 7 2
B = + + ,
a+ 28 b+ 25 c+ 28
D
C
§=—1L_,
D r
r
D_= thermal diffusion coefficient in the core,
, = thermal diffusion coefficient in the reflec-
tor,
L = thermal diffusion length in the reflector.

r
In the same fashion an equivalent cylinder may
be found. These configurations are equivalent to
the actual reactor, in that the fuel concentration
and cross sections are the same for the same
multiplication constant, k.

A further geometrical consideration involved the
control-rod well, which was treated in three ways.
For some calculations, it was ignored; that is,
only two regions (fuel and reflector) were included
In this case the fuel was
In a

in the calculation.
homogenized over the entire core region.
second method the control-rod well was treated as
a separate region, the size of which was obtained
in a simple approximation by assuming it to have
the same volume fraction in the sphere or cylinder
as it has in the paralielepiped. This assumption
is referred to as the ‘‘direct control-rod volume
ratio”’ assumption. A third method® was used in
which the volume fraction was adjusted to account

for the fact that the peak-to-average flux ratio in

2The procedure used was that developed by F. C.
Prohammer, A Comparison of One-Dimensional Critical
Mass Computations with Experiments for Completely
Reflected Reactors, ORNL.2007 (Mar. 16, 1956); see
also Chap. 15 in this report. \\

3Suggested by A. Simon. i
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a sphere or cylinder is different from that in a
parallelepiped. The adjustment was therefore made
by multiplying the volume fraction of the control
rod in the parallelepiped by the ratio of the peak-
to-average flux in the core or cylinder to that in
the parallelepiped when the two configurations are

homogeneous. For the parallelepiped-to-sphere
transformation,
Veris) ]'2]59VCR(P)
VS VP

while for the parallelepiped-to-cylinder transfor-
mation,

1% 1.0778v

CR(C) CR(P)

’

Ve Ve

where V is the volume, and the subscripts §, C, P,
and CR refer, respectively, to the sphere, cylinder,
parallelepiped, and control-rod well in the indicated

When this assumption is used it is re-
[ 1

geometry.
ferred to as the
assumption.
One of the reactor codes used was the UNIVAC
30-group Eyewash code, using three concentric
spherical regions.
ratio assumption was used for all the calculations
with this code.
other parameters are incorporated in the code, and
did not, therefore, have to be submitted separately.
The code utilizes Selengut-Goertzel slowing-down
in the hydrogenous moderator and reflector.® This
method is an improvement over the age-diffusion

adjusted control-rod volume ratic

The direct control-rod volume

The nuclear cross sections and

slowing-down in these materials, where age-diffusion
is inapplicable owing to the large fractional energy
loss which a neutron may suffer in a single col-
lision with a proton. This large energy loss is
inconsistent with continuous slowing-down, which
is assumed in age-diffusion theory. The Selengut-
Goertzel method employs the correct energy-loss
probabilities
not the correct angular distribution for these col-

in neutron-proton coilision, though

lisions.

The second reactor code used in the calculations
was the Oracle 3G3R code. This is aone-dimensional
code which can be used to calculate the critical

4G.  Goertzel, Criticality of Hydrogen Moderated
Reactors, TAB-53 (July 25, 1950); D. Selengut, private
communication to G. Goertzel.
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masses of reactors in spherical, cylindrical, or
slab geometry with up to three energy groups and
regions. »

It was with this 3G3R code, used as a two-group
code, that investigations of the effects of various
assumptions were made. (The code has the advan-
tages of flexibility as to geometry and requires

D/ = fast-group diffusion coefficient in the
r
reflector,
M_ = migration length in the reflector.

r

In the second method the axial bucklings for the
fast and slow groups were calculated separately

! as follows:
only about 2 min computing time per case.) The
effect of calculating the parallelepiped as a two- - m
or three-region cylinder or sphere was determined. tast b + 28/ !
For the three-region calculations both the direct
and the adjusted control-rod volume ratio assump- where
tions were used. !n the cylindrical geometry, one- 8/ = (Df /D/ )L/ ,
. . . . . [ r r
dimensional radial calculations were made in L/ = diffusion length for the fast group in the
which the noninfinite axial length of the core is * reflector
taken into account in the form of a buckling in the 5
axial direction for both fast and slow groups. This = \/ Dfr/ X!
buckling must take into consideration the heighf S = fast-transfer cross section in the reflector;
of the core and the effect of the reflector capping *¢
the ends of the cylinder. Two methods for this
were tested. In the first method the axial buckling B - "
for the fast and slow groups was assumed to be slow h + 25 '
equal and was calculated as follows:
where
m
b+ 2 b = (05 /s )Lsr'
D_,D_ = slow-group diffusion coefficients in
where S¢St
the core and reflector
b = height of reactor, ) !
L = slow-diffusion length in the reflector.
5= (D, /D, M, s, ° g
c
D/C = fast-group diffusion coefficient in the The dimensions of the various reactors used in
core, the calculation are listed in Table 9.2, They were
TABLE 9.2. REACTOR DIMENSIONS USED IN CRITICAL-MASS CALCULATIONS
Control-Rod Well Equivalent Radius (cm)
Core - - Core Radius H20 Reflector Cylinder Height
Configuration Direct Volume Adjusted Volume {cm) Thickness (cm) (cm)
Fraction Fraction
Cylindrical Reactor
5x5 3.35 3.48 21.75 20 61.28
6 X 4 3.28 3.41 20.87 20 61.28
Spherical Reactor
I x 9 6.48 23.14 20
5 x5 7.58 8.09 26.36 20
6 x 4 7.52 8.02 25.79 20
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obtained by applying the Prohammer method? to the
experimental core dimensions shown in Fig. 9.1.

The nuclear parameters used in calculations with
the 3G3R code were as foliows:

Ea ,.Ea = macroscopic absorption cross sec-

! ° tions, fast and slow, in eachregion,

D/, D, = diffusion coefficients, fast and
slow, in each region,
7 = Fermi age to thermal,

Ex , EX = macroscopic transfer cross sec-

! ° tions, fast and slow, in each

region,
VE//’ VE/S = neutrons per fission times the mac-

roscopic fission cross section,

both fast and slow, in each region.

The slow-group absorption cross sections were
obtained from data in BNL-325,% adjusted to
average over a Maxwellian distribution at a tempera-
ture cotresponding to 2200 m/sec and multiplied
by 1/1.017 to convert them to a temperature of
30°C, which was assumed to be the pool tempera-
ture when the critical experiments were performed.
The U235 cross sections were further adjusted for
non-1/u behavior, according to the curve in BNL-
325. The values of these cross sections were cal-
culated under the assumption that the volume frac-
tions of aluminum and water in both the core and
the control-rod well were: aluminum, 0.4229; H,0,
0.5771. The reflector was assumed to be pure
water.

The fast-group absorption cross sections were
set equal to zero; that is, it was assumed that all
the fast-group neutrons were removed either by
leakage or by throwing the neutron into the slow
group. This assumption essentially neglects res-
onance absorption, and thus would tend to give
too large a multiplication constant. However, the
fast-group fission cross sections are also set
equal to zero, so that this combination of assump-
tions corresponds to the assumption that €p = 1.0,
where € is the fast-fission factor and p is the
resonance escape probability. The assumption that

5D. J. Hughes and J. A. Harvey, Neutron Cross
Sections, BNL-325 (July 1, 1955).
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€p = 1 is found to be very nearly true for highly
thermal reactors such as these.

The diffusion coefficients were calculated on
the assumption that the fuel does not affect them.
The slow, or thermal, diffusion coefficient in the
core was obtained from 1D0-16127,% where it is
calculated by the following equation:

1
S3x3,

tr

D

where 22. is the transport cross section of the ith
te
component of the core, and the contributions from

the i components are summed (21.). The slow-

diffusion coefficient for the reflector which was

pure water, was taken to be

1
D = 016025ecm = ———— .
Sy 3 x 2.08

The quantity 2H20 = 2,08 em~! for H,O was
tr

calculated from experiments and was quoted In

IDO-16127.

The fast-diffusion coefficients, calculated from
D(E) values weighted by the spectrum given in
WAPD-45,7 are taken from 1D0-16133.%8 The Fermi
ages to thermal are quoted in IDO-16083° and are
taken from curves presented in MonP-219, ' which
give the effect of the aluminum-to-water ratic on
the age.
are given by Ex = D//,r. The slow-group transfer
cross sections are zero.

A summary of the nuclear parameters used in the
calculations is presented in Table 9.3.

The fast-group transfer cross sections

6H. L. McMurry, Nuclear Constants for the MTR as a
Function of Fuel Content, Poison Content, and AI/HZO
Ratio, 1D0-16127 (Oct. 23, 1953).

7E. C. Brooks and H. L. Glick, WAPD-45 (Nov. 1951)
(Secret).

8y, w. Webster, Reactivity Effect of Reducing the

Al/HZO Ratio in the MTR Core, |D0-16133 (Oct. 26»\’\‘

1952).

o, L. McMurry, Calculated Reactivity Changes Due
to Reductions of Aluminum in the MTR Core, 1D0-16083
(Mar. 16, 1953).

10N, M. Dismuke and M. R. Arnette, Age to Thermal

Energy (.025 e.v.) of Fission Neutrons in HZO-AI
Mixture, MonP-219 (Dec. 5, 1946).
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TABLE 9.3.

NUCLEAR PARAMETERS USED IN CRITICAL-MASS CALCULATIONS WITH 3G3R CODE

Absorption Cross Section (cm_‘) Diffusion Coefficient (cm) Fermi Transfer Cross Section (em™ ])

Region Fast, Thermal, 2 Fast, D Thermal, D Age, Fast, & Thermal,
a a L s x x
f s L f s
Control-rod well 0.0 0.01619 1.31 0.269 64.0 0.02062 0.0
Core 0.0 0.01619 + 225 1.31 0.269 64.0 0.02062 0.0
s
Reflector 0.0 0.01916 1.19 0.160 32.8 0.0363 0.0

Results and Discussion

The caleulated critical masses are listed in
Table 9.4, together with the resulting prediction
of the amount of fuel necessary for criticality for
each model. The experimental critical masses
are also listed for comparison. In comparing the
calculations with the experiments, the differences
between the assumptions and the experimental
case must be considered. For instance, the tem-
perature of the water in the pool when the experi-
ments were carried out was 20°C, not 30°C as was
assumed in the calculations. Accordingly, the
critical mass was corrected to what it would have
been had the temperature been 10°C higher. The
measured temperature coefficient of the BSR in
this temperature range is 5 x 10~%/°C, and this
figure, together with the plots of the mass as a
function of k (the multiplication constant), yields
a correction of =8 g. This is small enough so that
a high degree of accuracy in the temperature coef-
ficient, or Ak/mass value, is not necessary.

Another correction is necessitated by the pres-
ence of partial fuel elements in the core. In the
case of the 5 by 5 loading there was a total of
about 160 g less fuel in the core than there would
have been if the core had consisted of full elements
throughout. In the case of the 6 by 4 loading, the
effective difference was only 26 g. The latter
number was determined by tests in which a full
element was located in the reactor lattice position
previously occupied by the partial element. The
loading was supercritical with a slow positive
period that indicated an excess reactivity of about
0.25%. With a 109-g element (31 g less than the
full element) substituted in the same position, the
reactor was not quite critical, with a deficiency
judged, from its period, to be 0.05%. Therefore,
the critical mass was determined to be 114 g in
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this location, making a 26-g defect in this element
at criticality.

In order to assess the effect of these fuel
inhomogeneities it is necessary to find the relative
effectiveness of the ‘‘missing’’ fuel as compared
with the average fuel effectiveness.
reactor small perturbations in the fuel density
would be weighted by the square of the flux, and,
while this is not strictly true in a reflected reactor,
the square of the flux was used as the weighting
function, since the adjoint fluxes are not available.
Thus, the best calculated values for the thermal-
flux shape were used to obtain the flux-squared
weighted effectiveness, which was computed to
be 1.4 times the average at the location of the
partial elements. The resulting corrections were
~64 + 15 g for the 5 by 5 element configuration
and ~-10 + 3 g for the 6 by 4 element configuration.

In a bare

Inspection of the calculated and experimental
critical masses in Table 9.4 shows that, in general,
the agreement is quite good. The calculations for
cylindrical reactors would be expected to be better
than those for spherical reactors from the point of
view that a less extreme geometrical transformation
was involved; however, for cylindrical reactors
there is the uncertainty as to the best method of
caleculating the buckling. It appears that the
diffusion-length method is actually the best method.
The best model would also include three regions
rather than two. In addition, the adjusted rather
than the direct control-rod well volume ratio should
be best. As can be seen in Table 9.4, the calcu-
lations using this cylindrical model yield masses
that are correct to within 0,5% for one configuration
and 1.2% for the other.

It is evident that the spherical model tends to
give results that are too high by about 5 to 7%
and that the two-region assumption gives results



that are too low by about 4 to 6%. The calculations
for the two-region sphere thus show fair agreement
with experiment (better than 2%) due to the partial
cancellation of these two errors. The results of
the calculations for the three-region sphere, having
only the *‘geometry’’ error, are too high.

The two-region cylinder calculations show too
low a result with the diffusion-length assumption,
but too high a result with the migration-length
assumption. In accordance with the ideas de-
veloped above, the conclusion is that the diffusion-
length assumption is the preferred one, since a
two-region calculation should give too low a result,
as was observed in the case of the sphere. The
high result for the two-region cylinders with the
migration-length assumption is then due to the
poorer agreement of this assumption with the
physical reality. That is to say, it is concluded
that equating the buckling for the fast and slow
groups leads to an error of the order of about
+4 to 5%. The effect of the adjustment of the
control-rod well volume is seen to be small, of
the order of 0.3 to 0.4%, and the other uncertainties
in the comparison preclude a definite decision as
to which is better. The conclusion, however, is
clear: the calculation with the best assumptions
was capable of results that were within about 1%
of the correct critical mass and within about 0.4%
of the reactivity, which is surprisingly good.

The calculations utilizing the UNIVAC Eyewash
code are all for spherical, three-region reactors,
with the controi-rod well volume having the same
volume fraction as the actual reactors. These
calculations are therefore exactly the same, as
far as the geometry is concerned, as the similar

3G3R work.

The Eyewash results for the 3 by 9 element
configuration fall well within the predicted mass
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from the critical experiment extrapolation and
therefore are correct to within the accuracy that
this experiment permits. The Eyewash results
for the 5 by 5 and the 4 by 6 element loadings are
somewhat closer to the experimental results than
are the 3G3R results for the identical geometry.
This is to be expected from the improved nuclear
sophistication inherent in a 30-group calculation.
What is surprising, and not readily explained, is
that this calculation did not correctly predict the
sign of the difference between the 5 by 5 and the
6 by 4 configurations. All the 3G3R results cor-
rectly indicate that the 6 by 4 reactor requires
somewhat more fuel than the 5 by 5.
the difference is smail, and it may be concluded
that with Eyewash a rather good calculation of
critical mass may be made, even in spherical
geometry.

However,

It is of interest that the Eyewash output can
include detailed information about all the 30 energy-
group fluxes, at 60 space points each. From this
information, informative plots of the flux as a
function of energy at any location, or the fluxes
at several energies, can be constructed. These
may be useful in predicting the leakages and energy
distributions into a reactor shield. Examples of
this type of information are given in Figs. 9.3

and 9.4,

The radicl flux distribution in the cylindrical
representation of the 5 by 5 configuration, as
calculated by the 3G3R two- and three-region
methods, is shown in Fig. 9.5 for the slow group.
The corresponding information for the fast group
is shown in Fig. 9.6. It is interesting to observe
that the differences in the flux shapes are quite
large, and it is perhaps surprising that the difference
in reactivity calculated in the two cases is no
larger than it is. The small difference is probably
due to the fact that the largest perturbation occurs
in a comparatively small region of the core.
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TABLE 9.4. CALCULATED AND EXPERIMENTAL CRITICAL MASSES OF THE BSR

Calculations

Experimental

Per Cent Difference

Reactor Assumed Critical Critical Between Calculated
Configuration Reactor Reactor Model Mass Reactivity Mass Mass and Experimental
Code (kg) (kg) tkg) Critical Masses
3 X9 Eyewash Three-region sphere; direct control-rod volume ratio 4.68% (4.6—4.9)b
5x5 Eyewash Three-region sphere; direct control-rod volume ratio 3.27 3.246
(3.226)°
3G3R Three-region sphere
Direct control-rod volume ratio 3.40 1.001 3.38 +6.1
3.10 0.976
2.70 0.936
Adjusted control-rod volume ratio 3.38 0.995 3.44 +7.9
3.08 0.970
2.69 0.930
Two-region sphere 3.30 1.012 3.16 -0.8
3.00 0.985
2.60 0.943
Three-region cylinder
Direct control-rod volume ratio
Equal fast- and slow-grow bucklings; migration- 3.40 1.012 3.25 +1.9
length assumption 3.10 0.987
2.70 0.947
Different fast- and slow-group bucklings; diffusion- 3. '|6d -0.8
length assumption
Adjusted control-rod volume ratio
E qual fast- and slow-group bucklings; migration- 3.39 1.011
length assumption 3.09 0.985 3.26 +2.2
2.69 0.945
Different fast- and slow-group bucklings; diffusion- 3. '|7d ~0.5
length assumption
Two-region cylinder
Equal fast and slow group bucklings; migration- 3.30 1.013 3.16 -0.9
length assumption 3.00 0.985
2.60 0.944
Different fast- and slow-group bucklings; diffusion- 3.30 1.019 3.08 -3.5
length assumption 3.00 0.993
2.60 0.950

140dIY SSJAO0Yd SIISAHL IVITIONN 431T7ddV
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4 x 6 Eyewash Three-region sphere; direct control-rod volume ratio 3.26 3.242 +0.6

(3.236)°
3G3R Three-region sphere
Direct control-rod volume ratio 3.40 1.012 3.42 +5.5
3.10 0.987
2.70 0.947
Adjusted control-rod volume ratio 3.39 0.993 3.48 +7.4
3.09 0.968
2.69 0.929
Two-region sphere 3.30 1.010 3.18 =17
3.00
2.60 0.943
Three-region cylinder
Direct control-rod volume ratio
Equal fast- and slow-group bucklings; migration- 3.40 1.004 3.35 +3.2
length assumption 3.10 0.980
2.70 0.941
Different fast- and slow-group bucklings; diffusion- 3.26d +0.8
length assumption
Adjusted control-rod volume ratio
Equal fast- and slow-group bucklings; migration- 3.39 1.003 3.36 +3.6°
length assumption 3.09 0.978
2.69 0.939
Different fast and slow-group bucklings; diffusion- 3.28d +1.2
length assumption
Two-region cylinder
Equal fast- and slow-group bucklings; migration- 3.30 1.006 3.23 ~0.4
length assumption 3.00 0.980
2.60 0.939
Different fast- and slow-group bucklings; diffusion- 3.30 1.012 3.15 —~-2.7
length assumption 3.00 0.986
2.60 0.945

%Calculated result falls within range predicted by experiment.
bDid not go critical; subcritical multiplication extrapolation gave 4.6 to 4.9 kg.
Value when adjusted for homogeneous fuel density.

dThese values are obtained by assuming that the control-rod well volume effect and axial buckling effects are independent of each other and that the ratio
of masses calculated with the two buckling assumptions in the two-region cylinder is the same as in the three-region cylinder. This is especially true,
since the ratios are very close tounity. Setting differences rather than ratios equal gave virtually identical results again because the differences are small.
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10. CRITICAL EXPERIMENTS WITH AQUEOUS SOLUTIONS OF U235

J. K. Fox

A number of experiments have been performed
to determine the critical conditions for vessels
containing highly enriched (~90%) uranium in
water solutions of UO,F,. They include experi-
ments with single cylindrical containers of stain-
fless steel and aluminum and experiments with
interacting arrays of aluminum cylinders, In
addition, the effect of some neutron reflector
materials on the critical parameters of cylindrical
reactors has been studied,

CRITICAL PARAMETERS OF ENRICHED u235
SOLUTIONS IN VESSELS OF SIMPLE GEOMETRY

A study of the conditions under which enriched
U235 solutions contained in aluminum ond stain-
less steel cylinders become critical was initiated
several years ago.! This work has been extended
so that data are now available for aluminum cylin-
ders with diameters up to 30 in. Experiments
have been performed with unreflected cylinders
and with cylinders that were either partiaily or
totally water-reflected, The total water reflector
was effectively infinite. The critical parameters
for solutions in a few stainless steel cylinders
and in aluminum containers that were rectangular
in cross section have also been determined. The
results of all the experiments, as well as the
critical parameters of a 9-in.-dia sphere, are
presented in Table 10.1.

A plot of the critical height as a function of the
reactor diameter for water-reflected aluminum
cylinders containing solutions with an H:U?23%
ratio of 27.1 is shown in Fig. 10.1. The corre-
sponding curve for unreflected cylinders containing
solutions with an H:U233% atomic ratio of 44.3 is
also shown,

The variation of the critical mass with the
diameter of unreflected cylinders containing
solutions with H:U235 atomic ratios of 27.1, 44.3,
and 73.5 is shown in Fig. 10.2. Actually, the
H:U235 ratio of 73.5 is an average of 72.3, 73.4,
and 74.6, whereas the data were plotted directly
from the table without averaging. It was found
that an unreflected aluminum cylinder 8.76 in. in
diameter had a critical solution height of 218.5 cm,

le. K. Beck et al., K-343(April 19, 1949) (Classified).

L. W. Gilley

which is a height:diameter ratio of 9.8, at near
optimum concentration. This indicates that for
these conditions 8.76 in, is very near the diameter
of an infinitely high critical cylinder, Also (see
Table 10.1), for the 8.5-in.-dia stainiess steel
cylinder, extrapolation of the M~! curve indicates
that the cylinder would not be critical at infinite
height, when unreflected, while the 9.0-in.-dia
stainless steel cylinder was critical at a height of
59.0 cm and at a less optimum solution concen-
tration. Hence, the diameter of the just-critical,
unreflected, infinitely high stainless steel cylin-
ders is between 8.5 and 9.0 in, It is probably
less than 8.76 in., since this is very near the
diameter for the just-critical, unreflected, infinitely
high aluminum cylinders,

These investigations will be reported in more
detail in a forthcoming report.?

2§, K. Fox and L. W, Gilley, Preliminary Data from
Critical Experiments with Aqueous Solutions, Part I,
ORNL CF-55¢12+6 (to be published).
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TABLE 10.1. CRITICAL PARAMETERS OF AQUEOUS SOLUTIONS OF ENRICHED URANIUM

Fissionable material: highly enriched aqueous solutions of Uo,F,

Reactor container material: (1) 1/]6-in.-1hick 2S aluminum coated with Heresite

(2) l/lé-in.-fhick stainless steel

Solution Concentration Critical Values
Solution Container and Size H:U235 g of U235 Height Volume Mass
Atomic Ratio per cc (cm) (liters) (kg of U235)

Totally Water«Reflected

Aluminum
6+in.~dia cylinder 27.1 0.8288 90.0 16.38 13.58
6.5in.~dia cylinder 44.3 0.5376 39.4 8.43 4.53
10-in.~dia cylinder 27.1 0.8288 13.13 6.67 5.53
15-in.~dia cylinder 27.1 0.8288 8.41 9.60 7.96
30~in.~dia cylinder 27.1 0.8288 5.72 26.08 21.6
44.3 0.5376 5.46 24.9 13.39
72.4 0.3423 6.20 28.27 9.68
20 X 20 in. square in cross 27.1 0.8288 6.99 18.03 14.94
section 44.3 0.5376 4,95 12.77 6.87
72.4 0.3423 6.88 17.75 6.08
9-in,~dia sphere 47.3 0.5061 6.32° 3.20
Stainless steel
6+in.~dia cylinder 44,3 0.5376 118.4 21.55 11.59
74.6 0.3314 oc?

Partially Water-Reflected®

Aluminum

6=in.~dia cylinder 44.3 0.5376 76.2 13.87 7.46
7.5-in.~dia cylinder 44.3 0.5376 26.4 7.54 4.05
8-in,~dia cylinder 44.3 0.5376 24.3 7.89 4.24
72.4 0.3423 24,0 7.79 2.66
10-in.~dia cylinder 72.4 0.3423 17.4 8.81 3.02
73.4 0.3370 17.5 8.90 3.00
15-in,~dia cylinder 74.6 0.3314 12.7 14.44 4.79
20-in.-dia cylinder 72.4 0.3423 11.3 22.86 7.83
30-in.~dia cylinder 72.4 0.3423 9.9 44.96 15.39
30 X 60 in. in cross section? 57.0 0.4240 8.9 103.2 43.7

No Reflector

Aluminum
8.76+in.sdia cylinder 44.3 0.5376 218.5 84.8 45.6
9.5-in.,~dia cylinder 44.3 0.5376 44.2 20.26 10.89
10-in.~dia cylinder 27.1 0.8288 38.5 19.56 16.21
44.3 0.5376 34.7 17.63 9.49
73.4 0.3370 33.3 16.89 5.70
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TABLE 10.1. (continued)

Solution Concentration

Critical Values

Solution Container and Size H:u235

g of u23s Height Volume Mass
Atomic Ratio per cc (cm) (liters) (kg of U235)
No Reflector
Aluminum
12«in,~dia cylinder 44.3 0.5376 22.8 16.60 8.92
15-in.~dia cylinder 27.1 0.8288 18.1 20.70 17.16
44.3 0.5376 17.5 20,00 10.80
74.6 0.3314 16.4 18.75 6.21
20-in.~dia cylinder 27.1 0.8288 15.4 31.26 25.9
44.3 0.5376 14.6 29,59 15.9
73.4 0.3370 14.8 29.92 10.1
30-in.,~dia cylinder 44.3 0.5376 13.3 60.47 32.5
72.4 0.3423 13.5° 61.6 21.1
20 x 20 in. square in cross 27.1 0.8288 16.3¢ 42.0 34.8
section 72.4 0.3423 13.9 35.84 12.3
Stainless steel
8.5-in.~dia cylinder 44.3 0.5376 /
9-in.~dia cylinder 74.6 0.3314 59.0 24.30 8.05

“Sphere lacked 80 cc being full; the data extrapolate to a critical mass in concentration of 3.09 kg of y23s
(0.483 g/cc, H:u235% = 49.9) in a full sphere with a capacity of 6.40 liters,

bExtrapolated from a solution height of 143,7 cm.
c
No top reflector.

This vessel was coated with Unichrome rather than Heresite,

®Extrapolated values.

Isolution height raised to 90 in,

CRITICAL PARAMETERS OF ENRICHED y235
SOLUTIONS IN INTERACTING ARRAYS
OF CYLINDERS

The lack of experimental data on the nuclear
safety of interacting systems of several right
cylinders containing highly enriched uranium so-
lutions has necessitated the use of large safety
factors in the storage of these solutions, The
interaction of a two-cylinder system was studied
previously.3 In this series of experiments the
number of interacting cylinders has been extended
to seven, The parameters studied were: the
effect of the separation distance, the effect of the
number of cylinders, the effect of the geometry of
the array, the effect of wrapping the cylinders
with cadmium, and the effect of water as reflector

3A. D. Callihan et al, K-406 (1949) (Classified).

and moderator on the interacting system. Several
combinations of these parameters were also
studied,

The solution used in these experiments had an
H:U235 atomic ratio of approximately 45, a moder~
ation that gives minimum critical volumes for
reflected systems. The solution was contained
in 6- and 8-in.-dia aluminum cylinders (0.060-in.-
thick walls) which in turn were placed in various
arrangements inside a large 9.5-ft-dia by 10-ft-high
steel reflector tank. The solution was fed into a
central cylinder of the array through a 3-in.-dia
pipe which was connected to the permanent so-
lution-storage system. The pipe extended 12 in,
from the floor of the tank to allow room for
attaching movable cylinders, as shown inFig. 10.3.
The solution was carried to the movable cylinders
through six 1-in.-dia Tygon tubes that were at-
tached to the 3-in. feed pipe. Each of the cylinders
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was coated on the inside with Heresite for pro-
tection against corrosion,

The solution height in the central reactor was
measured by a rack-driven probe rod connected to
selsyns., A small d-c potential in series with an
indicator light was used to determine probe contact
with the solution.

The safety circuits of the system activated
two different safety devices. One was a 3-in.
solution dump valve under the central cylinder,
The other was a safety rod suspended above the
solution in the central cylinder (not shown in the
photograph). It was not felt necessary to have
safety rods in the movable cylinders, even for
experiments in which there was little or no
interaction. This is due to the fact that during
the addition of solution to the system the so-
lution height was always higher in the central
cylinder and to the fact that there was a 3-in,
section of pipe under the ceniral cylinder., This
pipe was equivalent to about 2 to 3 cm of ad-
ditional length on a 6-in.-dia cylinder. Hence, the
central cylinder was always the most reactive.
The source (not shown) was mounted so that when
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it was in the *in’ position it was against the
outside of the central cylinder near the bottom,
Only one fairly strong source was used.

After each addition of solution to the central
cylinder, sufficient time was allowed for the
solution to flow into the outer cylinders and come
to equilibrium. At criticality the reflector water
height was adjusted so that the critical parameters
reported here are for arrays in which the water
height is the same as that of the solution. Since
each movable cylinder was securely bolted in
place for a given experiment, it was necessary
to drain the system of the solution and water
before the cylinders were repositioned,

Figure 10.4 is a graph of the critical solution
height of water-reflected (except at top) 6-in.-dia
cylinders as a function of edge-to-edge spacing
of the cylinders in the arrays., The values of the
critical heights for the three- and seven-cylinder
arrays approach the value of the critical height
for a single cylinder at an edge-to-edge spacing
of about 15 in. The effect of wrapping the cylin-
ders with 28-mil-thick cadmium sheets is also
shown for a water-reflected seven-cylinder array,
The extrapolated curve for this array indicates
that the infinite critical height is for an edge-to-
edge spacing of 2 in,

The critical solution height as a function of
edge-to-edge spacing for arrays of water-reflected
8-in.-dia cylinders is shown in Fig. 10.5. The
critical height value approaches that of a single
cylinder at an edge-to-edge spacing of about
9 in.
6-in.-dia cylinders and may be due to the much
greater end leakage, with the over-all geometry of

This is less than for the corresponding

the array approaching that of a slab., A single
cadmium-wrapped water-reflected 8-in.-dia cylinder
becomes critical, and the values of the critical
heights of cadmium-wrapped water-
reflected 8-in.-dia cylinders approach the value for
the single cylinder at large edge-to-edge spacings.

of arrays

Figure 10.6 shows the critical height of seven
6-in.-dic cylinders as a function of edge-to-edge
spacing for three reflector conditions: (1} un-
reflected, (2) cadmium-wrapped (no water), and
(3) cadmium-wrapped and water-reflected. {t will
be noted that, except for the near-contact case,
the critical heights for the cadmium-wrapped
arrays are higher when surrounded by water.
This makes it imperative to drain the fuel before
draining the water.
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0.3370 g/cc, corresponding to an H:U2%33 atomic
ratio of 73.4. The critical height of the solution
was measured as the thickness of the furfural
or the water on the sides of the cylinder was
varied in approximately 1-in, steps by using up to

four concentric l-in.-thick aluminum annular
““cans’ as containers for the reflector along
the lateral surface of the solution container,

It should be noted that the annular containers
were 1 in. thick, including wall thickness, and,
since each wall was / in., the reflector thick-
ness in each container wos 0.88 in. A plot of the
critical height as a function of the reflector
thickness (Fig. 10.8) shows that water, which has
a hydrogen density 2.4 times that of furfural
(C,H,0CHO), is more effective as a reflector
fhan furfural up to a thickness of approximately
3.5 in.,, after which the two materials have
essentially the same effectiveness as a reflector,

The effectiveness of concrete as a neutron
reflector was measured by determining the critical
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mass of an enriched uranium solution contained in
a 9-in.-dia stainless steel cylinder as a function of
the distance from the cylinder to a 4 x 4 x ]/2 ft
The solution had a U235
concentration of 0.3314 g/cc, corresponding to an
H:U235 atomic ratio of 74.6. The concrete wall
consisted of blocks of shielding concrete having
a density of 2.14 g/cc. A plot of the results
(Fig. 10.9) shows that little interaction occurs
after the edge-to-edge separation is increased to
about 24 in. Doubling the concrete wall thickness

thick concrete wall,
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(i.e., from 6 to 12 in.) increased the critical mass
by about 2,5% when the wall was adjacent to the
reactor.

A determination was made of the variation of the
critical mass with the type and thickness of a
reflector material placed against the bottom of a
20-in.-dia aluminum cylinder containing an aqueous
solution of UO F at a U233 concentration of
0.8288 g/cc, correspondlng to an H:U233 atomic
ratio of 27.1. The reflectors consisted of carbon,
firebrick, and water
rangements,

in various laminated ar-
Figure 10.10 shows the variation of
the critical mass with firebrick thickness for three
different thicknesses of carbon between the
cylinder and the firebrick. Figure 10.11 shows
the variation of critical mass with the thickness
of carbon (no firebrick) adjacent to the bottom of
the cylinder. Figure 10.12 is a plot4 showing the
variation of critical mass with the thickness of a
water reflector between the reactor and a constant
thickness (5.5 in.) of carbon which is moved back

4The dashed portion of the curve is a somewhat arbi-
trary extrapolation of the data.
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stepwise. It can be seen that, up to about 0.5 in.,
replacing carbon with water decreases the critical
mass, since water is a better moderator, After
about 0.5 in., however, the greater absorption of
water more than compensates for the increased
moderation, and the critical mass rises again.

UNCLASSIFIED
ORNL-LR-DWG 16559

N | | ]

n
(22}

N
(8]

i

~n
n
|

|
2 3 4 5 6
CARBON THICKNESS (in.)

n

CRITICAL MASS kg OF U?3%)
N
[eY)
i
|
{
|

ny
[e]
[e]

Fig. 10.11. Critical Mass of an Enriched U?35
Solution (H:U235 = 27.1) Contained in a 20-in.-dia
Cylinder as a Function of the Thickness of Carbon
on the Bottom of the Cylinder.

UNCLASSIFIED
ORNL—LR—DWG 16560

21— T T . .
a |
LR H,0 THICKNESS = ©
% 20 - /wf/‘
E s
@ -~
< 7~
= o
:(‘ 19 = ~
(o] //
= -
o
°© —\.\ U/J /

18

¢] 0.5 1.0 1.5 2.0 25

WATER THICKNESS (in.)

Fig. 10.12. Critical Mass of an Enriched U235
Solution (H:U235 = 27.1) Contained in a 20-in.-dia
Cylinder as a Function of the Thickness of Water
Between the Bottom of the Cylinder and a 5.5-in.-
thick Carbon Reflector.



PERIOD ENDING SEPTEMBER 10, 1956

11. TWO BERYLLIUM-MODERATED CRITICAL ASSEMBLIES

E. L. Zimmerman

Two bare beryllium-moderated critical assem-
blies have been built in a simple geometry in order
to check the critical parameters predicted for them
by multigroup reactor calculational methods. The
first assembly, designated as CA-1, was built in
the NEPA-ORNL Critical Experiments Facility
in 1951. It had a regular lattice of 10-mil-thick
enriched uranium metal fuel disks separated by
The CA-1 re-
mained the only simple beryllium-moderated critical
assembly until the second assembly, designated
as CA-18 was built, This assembly was similar
to the first except that the fuel spacing was
changed from 1 to 4 in.

The comparison of theory with these experiments
has been published,’ and a further discussion
of the calculations as well as the details of the
experiments will be presented in a topical ORNL
report.2 A brief description of the experiments is
presented here.

1-in. blocks of beryllium metal.

Description of Assemblies

The matrix into which the reactor materials were
placed was a 6-ft cube made of 3-in.-OD square
2S aluminum tubes, each having a wall thickness
of 0.047 in. The matrix was divided vertically
into halves which could be separated by remote
control. Fuel elements were placed in both halves
of the matrix, and the assembly was completed by
bringing them together. Control and safety rods
were similar to other core elements except that
they were moved within the assembly. (Poison
rods were not used.) The safety rods were in-
serted by compressed air and were spring-loaded
and magnet-held. All safety rods tripped auto-
matically in the event of an excessive radiation
level. They could also be tripped manually, either
singly or collectively. The control rods were
inserted or withdrawn by means of a screw-drive
mechanism. A photograph of one of the assembly
halves (Fig. 11.1) shows one core element dis-
placed from its normal position.

]H. Hurwitz, Jr., and R. Ehrlich, Proceedings of the
International Conference on the Peaceful Uses of
Atomic Energy, vol 5, p 423, United Nations, New
York, 1956.

2g, L. Zimmerman, Two Beryllium-Moderated Critical
Assemblies, ORNL-2201 (to be published).

Core elements consisted of highly enriched,
2.860-in.-dia, 0,01-in.-thick uranium disks (average
mass of U235 = 16,774 g) separated by one (CA-1)
or four (CA-18) l-in.-thick by 2%-in. by 27-in.
beryllium metal blocks of average density 1.86
g/cc. These were held together by 3/]6-in.-dic1
stainless steel skewers through 0.196-in. center
holes in the fuel disks and the beryllium blocks.
The elements were designed to maintain a constant
fuel spacing throughout the assembly.

The arrangements of the core elements in the
aluminum grid for CA-1 and CA-18 are indicated
in Figs. 11.2 and 11.3, respectively. Row 8 of
CA-18 contained quarter-sized core elements.
They were ]7/16 in. square but otherwise had the
same composition as the other elements,

A comparison of the physical compositions of
the two assemblies is given in Table 11.1. Each
stainless steel volume fraction includes the stain-
less steel skewers plus an artificial quantity
having the same absorption cross section as the
impurities in other parts of the system. The
values of k.. correspond to the regular assembly
having the indicated fuel loadings extrapolated
to the condition of all control rods fully inserted.
Criticality in either assembly was reached with
a control rod slightly withdrawn. Table 11.1 and
Figs. 11.2 and 11.3 describe the nearest ap-
proaches to simple, bare cube critical assemblies
for each of the two fuel spacings. In subsequent
experiments the necessary excess multiplication
was provided by placing additioncl core elements
just outside the clean assembly.

Experimental Measurements

CA-1. -~ In the approach to criticality with
CA-1, vranium fuel disks were added to the core
elements nearest the center of a 24 x 24 x 25 in.
array of beryllium until the assembly became
critical. This first critical array consisted of a
4 x 4 cell core, with one 3-in.-square corner
element missing. It contained 6.05 kg of U235
and had a 6-in. reflector on four sides. One
control rod (D) in the reflector was withdrawn
3.7 in. The clean, bare critical assembly was
reached by alternately removing outside beryllium
and adding fuel. The final bare parallelepiped had
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TABLE 11.1. COMPARATIVE DESCRIPTIONS OF CA-1 AND CA-18

CA-1 CA-18

QOutside dimensions, in.
Spacing of 10-mil-thick fuel disks, in.
U235 |oading, kg
keff
Be:U235 gtomic ratio
Volume fractions
Aluminum (grid)
Beryllium (moderator)
Uranium (fuel)
Stainless stee! (skewers)

Void

21.0 X 21.0 X 23.2

24.0 X 28.4 X 241

1 4
18.08 7.65
1.0054 1.0020
390 1560
0.0610 0.0611
0.9060 0.9128
0.0064 0.0016
0.0004 0.0003
0.0262 0.0242

the dimensions 21 x 21 x 23.22 in. and contained
18.08 kg of U235, Each of the 49 cells contained
23 in. of beryllium and 22 fuel disks of average
thickness 0.01 in. The assembly was critical
with control rod C withdrawn 2.59 in,, corre-
sponding to 0,0054 in reactivity.

The power distribution within the assembly was
observed by measuring the gamma-ray activity of
the fuel disks. The results were in substantial
agreement with the expected cosine distribution
as indicated in Figs. 11.4 and 11.5, The terms
lateral and longitudinal are used to define di-
rections parallel or normal, respectively, to the
interface of the two assembly halves.

A danger-coefficient measurement on the fuel
was made by removing the fuel disk nearest the
center of the assembly and replacing it with a
smaller fuel disk. The observed loss in specific
reactivity was 0.29¢ per gram of U235, Assuming
the fuel importance to be proportional to the flux
squared and taking the value 100¢ = 0.0073, it
is found that 8k = 4.75 5M/M, where M is the mass
of U235 in the critical assembly. The reactivity
measurements in a number of experiments were
inconsistent, although all movable parts of the
system were found to be mechanically repro-
ducible. The difficulty was attributed to photo-
neutrons from the beryllium, but no quantitative
conclusions could be drawn.

CA-18. — The first critical array using the 4 in.
fuel spacing had an over-all size of 27 x 27 x 24
in. and contained 4.97 kg of U235 (Fig. 11.3).
Except for the four 3-in.-square corner cells, the
core was 21 x 21 x 24 in. and had a 3-in. beryllium
reflector on four sides. The assembly was critical
with one reflector rod (D) displaced 2,25 in. The
final, bare critical assembly had dimensions
24.00 x 28.4 x 24.06 in. and contained 7.65 kg of
U235,  The assembly was critical with control
rod A displaced 2.60 in., corresponding to 0,0020
in reactivity.

Fission rate measurements within CA-18 were
made by a catcher foil technique, that is, by
observing the activity of fission fragments on thin
aluminum foils which were in direct contact with
the uranium during a run. All cadmium covers had
a thickness of 20 mils. Catcher foil power distri-
bution measurements are shown in Figs. 11.6 and
11.7.
sides of the same fuel disks are indicated. The
cadmium fraction for fuel is seen to vary between
0.852 and 0.880.

Other Measurements. — Other tests which have
been performed with the two assemblies and which
will be reported in the topical report? have
included control-rod calibrations and measurements
of the effect on the reactivity of introducing
various materials near the assemblies.

In some cases measurements on opposite
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12. LIMITING CRITICAL CONCENTRATIONS OF AQUEOUS SOLUT IONS
OF FISSILE ISOTOPES

J. T. Thomas

The limiting critical concentrations of aqueous
solutions of the fissile isotopes are of particular
interest to the chemical processing groups in the
matter of nuclear safety. The purpose of this
paper is to define the concentration regions where-
in criticality is not possible. The method utilized
defines safe concentrations with a rather wide but
comforting margin.

It is conservative to assume that, in ordinary
processing systems, the absorption of neutrons by
materials other than hydrogen and the fissile
isotopes is negligible. Further, the system is
assumed to be aqueous, homogeneous, and large.
The resonance escape probability and the fast-
fission factor may be taken as unity (at least for
the higher enrichments of fissionable isotopes) in
the following equation! of the critical concentra-
tion:

nfpe =BT
M ket =——————— -
(1 + L2B?)

Since the system is to be critical with very dilute
solutions, the analysis is more conservative by
neglecting the fast and thermal leakage factors.
The critical concentration is thus defined by the
relation

(2) keff =1 = nf .
where
. v, /(z') . El(i)ui
S0+ 56 I
(2a)
2 ()

S () + S (H)

a

The subscript i refers to the particular fissile
isotope U233, U235 of Pu239, and H refers to

hydrogen. Substituting Eq. 2a into Eq. 2 gives

The notation used throughout this paper is that of
S. Glasstone and M. C. Edlund, The Elements of Nu-
clear Reactor Theory, Yan Nostrand, New York, 1952,

78

the limiting ratio of hydrogen to fissionable atoms
as

NH Ua(i) 1
“ <_N7>0 "o m -V

a

Since the solution is so dilute, the concentration
of fissionable isotope may be token to be the
concentration in grams per cubic centimeter.
Table 12.1 lists the nuclear data for the iso-
topes, 2 and Table 12.2 summarizes the calculated
values for the limiting concentrations.

TABLE 121, NUCLEAR DATA FOR
FISSILE ISOTOPES

o (o8

©  (barns) (barns) ¥ I r*
U233 533 585  2.54 0.098 231 1
u2s 569 674 2.46 0.184 2.08 0.981
Pu?3? 806 1145 2.88 0.420 2.03 1.075

*f is the non-Maxwellian distribution correction factor,

TABLE 122, LIMITING CONCENTRATIONS OF
AQUEOUS SOLUTIONS OF FISSILE ISOTOPES

Grams of 7 per Grams of 7 per

;. NN,
Gram of Solution Liter of Solution
U233 2335 0.01092 10.92
U235 2219 0.01159 11.59
Pu?3? 3596 0.00727 7.27

The processing of used fuels raises the problem
of limiting concentrations when more than one
fissile isotope is present in appreciable quanti-
ties. Specifically, the used fuel from breeder- or
conversion-type reactors may contain both U235
and Pu?3% isotopes. This further necessitates
the consideration of the effect of initial enrich-

y23s

ment of on the limiting concentration, If it

2D. J. Hughes and J. A. Harvey, Neutron Cross Sec-
tions, BNL-325 (July 1, 1955),



is assumed that a Pu?3? atom has been produced
for each U235 atom destroyed, and if B’ is de-
fined as the fractional burnup of U235, and the
initial fractional enrichment of the fuel is denoted
by a, the expected fuel composition after an ex-
posure will be

N,s (1 — BYanN ,
Ngyg = BaN
N (1 — a)N - BaN ,

il

]

28

where N = N, + N,g initially. From these rela-
tions,

PERIOD ENDING SEPTEMBER 10, 1956

kept, the results presented in Fig. 12.2 are ob-
tained. It may be seen that the variation of limit-
ing atomic ratio with fractional enrichment for any
constant burnup does not become large until low
enrichment values are considered. This is ex-
emplified in Fig. 12.3, where the limiting atomic
ratio is shown as a function of fractional enrich-

ment for 87 =0.1.

It may be concluded that the effect of initial
enrichment is to increase the margin of safety for

(1 = B) o (25) + B0,(49)

(1 = B 025 + Bo,(49)

Applying these results to Eq. 2 gives the limiting
ratio of hydrogen to fissile atoms as

@ —;ﬁ——=0—ﬁvch>+

Nas + Nyg Nas 0
. B,<11VVH> 9, 38) [l_ . B’)} ,
49/, o (H) [a

where the subscript zero refers to the limiting
concentration defined by Eq. 3. The initial fuel
enrichment, a, appears only in the last term of
Eq. 4. It may be seen that if 83" = 0 and if the
U238 absorption is neglected (an exculpable act
for a greater than 90%) Eq. 4 reduces to Eg. 3.
The limiting atomic ratio of N /(N25 + Nyg) de-
fined by neglecting the U238 absorption term in
Eq. 4, is conservative and certainly useful for all
enrichments.

Figure 12.1 presents the atomic ratio defined in
Eq. 4 as a function of both the fractional burnup
of U235 and of the atomic ratio of plutonium to
uranium, neglecting the presence of U238, The

plutonium-to-uranium ratio, 3, is related to the
fractional burnup by the expression

5
P=v_p

if the fractional enrichment, a, is retained as a
parameter; that is, if the last term in Eq. 4 is

(1= B)o,(25) + B0 (49) + [1/a ~ (1 + B)1c,(28)+ Ny/(Nys + Nyg) o (H) '
_vpsll = B 07(25) + v,oB04(49) .
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U23 5.

enrichments below about 2.5% and that the con-
servatism implied by Fig. 12.1 is adequate for any

enrichment.

This paper has been published previously.?

5. 7. Thomas, Limiting Concentrations for Fissile

Isotopes, ORNL CF-55-11-104 (Nov. 17, 1955).
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13. PARAMETERS FOR TWO-GROUP ANALYSIS OF CRITICAL EXPERIMENTS
WITH WATER-REFLECTED SPHERES OF UO,F, AQUEOUS SOLUTIONS

J. T. Thomas

A great many critical experiments have been per-
formed with water-reflected UO,F, aqueous solu-
tions over an extensive range of concentrations.
Those in spherical geometry are particularly at-
tractive for calculations because of their simpli-
city. Using the data from spheres it is possible to
obtain a system of parameters that will permit
simple two-group, two-region calculations to be
made with reasonable accuracy. The range of
concentrations used in the experiments is such
that determinations of the minimum critical volume
and mass are possible,

The experiments were performed with three
spheres, spun of 2S aluminum, having nominal
radii of11.52, 13.21, and 15,96 cm. Their critical
conditions are listed in Table 13.1.

The parameters to be characterized are the fast-
and slow-diffusion coefficients, D, the thermal
diffusion areas, L2, the ages to fission, , for
both the core and reflector, and the infinite multi-
plication factors, k_. (Throughout this chapter
the subscript notations ¢ and R will refer to the
core and reflector, respectively; and 1 and 2 will
refer to the fast- and slow-neutron groups.) The
reflector water constants were assumed to be
independent of core concentration and equal to the
following values:

D 1.135em ,

= 0.160 em ,

IR

Dor

L2, = 8123 cm? ,

TR = 27.00 ecm? .

it

The variation of L%c with concentration is ob-
tained from the expression

D
L2 - 2¢c s
(N %¢ S
where
2(Po 2
@ D, = 3,() Lo<—P—> ,

in which X is the macroscopic hydrogen absorp-
tion cross section, the subscript zero refers to
water, and the density ratio (py/p) is that of water
to hydrogen in the core. The age, however, is not
taken as the age to thermal energy but rather as
the age to some mean energy of fission production,
E_. Since the mean energy at which fissions
occur increases as the concentration increases,
the age is expected to decrease with increasing
concentration, The simple expression which cor-
rects the age for density variation,

(3) T, = p7?,

is not satisfactory because, at high concentrations,
7_ will not satisfy the usual determinant. It can
be shown that for a sphere of radius r the material

TABLE 13.1. CRITICAL CONDITIONS OF WATER-REFLECTED SPHERES
CONTAINING UO ,F, AQUEOUS SOLUTIONS

Concentration

Radius 235 ] ) Volume Mass
(cm) (;Hm) A*°:};2§‘;“°= (liters) (kg of U23%)
11.52 649.05 35.8 6.400 4.154
11.52 483.13* 49.9 6.400 3.092
13.21 95.11 269.8 9.660 0.918
15.96 49.41 524.0 17.020 0.841

*This critical concentration was obtained from the extrapolation of a series of measurements made with the sphere

about 99% filled.
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buckling, u2, and 12 (functions of T Lgc, and k_
defined in Eq. 7 below) must satisfy the relation

v
(4) cot pr <—

3
in order that the determinant vanish when positive
real constants are used, The relation given in
Eq. 3 is inadequate because the resulting r_ fails
to satisfy this inequality. In order to approximate
7. 0sa function of concentration, E
to be proportional to the fuel cadmium fraction

is assumed
1

(C.F.) measured near the center of reactivity;
hence

1
(5 =B, C.F.

c

The fuel cadmium fraction measured in partially
filled water-reflected spheres? at a few values of
H/U235 are shown in Fig. 13.1. Also shown is

the variation of T, with concentration obtained

]Preliminary unpublished measurements and analysis
by R. Gwin at the ORNL Critical Experiments Facility
give ages in fair agreement with those used here.

25 portion of this data appears in Phys. Semiann.
Prog. Rep. March 10, 1955, ORNL-1926 (Classified).
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from Eq. 5. The infinite multiplication factor is
taken as

(6) ko = nfp€ ,

where the fast-fission factor, €, has been assumed
to be equal to unity, and the resonance escape
probability, p, is taken from Fig. 13.2,
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Fig. 13.2, Resonance Escape Probability as a
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The normalized values of the parameters used in
Egs. 1, 3, and 5 are those for the most dilute
solutions, H/U?235 = 524. Figure 13.3 shows the
variation of L2 and D, with the atomic ratio,
H/U235, obtained from Eqgs. 1 and 2. Figure 13.4
shows the parameter pu as a function of H/U235
obtained from the expression

<] ]>+
—“\7z2 Y
L2c T

<l
2
L2C

using the values of r_ and L%C from Figs. 13.1
and 13.3, and k_ from Eq. 6. Cross-section values
at 2200 m/sec are used in all the calculations.

2 ]
7 -—
(7) 73

1>2 4k, — 1)

+ — + —— 1,
T T L2
c

c~2c

The fast-diffusion coefficient in the core (see
Fig. 13.4), as a function of concentration, was
obtained by solving the critical determinant for



D, using the experimental data of Table 13.1 and
the reflector water constants listed above.
Figure 13.5 presents the calculated critical radii,
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using the above constants. The circled points are
the experimental data of Table 13.1. The determi-
nation of minimum critical volume and mass re-

sulted in the values in Table 13.2,

It is significant that these constants fail to give
satisfactory results when used for the geometries
of the infinite slab and infinite cylinder. This is
probably due to the dependence of the measured
fuel cadmium fraction on geometry; that is, given a
fixed concentration the measured cadmium fraction
will be different in the sphere, cylinder, and slab.
Thus it is improper to assume the age to fission
given in Fig. 13.1 to be universal; rather, a proper
variation of the age to fission with concentration
exists for each of the geometries. In this sense it
is improper for the age to fission measured in
partially filled spheres to be used for full spheres.
However, the difference between the measured
cadmium fraction shown in Fig. 13.1 and that ex-
pected for full spheres will not be as great as the
difference caused by geometry change.
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TABLE 13.2. CRITICAL CONDITIONS FOR MINIMUM VOLUME OR MINIMUM MASS

Concentration

Critical Volume Critical Mass

u23s Atomic Ratio: (liters) (kg of U235)
(g/iter) H/U235
Minimum volume 537.86 44 6.291 3.383
Minimum mass 58.81 440 13.434 0.790

14. DETERMINATION OF REACTOR PARAMETERS FROM PERIOD MEASUREMENTS
R. Gwin

An experimental program designed to evaluate
ages of prompt and delayed neutrons and extrapola-
tion distances is in progress. Data have been
obtained from critical volumes of aqueous en-
riched uranium solutions contained in unreflected
right cylinders and in unreflected parallelepipeds.
The extrapolation distances measured are as-
sociated with the plane boundaries of the reac-
tors. In the theoretical model, which is based on
age theory, it is assumed that all delayed neu-
trons have the same age. The basic relations are

(1 — BYkexp (—'rsz)

() kg = +
© 1+ L1282
Bk exp (-’l'de)
+
1+ L2B2
) p = Fogg — 1
ket
2
(3) B2 = () + —
(b + 24)2

(4) P=}’2<]f—i/\.‘7.‘>=wo,

i

MThe notation used is that of S. Glasstone and M. C.
Edlund, The Elements of Nuclear Reactor Theory, Van
Nostrand, New York, 1952.

84

1
(1 = B) exp (72 -

in which 4 is the extrapolation length for a plane
boundary, b is the actual cylinder height, f(r) is
the radial buckling, and 7, and T, are the ages of
the delayed ond prompt neutrons, respectively.
The effective delayed neutron fraction is, there-
fore, yB. From Egs. 1, 2, and 3 the critical height
of the reactor is

173 /A, \~1/3
6 by = <i> <_’1Q> _ 2,
y Ab

(5) Yy = 7_‘3) B2] +B '

272
- 2 _ _ 2
(7) ¢ R [L +{1-p) kTp exp { 7,B Y o+
+ Bde exp (—’rde)] .
Insertion of experimental values of b, and

(Apo/Ah)"V3 yields the constants (c/y)‘))3 and
d. Since the extrapolation length establishes the
buckling, the ages of prompt and delayed neutrons
can be calculated from Eq. 1 and the derived value
of (c/y), using the thermal constants, L2 and k.

A least-squares analysis of the data obtained
from critical experiments using an aqueous solu-
tion of UO,F,, the uranium being enriched to
about 90% in U235, yields the results given in
Table 14.1.

The dota obtained from several reactors are
presented in Fig. 14.1 in the form represented by
Eq. 6. A complete evaluation of the sources of
error has not been made.
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TABLE 14.1. REACTOR PARAMETERS DETERMINED
FROM PERIOD MEASUREMENTS

d T, T
pz) dz) B

(ecm) (ecm (em

Concentration

U5, 0.0763 g/cc; 3.8 25.4  14.1
H/U235 = 337

0.00%96

U5, 0.5436 g/cc; 2.2 * *
H/U235 - 51.5

*Evaluations of L2 and & at this high concentration
are uncertain because an appreciable fraction of the fis-
sions are produced by neutrons having epithermal ener-

gies.

85



APPLIED NUCLEAR PHYSICS PROGRESS REPORT

15. COMPARISON OF ONE-DIMENSIONAL CRITICAL MASS COMPUTATIONS WITH
EXPERIMENTS FOR COMPLETELY REFLECTED REACTORS

F. G. Prohammer

The completely reflected cylindrical reactor,
which occurs frequently in reactor designs, poses
a difficult problem in critical-mass calculations
because the differential equation for the neutron
density in such a system is not spatially separable.
The problem is further complicated by the fact
that most of the machine reactor computational
programs presently available are one-dimensional.
As a result, a short cylinder is usually converted
into a sphere, and the critical mass of this equiva-
lent sphere is then computed by machine calcu-
lations. The analysis of several experiments has
been performed to find a suitable means for ob-
taining an equivalent sphere for machine compu-
tation of short, water-moderated, water-reflected
cylinders.

The multigroup machine calculational program
available was a 30-group Goertzel-Selengut program
known as Eyewash and coded for the UNIVAC.
This code, which has been discussed in detail by
Alexander and Given,! is suitable only for spheri-
cally symmetric reactors.

Conversion of Experimental Cylindrical
Reactors to Equivalent Spheres

The critical experiments of Beck et al.2 provide
ample information for the determination of a suit-
able criterion for obtaining an equivalent sphere
for a short cylindrical reactor. All these experi-
ments were performed with just critical cylindrical
cores of water solutions of uranyl flucride (U02F2)
contained in thin aluminum or stainless steel cans,
which in turn were immersed in much larger cylin-
ders of water. In this analysis the material of the
cans could not be taken into account; thus it was
ignored except for a grouping of results into
aluminum-contained and stainless-steel-contained
reactors.

Among the experimental reactors there were 24
different critical concentrations. The critical
sizes of corresponding spherical reactors with
most of the 24 concentrations were computed, and

]J. H. Alexander and N, D. Given, A Machine Multi-
group Calculation. The Eyewash Program for UNIVAC,
ORNL<1925 (Sept. 15, 1955).

2¢. K. Beck et al., K«343 (April 19, 1949) (Confidential).
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the results in terms of the sphere radius R vs
concentration are plotted in Fig. 15.1, together
with an experimental curve for spherical reactors.’
From Fig. 15.1 a spherical reactor could be associ-
ated with each of the experimental cylindrical
reactors through the common concentrations. The
relationship between the geometric properties of
cylinders and associated spheres is depicted by
the curves marked
“stainless steel container’ in Fig. 15.2, in which
D/d is plotted as a function of b/d (D = sphere
diameter, d = cylinder diameter, » = cylinder
height). The next step is to find a suitable crite-
rion for duplicating as nearly as possible the two
curves.

““aluminum container’’ and

3A. D. Callihan, J. W. Morfitt, and J. T. Thomas,
Proceedings of the International Conference on the
Peaceful Uses of Atomic Energy, vol 5, p 145, United
Nations, New York, 1956.
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Geometrical Comparison of Cylindrical
and Spherical Reactors

In seeking the criterion, four methods for ob-
taining equivalent spheres for the cylindrical
reactors were considered. In the first method a
sphere with its volume equal to that of the original
cylinder was chosen. This relationship (labeled
*‘equal volume'’ in Fig. 15.2) is a reasonably good
fit up to an b/d of unity.

PERIOD ENDING SEPTEMBER 10, 1956

In the second method a sphere with its surface-
to-volume ratio equal to that of the original cylin-
der was selected. Thisrelationship (labeled *‘equal
surface-volume ratio” in Fig. 15.2) gives the
poorest fit of the four methods. Better results
might have been expected, since the leakage of
neutrons is proportional to the surface area, while
the production of neutrons is proportional to the
volume.

A sphere with its buckling equal to that of the
original cylinder was chosen in the third method:

7 2.4048\2 /72
R r b
This relationship (labeled “‘equal bare buckling”
in Fig. 15.2) gives fair values up to an h/d of
unity.
Finally, a fourth method was chosen in which
the buckling of a sphere was again equal to that

of the original cylinder, but the reflector savings
5 were also included:

m 2.4048\2 T 2
—— +
R + 5 r + 8 h + 286

The reflector savings were chosen equal to the
thermal-diffusion length in water, L = 2.85 cm.
This relationship is labeled *‘equal buckling in-
cluding reflector savings’' in Fig. 15.2.

This fourth curve is by far the closest fit to the
aluminum and stainless steel curves and conse-
quently represents the criterion sought. In fact,
if the reflector savings were increased, the last
curve could be made to duplicate very nearly
either the aluminum or the stainless steel curve,
yielding a different reflector savings for each.

This paper has been published in more detail in
a separate repor'r.4

1/2

1/2

4F, G. Prohammer, A Comparison of One-Dimensional
Critical Mass Computations with Experiments for Com-
pletely Reflected Reactors, ORNL-2007 (March 16, 1956).
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16. MEASUREMENT OF THE SPECTRUM OF SHORT-LIVED FISSION-PRODUCT
DECAY GAMMA RAYS EMITTED FROM A ROTATING FUEL BELT

R. W. Peelle

The fission-product decay gamma rays are de-
fined to be those gamma rays emanating from the
primary fission products or their daughters at
times measurably later than the fission itself.
Such gamma rays invariably comprise one source
of radiation in any operating fission reactor sys-
tem, yet heretofore no reasonably adequate meas-
urement had been made of their gross spectrum or
intensity. Radiochemical studies on gamma-
active fission-product nuclides have, however,
yielded information from which the spectrum of
after-shutdown radiation may be inferred for times
of the order of hours after shutdown.

Although
predominate in shielding considerations, in some
cases the fission-product decay photons are of
considerable consequence. On the basis of the
known fission-product gamma-ray emitters, it has
been concluded that the fission-product
gamma rays are of little importance during the

capture gamma-ray sources usually

often

operation of a reactor, and become important only
after shutdown. Since the total gamma-ray energy
released by the known fission products is only
about 1.1 Mev (ref 1) or 1.42 Mev (ref 2) per fis-
sion, compared with the generally accepted esti-
mate® of 6 Mev per fission for all the fission-
product gamma-ray emitters, it appears that very
little can be said about the spectrum of the com-
plete fission-product mixture on the basis of
known gamma-ray emitters. The fission-product
photon spectrum during operation of a reactor
depends largely upon radionuclides with half lives
too short to allow measurement by the chemical
techniques which have always been applied.

Some efforts have been made to calculate the
gross fission-product spectrum at various times

after shutdown of a reactor.*4:5  Unfortunately,

]Fa H. Clark, Decay of Fission Product Gammas,
NDA-27-39 (Dec. 30, 1954).

2, o. Blomeke, Nuclear Properties of U233 Fission
Products, ORNL-1783 (Nov. 2, 1955).

3This has frequently been inferred from results pub-
lished by K. Way and E. P, Wigner, Phys. Rev. 73,
1318 (1948).

4. Moteff, Fission Product Decay Gamma Energy
Spectrum, APEX-134 (Aug. 5, 1953).

SL. H. Boyer, Decay Gamma Energy Spectrum from
Uranium Fission Products, 1D0-16218 (April 13, 1955).

W. Zobel

T. A. Love

these calculations had to be based on the experi-
mentally known fission-product gamma-ray emit-
ters. Therefore, the results can be applied only
for the spectrum which would be observed at
times >10 min after fission. It was with the hope
that this span could be reduced appreciably (to
times as short as about 1 sec after fission) that
the present series of experiments was initiated.
Two methods of approach to the solution of the
problem became apparent:

1. An arrangement could be made with a con-
tinuously moving belt containing fissionable ma-
Thermal
neutrons would cause fissions at one end of its
orbit, while the gomma-ray spectrometer would
view the other end. If the belt were rotated with
extreme rapidity and if the region within the cir-
cumference of the belt contained enough shielding
material to prevent the gamma-ray spectrometer
from detecting the prompt fission photons originat-
ing at the points of fission, then after long-time
operation the gamma-ray spectrometer would meas-
ure the total gross fission-product photon spec-
The bias against short half lives in this
case depends upon the length of time required for
rotation of the belt.

2. A sample of uranium could be exposed to a
neutron flux for a very short time and then removed
quickly to a gamma-ray spectrometer. If the
spectra so obtained as a function of time after the

terial on its entire circumference.

trum.

short trradiation were integrated over this time,
the desired total spectrum would be obtained. In
this case, however, the spectra would not account
for gamma-ray emitters with a half life comparable
with the time required to irradiate the sample and
remove it to a position at the spectrometer.

Both the above methods have been used. The
results of an experiment utilizing method 1 are
given in this paper, while the results of an ex-
periment
Chap. 17.
out in support of method 2 is separately reported

in Chap. 50.

utilizing method 2 are presented in
Instrumentation development carried

Experimental Appatratus

A moving fuel belt was set up in the Lid Tank
Shielding Facility (LTSF) (Fig. 16.1) to replace
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Fig. 16.1.
Rays from a Rotating Fuel Belt,

the usual uranium converter source plate, and the
spectrum of fission-product gamma rays emitted
from the belt was measured by a gamma-ray scin-
tillation spectrometer. The belt consisted of fuel-
plate sections containing only enriched uranium
and aluminum, and it was irradiated by thermal
neutrons leaking from the reflector of the ORNL
Graphite Reactor. The active region of the belt
was confined to a 4-in.-wide strip around its cir-
cumference. In order to shield the spectrometer
from prompt gamma rays and other unwanted back-
ground as much as possible, the region within the
circumference of the belt was filled with a mas-
sive shield consisting of borated water and lead.
The spectrometer itself was shielded by an 8 to
12-in. thickness of lithiated paraffin bricks and a
6- to 8-in. thickness of lead. This was necessary
in order to reduce to a minimum the background in
the spectrometer resulting from gamma rays which
did not enter the spectrometer along its collimator.
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Experimental Arrangement for the Measurement of the Spectrum of Fission-Product Gamma

The gamma-ray scintillation spectrometer em-
ployed in this experiment was of the multiple-
crystal type developed for use at the BSF.6:7
While difficult to operate, this spectrometer pro-
vides a reasonably unique response characteristic.
This implies that there exists a fairly straight-
forward relationship between the voltage spectrum
of pulses obtained from the spectrometer and the
energy spectrum of photons giving rise to these
pulses. Such a unique response is virtually re-
quired in the case of the study of complicated
spectra. This condition was not met by any single
scintillation crystal of available size.

6k, C. Maienschein, Multiple-Crystal Gamma-Ray
Spectrometer, ORNL-1142 (July 3, 1952).

7T. A. Love, R. W. Peelle, and F. C. Mcienschein,
Electronic Instrumentation for a Multiple-Crystal Gam-
{Ina-R)ay Scintillation Spectrometer, ORNL.-1929 (Oct. 25,
955).



Measurements of the gamma-ray spectrum were
made while the fuel loop was rotated. The ob-
served counting rates were a function of time after
the activation of the rotating belt was begun. In
principle they would also be a function of the
time T required for the belt to complete one
revolution.

In order to determine the contribution to the
spectrum by background gamma rays (i.e., those
not emitted from that section of the fuel loop
directly in front of the spectrometer collimator),
spectral measurements were made with the fuel
stationary and with o large lead plug filling the
collimator opening. Spectral measurements were
not started until some time after the rotating rig
had been operating at full power. This allowed
most of the fission-product nuclides to approach
their equilibrium value. Loop rotation periods T
between 1.2 and 2.5 sec were used for a total of
four spectral measurements.

Results and Discussion

Although a complete anclysis is not yet avail-
able, there is no apparent variation either in shape
or in intensity of the spectrum as the rotation
period is changed. A typical spectrum shown in
Fig. 16.2 is representative of the gamma radiation
from the fuel loop about 3 hr after the beginning
of the activation.

The shape of the spectrum is arrived at after a
determination of the efficiency of the detector as a
function of photon energy. The normalization of
the spectrum depends on additional factors such
as the solid angle of the gamma-ray collimator
used, the thermal-neutron flux impinging upon the
reactor side of the loop, and the percentage
utilization of this flux for the fission process.
The curve presented in Fig. 16.2 represents a
rapid evaluation of these factors. A more com-
plete evaluation of the data will also include the
calculation of the statistical errors on the points
shown. These errors are considerable for meas-
vrements at the higher energies, and it is expected
that they will adequately explain the scatter of
the experimental data points. A correction proce-
dure should also be applied to take into account
the residual spread of response inherent in the
gamma-ray spectrometer used.  Application of
this correction should tend to reduce the measured
yield at the lowest energies.

In addition to the experimental errors noted
above, systematic errors arising from experimental

PERIOD ENDING SEPTEMBER 10, 1956

bias must be considered. Bias against both the
long-lived and very short-lived fission-product
gamma-ray emitters is known to exist in the re-
sults given here. The bias against long half lives
arises from the failure to operate the fuel belt for
an infinitely long time prior to spectral determina-
tions. The bias against the very short half lives
comes from the inability to operate the fuel belt
with very short rotation periods.

The probability that the radiation from a given
nuclide will be detected is®

sinh (BAT/2)

_ S APALZL) e
B sinh (\T/2) ( V.

()

where

A = decay constant of the nuclide,

T = length of time required for a fuel-belt rota-
tion,
B = fraction of the circumference of the fuel

belt which is under thermal-neutron irradia-
tion at any given instant,

T = period of time during which the fuel belt is
rotated with neutron irradiation prior to the
time of measurement of the photon spec-
trum.

It will be noted that f(A) is nearly unity whenever

1 1
— <K A K— .,
T T

For this experiment f(A) > 0.85 for half lives be-
tween 0.35 sec and 1 hr. From the known charac-
teristics of individual gamma-ray emitters it would
be possible to correct the measured spectrum for
the bias against the long-half-life emitters. No
correction can be made for the unknown short
period gamma-ray emitters.

The fission-product photon energy spectrum
shown in Fig. 16.2 was integrated between 0.36
and 5.8 Mev to obtain an average of 4.8 Mev per
fission over the intervening energy interval. In
addition to any error dependent upon the failure
to remove experimental bias, an estimated prob-
able error of +20% is assigned to these averages
and to the normalization of the experimental spec-
trum. This estimated error is largely caused by
uncertainties in the true fission rate in the ura-
nium of the fuel plates.

8This formula assumes that all the radicactive nu-
clides are born at the time of fission.
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17. TIME AND ENERGY SPECTRA OF FISSION-PRODUCT GAMMA RAYS MEASURED
AT SHORT TIMES AFTER URANIUM SAMPLE IRRADIATIONS

W. Zobel

As described in the preceding chapter, two
methods for measuring the spectrum of short-lived
fission-product gamma rays have been employed.
In this chapter the results of the experiment
utilizing method 2 are discussed. This experiment
consisted of two parts. In the first part the
detailed time dependence of relatively large photon
energy groups was studied, while in the second
part detailed energy spectra were measured at
different times after fission.

Experimental Apparatus

Both parts of the experiment required essentially
the same equipment. It was necessary to introduce
a U235 sample into a known neutron flux, irradiate
it for a measured period of time, remove it from
the flux, and transport it to the detector. The
equipment used for these operations consisted of
the fast pneumatic tube' at the ORNL Graphite
Reactor, a gamma-ray
trometer,2*3 and associated electronic equipment.
The spectrometer was moved to the reactor, while
the electronic equipment remained at the BSF,
an arrangement which necessitated some changes
in the electronics. These changes, together with
other modifications necessary for this experiment,
are described in Chap. 50 of this report.

For the time-dependence study, samples of en-
riched uranium weighing about 2, 7, or 15 mg
were irradiated in the reactor for periods varying
from 0.8 to 32 sec. The irradiation time depended
to some extent on the time region under investi-
gation, and the combination of irradiation time
and sample size was chosen so as to keep the

multiple-crystal spec-

resulting counting rate within manageable limits.
In addition, an attempt was made to keep the
irradiation time smaller than, or equal to, the
waiting period between irradiation and counting.
This condition could be fulfilled in all but three

]Designed by E. C. Campbell, Physics Division.

2g c. Maienschein, Multiple-Crystal Gamma-Ray
Spectrometer, ORNL-1142 (July 3, 1952).

3T. A. Love, R. W. Peelle, and F. C. Maienschein,
Electronic Instrumentation for a Multiple-Crystal Gamma-
Ray Scintillation Spectrometer, ORNL-1929 (Oct. 25,
1955).

T. A. Love

cases. The energy range to be investigated (0.28
to 5.0 Mev) was divided into six intervals, with
one interval being covered by both the Compion
(two-crystal) and the pair (three-crystal) spec-
trometers. The experiment covered the time range
from 1.25 to 1600 sec after fission, where fission
was presumed to have taken place at the mid-point
of the irradiation interval, Energy calibration of
the spectrometer was carried out in the usual
manner before and after each run, using several
sources as shown in Table 17.1. The time
analyzer, that is, the multichannel analyzer con-
verted from energy analysis to time analysis, was
calibrated before and after each run by use of a
60-cycle pulser. The efficiency of the spec-
trometer as a function of photon energy was
determined with the aid of sources whose absolute
strengths were measured in the high-pressure ion
chamber of the ORNL Radicisctopes Control Labo-
ratory, The total efficiency of the spectrometer
rather than the peak efficiency was used in the
calculations,

TABLE 17,1, GAMMA-RAY SOURCES USED FOR
CALIBRATION OF THE BSF SPECTROMETER

Source Gamma-Raoy Energy (Mev)
Hg203 0.279

Na22 0.511, 1.277

Znb3 1.114

F20 1.63

zr90* 2.30

Na24 1.368, 2.754
ThC” 2.615

N16 6.13

For the energy spectra study, samples of en-
riched uranium weighing about 2, 7, 15, or 32 mg
were irradiated for periods ranging from 1 to
64 sec. Combinations of sample weight and
bombarding time were chosen for the same criteria
as in the first part. Energy spectra, covering the
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range from 0.28 to 5.4 Mev, were taken at ten
different times after fission, defined as above.
Calibration and efficiency determinations of the
spectrometer were also performed in the same
manner described above,

Results and Discussion

A preliminary, and rather crude, analysis of the
experiment has been performed. The data were
corrected for counting losses due to the inherent
dead-time of the equipment. These losses were
determined experimentally. The corrected counts
per channel were divided by the counting time,
the total sample weight, the efficiency of the
spectrometer, the energy interval per channel,
the bombarding time, and the number of fissions
per milligram of U235 per second. All these
quantities are obvious and were easily obtained,
except the last two. The number of fissions can
be calculated from the sample weight and the
thermal-neutron flux. The sample, on its way
into and out of the reactor, moved in a region of
varying flux. Since a detailed flux pattern over
this region was not available, it was decided to
measure an ‘“‘effective’’ thermal-neutron flux. This
effective thermal-neutron flux was obtained by
exposing bare and cadmium-covered gold foils at
the time of each run and computing the flux from
the cadmium difference. The effective bombarding
times were obtained in a similar manner by ex-
posing gold foils for the nominal bombarding times
used in the experiment and calculating the ef-
fective bombarding times from the activities so
obtained.
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The results of the time-dependence study are
plotted in Fig. 17.1. Figures 17.2 and 17,3 present
the results of the energy-spectra study. No errors
have yet been computed for the points on these
curves. Crossplots of the results of the two
studies are shown in Figs. 17.4 and 17.5. It is
evident that the agreement is quite good.

The results of each part of the experiment were
integrated numerically to give the number of
photons and the total fission-product gamma-ray
energy released per fission in the energy range
from 0.28 to 5.0 Mev and in the time inferval from
1.25 to 1600 sec after fission. The number of
photons per fission was found to be 2.92 in the
time-dependence study and 2.81 in the energy-
spectra study. The energy per fission was found
to be 3.23 and 3.22 Mev, respectively, for the two
studies. Pending a more complete analysis these
numbers must carry an estimated error of £25%.

The results of this experiment may be compared
with the results of the experiment discussed in
Chap. 16; however, it should be borne in mind
that systematic differences exist in the evaluation
of the data in the two experiments. In particular,
the spectrometer efficiency used to evaluate the
moving-fuel-belt the peak ef-
ficiency rather than the total efficiency as used
here. Owing to the nonuniqueness of the response
of the spectrometer it is felt that neither of the
methods will

experiment was

really give the correct answer,
although the results presented in this chapter
should constitute a lower limit, and those in
Chap. 16 should represent an upper limit.

Further work leading toward a refinement of the
method of analysis is in progress.
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18. THERMAL-NEUTRON FISSION CROSS SECTIONS OF Pu?3? AND Py 240

W. W, Pratt}

The thermal-neutron fission cross sections for
Pu239 and Pu?49 have been measured by a method
in which these constants are compared with the
corresponding constants for U235, The measure-
ments were made with the aid of a double fission
chamber (Fig. 18.1) placed in the neutron beam
emerging from hole 57 in the ORNL Graphite
Reactor. One section of the fission chamber,
called ‘“the monitor chamber,’’ contained a deposit
of U235 which served to monitor the beam. The
other section, called *‘the comparison chamber,’’
contained a deposit of either U235 or the plutonium
isotope to be investigated. The ratio of the number
of fission pulses counted with the plutonium de-
posit in the comparison chamber to the number of
fission pulses counted with the U233 deposit in
the comparison chamber, each referred to a given
number of pulses in the monitor chamber, was used
to deduce the ratio of the fission cross section of
the plutonium isotope to the fission cross section
of U235,

All the isotopes employed were deposited on
nicke! foils ¥ in. in diameter and 0.002 in. thick.
The surface density of the deposits was approxi-
mately 100 /zg/cmz, and the diameter of the deposit
was approximately 0.5 in. These foils were placed
in pairs back-to-back in the fission chamber, which
was a 1'{‘-in.-|D aluminum cylinder with 0,031-in.-
thick walls. On each side of the pair of foils was
an aluminum plate 0.020 in. thick and ¥ in. in
diameter,  These plates formed the collecting
electrodes. The distance befween a collecting
electrode and the foil was ¥ in. The foils and
collecting electrodes were Eneld in place by a
system of aluminum rings and a polyethylene
spacer, The two foils in a pair were in electrical
contact with each other and were connected to a
negative 500-v regulated power supply. A gas
mixture of tank argon plus 3% CO, was allowed to
tlow through the chamber at an opproxtmcte rate of
0.1 ft3/hr. The pressure in the chamber was main-
tained at 15 psig.

Three types of foils were used: U235 foils,
Pu23? foils, and Pu240 foils., The composition of
each is given in Table 18.1. The number of atoms
present on each foil was determined by counting

]Pennsylvcnia State University.
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F. J. Muckenthaler

E. G, Silver

the alpha-particle decay? and making use of the
isotope abundances, the half lives of alpha decay
of the isotopes present, and the known efficiency
of the alpha-particle counter. At least five of each
of the foil types were made available initially.
The amount of material present on each foil was
established within the tolerances given below:

U235 foil 0.9% (by weight)
Pu?39 foil 1.6% (by alpha count)
Pu240 f5i1 1.9% (by alpha count)

These numbers are due to uncertainties in counter
efficiencies and half lives; they do not include
alpha~counting statistics (< 1%) which are accounted
for elsewhere.

Foils of U235, Pu239, and Pu240 were placed in
an alternating sequence in the comparison chamber,
and a U235 foil remained in the monitor chamber.

2The alpha particle counting was carried out by F.
Moore, Analytical Chemistry Division.

TABLE 18.1. ISOTOPIC ANALYSIS OF U233 p,239
AND Pu240 FolLs

Amount in Foil

|sotope
P (%)
U235 Foils
y234 0.048 * 0.006
y23s 99.806 t 0.015
236 0.062 * 0.006
y23s 0.084 * 0.006
Pu239 Foils
py23? 99.796 + 0.006
py240 0.191 + 0.001
py241 <0.01
py242 Negligible
Pu240 Foils
pu239 12,200 £ 0.113
py240 87.172 £ 0.055
py241 0.583 + 0.085
py242 0.044 * 0.038




For each foil in the comparison chamber 20 meas-
urements were made. Each measurement consisted
in observing the number of pulses counted in the
comparison chamber per 65,536 pulses counted in
the monitor chamber. A measurement of the alpha-
particle counting rate was made in an alpha counter

COLLECTOR FOR COMPARISON CHAMBER

PERIOD ENDING SEPTEMBER 10, 1956

of standard geometry both before and after exposure
in the fission chamber to ensure that none of the
deposit was lost. The statistical precision for
each group of counts was <0.5%.

For each foil a cadmium ratio was determined by
comparing the number of pulses counted in the
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Fig. 18.1. Experimental Apparatus Used for the Measurement of the Thermal-Neutron Fission Cross

Sections of Pu23? and Pu24°,
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cadmium-shielded comparison chamber with the
number in an unshielded chamber., The observed
cadmium ratios were:

U233 g3 25.3 + 0.3
Pu239 foi1 23.1 * 0.4
Pu240 i) 22.6 + 2.0

The fission cross sections of the plutonium
isotopes, averaged over the neutron energy spec-
trum of the beam below the cadmium cutoff, were
obtained by comparing the cadmium differences
(total counts in unshielded chambers minus total
counts in the shielded detector for the specified
isotope) for Pu?39 foils and Pu240 foils with the
cadmium difference for U235 foils. In the case of
the Pu2?39, the foils of which were essentially
pure Pu?3?, the cross section was determined by
the equation,

49 /549
o 49 NZ2°/N;

025 N25/N25
c a

average fission cross sections for

Pu239 and U233, respectively,

N:g, Ngs = cadmium differences for Pu?3? and
U235 foils, respectively,

N:9, st = number of atoms of the Pu23? or

U235 jsotope on the foil.

The fission cross section for Pu?40, the foils of
which contained appreciable amounts of Pu23? and

Pu241, was obtained from the corresponding re-
lation:
40 /40 41
o 40 NZV/N% N? o 41
@ 25 n25,y25 -
5 5 40 25
I NE /Na N7 o
NATN a9
N:O 0_25

where the terms for the respective isotopes have
the same significance as in Eq. 1.

The results of the measurements gave the follow-
ing cross-section ratios averaged over the spec-
trum of neutrons in the beam hole:
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40
= 0.0070 £ 0.0154 ,
025
3
0.49
= 1.725 £ 0.027 .
025
It was, of course, necessary to adjust these

values for temperature., The temperature of neu-
trons from this beam hole had been previously
estimated to be 495°K by use of a 1/v absorber.?

In general, the measured cross section can be
defined as

S5 ¢V n(E) o (E) dE
(4) g = [
f00.5ev n(E) dE

where
n{E)} = neutron flux distribution as a function of
neutron energy,
o(E) = cross section for neutrons of energy E,

and 0.5 ev is taken to be the ‘‘cadmium cut-off.’’ If
o(E) is defined as 0 /(E), where o) = 0 (2200 m/sec),
and it is assumed that the spectrum is a Maxwellian
distribution at 495°K, then o = oo F, where

fOO.S ev Ee—E/kT f(E) dE
(5) F = .
fOOoS ev Ee—E/kT dE

The function f(E) was obtained from BNL-325,4

and values of F were computed for the isotopes at
a temperature of 495°K as follows:

F25 = 0.633 ,
F49 = 0.885 ,
F40 = 0.694 .

The cross sections were then determined as

follows:

49 25

49 =2 F 25

0o T " v
025 F49
40 25
o F

540 o 025
025 F40

3L. D. Roberts, Physics Division, private communica-
tion.

4D, 1. Hughes and J. A. Harvey, Neutron Cross Sec-
tions, BNL-325 (July 1, 1955).



where
F25/F49 - 0715 ,
F25/F40 = 0913 .
The value given by the Brookhaven Neutron

Cross Section Compilation Group* for 0(2)5 was

580 + 8 barns. Using this value in the above
equations yielded:

049 = 715 £ 15 barns ,
049 = 3.7 + 8barns .

The determination of the flux from hole 57 was

PERIOD ENDING SEPTEMBER 10, 1956

accomplished by measuring a 1/v absorber. With
the assumption that the neutrons were of Maxwellian
energy distribution, the temperature appears to be
495°K. The use of this result to deduce the cross
section of another element for 2200-m/sec neutrons
is then dependent on the assumption of Maxwellian
distribution, and this uncertainty is accentuated
for the case of a non-1/v absorber, as was used in
this experiment. Because of this uncertainty,
another experiment is contemplated in which the
graphite thermal column at the BSF will be used,
for which the flux should more certainly be Max-
wellian,

19. NUMBER OF NEUTRONS RELEASED PER THERMAL FISSION OF Py24!

G. deSaussure

The number of neutrons released per thermal
fission of Pu24! (741} has been measured by

1=5 Prior to the initiation

several investigators.
of this experiment, the results of two other experi-
ments were known. A group at Argonne National
Laboratory had reported! a value of 2.91 +0.10,
and an experiment at ORNL? had resulted in a
value 3.30 + 0.23. In view of the discrepancy
between the two, it was decided to repeat the
latter experiment with improved instrumentation.
In the discussion below this experiment is de-
scribed, and the results are compared both with
earlier and with later measurements.

]A. H. Jlaffey et al., Thermal Neutron Fission Cross
Section of Pu?4l, ANL-5397 (Jon. 3, 1956); A. H.
Jaoffey, C. T. Hibdon, and R. Sjoblom, Thermal Neutron
v for Pu?41, ANL-5396 (March 31, 1955).

2w, w. Pratt, Pennsylvania State University, and
F. J. Muckenthaler, Oak Ridge National Laboratory,
private communication,

3p. E. McMillen et al.,, A Measurement of Eta and
Other Fission Parameters for U233, Pu239, and Pu2“
Relative to U235 at Sub-Cadmium Neutron Energies,
KAPL-1464 (Dec. 15, 1955).

4v. l. Kalashnikova et al., Conference of the Academy
of Sciences of the USSR on the Peaceful Uses of
Atomic Energy (English Translation), USAEC Report
PT-1, p 123 (1956).

51 E Sanders, J. Nuclear Energy 2, 247 (1956).

E. G. Silver

Description of Experiment

In the experiment the number of neutrons produced
per thermal fission in plutonium samples introduced
in the beam of neutrons from hole 57 of the ORNL
Graphite Reactor was compared with the number
produced in uranium samples. From this ratio, the
value of 7#! could be determined by comparison
with the published value® of $25. The plutonium
samples were prepared by F. Moore,” and the
uranium samples were supplied by R. Greene® of
the Oadk Ridge Gaseous Diffusion Plant. The
samples were deposited on nickel foils ¥ in. in
diameter and 0.002 in. thick. Each deposit was
1/2 in. in diameter and 100 pg/cm? in thickness.
The isotopic compositions of the samples, as
determined by alpha-particle counting one week
after the samples were prepared, are listed in
Table 19.1. The foils were introduced into a
small double fission chamber, of which they formed
the electrodes, and fast neutrons released by the
foils were detected by a pair of 5-in.-dia Hornyak
buttons bound to the faces of 5-in.-dia Dumont
photomultiplier tubes. (Hornyak buttons are disks

5p. J. Hughes and J. A, Harvey, Heavy Element Cross
Sections, addendum to Neutron Cross Sections, BNL-

325 (July 1955).

7Analyfical Chemistry Division; the isotopes had
been separated by the Electronuciear Research Division.

8Iso'fopes Standards Section, Uranium Measurements
Group.
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TABLE 19.1. ISOTOPIC ANALYSES OF Py24!
AND U235 SAMPLES

Amount in Foil
Isotope

(wt %)
PuZ4l sample
py24! 49.20
p 240 25.27
py239 24.76
py242 0.77
U235 sample
235 99.8
y233 <0.2
UZ34 Trace
U238 Trace

of a Lucite-ZnS mixture. Fast neutrons collide
with protons in the Lucite, and the recoiling
protons in the ZnS produce scintillations that are
detected by the photomultiplier. These buttons
are described in detail in Chap. 49.)

The pulses of the fission chamber were amplified
through a preamplifier and an A-1 amplifier. The
bias on the pulse-height selector of the fission
chamber was set so as to discriminate against
individual alpha particies. The proper pulse-height-
selector setting was found on the plateau of a
curve of counting rate plotted as a function of the
pulse-height-selector setting. The pulses from
the pulse-height selector were recorded with a
scaler and a register.

The pulses from the two photomultipliers were
amplified through a pair of preamplifiers and an
A-1 amplifier. An attempt was made to discriminate
against pulses caused in the Hornyak buttons by
gamma rays. (These pulses are much smaller than
most pulses due to fast neutrons.) This was done
by plotting the logarithm of the number of counts,
with a strong Cs'37
the detector, as a function of the pulse-height
setting. This plot is a very steep, straight line.
The pulse-height-selector setting was so chosen
that the gamma-ray counting rate due to the Cs'37
source was smaller by a factor of about 1000 than
the normal counting rate of the Hornyak buttons
when the beam of neutrons was on. However, the

gamma-ray source close to
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possibility that gamma-ray pileup or that gamma
rays of very high energies might have been detected
was not excluded. The pulses from the pulse-
height selector of the detector amplifiers were
recorded by a scaler and a register.

The pulses from the pulse-height selectors of
the fission chamber and detector amplifiers were
also sent through a coincidence circuit with about
a l-usec resolution time. A variable delay was
inserted between the neutron detector ond the
coincidence circuit.
delay time was plotted. The delay corresponding
to the maximum coincidence rate was chosen to
measure the number of neutrons in coincidence
with fission.
buttons were delayed more than about 1.5 pusec,
the coincidence rate became independent of ad-
ditional delay. This constant rate (lower by about
a factor of 20 than the rate at the peak of the
coincidence rate vs delay curve) was treated as

The coincidence rate vs

When the pulses from the Hornyak

a constant background of accidental coincidences
and subtracted from the number of measured coinci-
dences. lts magnitude was slightly larger than the
accidental coincidence rate calculated from the
presumed resolving time of the coincidence circuit.

Most of the difficulties associated with this
experiment were related to variations in the sensi-
tivity of the Hornyak buttons. The sensitivity
changes rapidly with the high voltage on the
photomultiplier and with the ambient temperature.
Furthermore, since the counting rate at the pulse-
height selector of the amplifier changes rapidly
with the pulse-height setting, the counting rate
varies with changes in the amplification. The
high-voltage supply, a very stable Hamner supply,
was monitored during each run by balancing the
voltage against a standard cell. The amplification
of the amplifier and preamplifier was frequently
checked with a pulse generator of standard ampli-
tude, and the runs were made at night when the
temperature and the line voltage in the reactor
building were more constant. Nevertheless, suc-
cessive determinations of the number of fast
neutrons per fission varied by about 2%, whereas
the statistical variation should not have exceeded
0.1%. Those variations were attributed to temper-
ature variations in the Hornyak buttons, and an
attempt is now being made to correct this for
future measurements by enclosing the detectors
in a temperature-controlled box.



Results of the Experiment

The ratio of the number of neutrons per fission
in the plutonium foils (»°Y) to the number of
neutrons per fission in the uranium foils (»Y) was
1.28 £ 0.01. For the interpretation of this result,
it was assumed that fission neutrons from Pu239,
Pu241, and U?3% have the same probability of
being recorded by the Hornyak button. This as-
sumption is justified, since the efficiency of the
Hornyak button has been shown to change very
little with neutron energy (see Chap. 49), and the
fission spectra of these three isotopes are almost
identical.? Only the prompt neutrons were de-
tected, since delayed neutrons are eliminated by
the coincidence technique. However, the delayed
neutrons would be such a small fraction of the
total number of neutrons emitted (0.75% for U235)
that they could not appreciably change the ratio.
An attempt was made to subtract any effect associ-
ated with fission produced by epicadmium neutrons
by measuring the cadmium ratios for n° ¥ and nV.
But when a cadmium foil is placed in the beam,
nPY and nY are not significantly above background.
Thus the ratio nF¥/nY refers to fission caused by
subcadmium neutrons. It is usually assumed that
over this energy region v is independent of the
energy of the neutron causing the fission.

The ratio 741/725 is obtained from the following
relation:

49
741 nPu Pu 749 Na 549
= + — ’
525 Y Y 525 N:l 541
where
1725 = number of neutrons released per

thermal fission of U235
= 2.46 + 0.03 (ref 6),

v*7 = number of neutrons released per

thermal fission of Pu239,

N41 = number of atoms of Pu23? and Pu24!
in the samples,

549,54 = fission cross sections of Py23?

and Pu?4! averaged over the spec-
trum of subcadmium neutrons from

hole 57 of the ORNL Graphite Re-

actor.

N, Nereson, Phys. Rev. 88, 823 (1952).
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The contributions of Pu?4% and Pu242 were con-
sidered to be negligible, since their thermal-
neutron fission cross sections are very small.

It was felt that the most accurate determination
of the ratio 7*%/7%5 was determined by McMiilan
etal.® who reported a value of 1.251 + 2.1%.

The ratio N:9/N:' was determined, by the iso-
topic composition of the samples, to be 0.519. A
correction for the decay of Pu?4! was included.

Little is known about the spectrum of neutrons
from hole 57, and it is difficult to obtain the exact
value of 549/541. However, since the ratio
741/725 s very insensitive to the ratio 549/54!
a value reported by McMillan er al3 for a sub-
cadmium neutron beam probably quite different
from that of hole 57 was used. The value is
1.515/1.666 = 0.909.

The results for this experiment then are:

'1741

= 1.29 + 0.05 ,
‘1725

741 = 317 + 0.12 .

The error was calculated by assigning a 2% error
to the determination of ¥ ¥/nY. This is much
larger than the error expected on the basis of
statistics (0.1%), but it corresponds to the dis-
crepancy between successive measurements of
the ratio. The importance of the errors associated
with the poor knowledge of 54%/54 and 74°/52°
could be greatly reduced by working with samples
with a smaller N:9/Nzl ratio. The experiment
will be repeated with such foils as soon as samples
of better isotopic enrichment are available.

Comparison of Results with Other Values

All the reported values of 14! are summarized in
Table 19.2. The value of v*! = 2.91 £ 0.10 re-
ported by the group! at Argonne was the result of
measured ratios of v4 1c41/125525 41541 /,23,23
(23 is the symbol for U233), and 141041149549,
The value of 04! used in these ratios was their
measured value of 1100 + 30 barns (at 2200 m/sec),
which was obtained by assuming that 04! followed
the 1/v law. (No corrections were made for self-
absorption in their sample and for the fact that
their spectrum was not Maxwellian.) This value
of 041 is higher than the one reported in the BNL-
325 addendum® (c4' = 950 barns). If the later
value of the BNL-325 addendum is used, the value
of 14! becomes 3.37.
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TABLE 19.2. VALUES OF 141/125 AND 14!
REPORTED BY VARIOUS INVESTIGATORS

Investigator VA1 25 A1
deSaussure and Silver 1.29 10.05 3.17 1 0.12
Pratt and Muckenthaler 3.30 £0.23
Jaffey et al. 2.91 £0.10

(3.27)*
Kalashnikova et al. 1.24 10.01
McMillan et al. 1.305 £ 3.1%
Sanders 1.192 £0.011

*Corrected for later value of o4l published in BNL-
325 addendum.

By a method very similar to the one used in this
chapter (coincidence method) a USSR group? has
measured a value of v*1/12% = 1,24 + 0.01, which
agrees (within the experimental error quoted) with
the value obtained here.

The group® at KAPL determined (from careful
reactivity and activation measurements) a value of

41425 = 1.305 + 3.1%, which is also in good
agreement with this measurement.

Sanders® reported a value 141/125 = 1,192 +0.011
determined by the coincidence method. This value
is lower than all the other measurements, and the
discrepancy remains unexplained.

It is felt that the experiment at ORNL is precise
in two respects. First, the coincidence method,
by counting the relative number of neutrons emitted
in coincidence with fission, does not require the
exact knowledge of the fission cross section and
the energy spectrum of the thermal neutrons causing
the fission. Second, the Hornyak button, because
its records fast neutrons directly, allows for the
use of very rapid coincidence circuits (with reso-
lution time of the order of microseconds). The
British and Russian groups that have used the
coincidence technique have used thermal-neutron
detectors, and, because they had to wait for the
fission neutrons to thermalize, they had to use
much longer resolution times (of the order of
milliseconds). This greatly increased their back-
ground counts.

20. FISSION NEUTRON SPECTRUM OF U233

K. M. Heary

In order to establish, if possible, the validity
of the fission neutron spectrum of U233 gs de-
termined by measurements with the proton-recoil
neutron spectrometer,! the spectrum has also been
measured with nuclear photographic plates. The
experimental conditions for this measurement were
similar to those for the earlier measurement. The
camera?¢3 in which the plates were mounted was
placed in the same spectrometer box. The same
U233 source (1.62 g of U233 plated on ten 3-in.-dia
aluminum disks) was placed on the end of a flared

1K. M. Henry and M. P. Haydon, The Fission Neutron
Ypectrum of U3, ORNL CF-55-4-22 (April 22, 1955).

2J. L. Meem and E. B. Johnson, A Nuclear Plate
Camera for Fast Neutron Spectroscopy at the Bulk

™. Shielding Facility, AECD-3266 (Sept. 14, 1951).

. 3M. P. Haydon, E. B. Johnson, and J. L. Meem,
Measurement of the Fast Neutron Spectrum of the Bulk
Shielding Reactor Using Nuclear Plates, ORNL CF-
53-8-146 (Aug. 31, 1953).
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M. P. Haydon

conical collimator, the opposite end of which was
attached to the spectrometer box. The source
end of the collimator was positioned close to the
BSF thermal column (the two were actually sepa-
rated by a small air wedge), and the axis of the
collimator-box assembly was tilted 17 deg with
respect to a perpendicular to the thermal column.
The thermal column itself consisted of 5 in. of
lead and 3 ft of carbon. A schematic of the
experimental arrangement is shown in Fig. 20.1.
Two measurements were made. In the first, both
the radiation from the U233 source and the back-
ground radiation from the thermal column were
detected. In the second test only the background
was measured. During each test six 3-in.-long
llford C2 nuclear photographic plates were exposed
in the camera for a 25-min period while the BSR
was operated at a power of 20 kw. The plates
were mounted radially on the side of the cy-
lindrical camera at a 10-deg angle to the beam
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axis. Three plates received protons from a 5-mil
(12.95 mg/cm?) polystyrene radiator which was
placed in the collimated beam; the three remaining
plates were shielded from the radiator protons by
a platinum absorber so that they only recorded
extraneous events such as water scatter, which
would constitute the camera background.

After normal photographic processing, the 12
plates were scanned, every 0.2 mm, with a Lietz
Ortholux research microscope, using oil immersion
and 1350X magnification, over the central 60 mm
of their 3-in. length in swaths 75 y wide. The
track densities on the plates varied from 120
tracks/cm? in the first test to 29 tracks/cm? in
the second test.

As the proton tracks were discriminated, evalu-
ated, and measured, they were tallied into groups
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corresponding in range to predetermined neutron
energy intervals as outlined by Rosen4 and also
by Allred and Armstrong.’ These calculations
include the correction for the radiator thickness.
The proton-range values were read from a graph
plotted from the experimental results of Rotblaté
as tabulated in LA-1510.5

The number of neutrons in each energy interval
corresponding to the number of protons divided by
the n-p cross section at that energy is plotted in
Fig. 20.2. The statistical error formula is the
same as that used earlier.®> The energy error was
also computed in the same manner as before,

4L, Rosen, Nucleonics 11(7), 32, esp 38 (1953).

5J.C. Allred and A. H. Armstrong, Laboratory Hand-
book of Nuclear Microscopy, LA-1510 (Feb. 1953).

6. Rotblat, Nature 167, 550 (1951).
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although the actual radiator correction was revised
in accordance with the work of Evans’ at Los
Alamos.

The large statistical errors were due to the
presence of a very large background. The major
reason for the unusually large background was
probably the small size of the U233 source, which
required a large incident flux to produce a usable
fission rate.

7). E. Evans, Fast Neutron Spectra from the Water
Boiler, LA-1395 (March 1951),

The dashed curve in Fig. 20.2 shows the shape
of the spectrum previously obtained with the
proton-recoil spectrometer.! The two curves are
normalized in the low-energy region. The shapes
of the spectra agree well within the combined
The statistical
spectrometer data are about one-half as large as
those obtained with the plates.

Another experiment is planned in which the
proton-recoil spectrometer will be used to examine
a much larger (~200 g) U233 source.

limits of error. errors for the

21

FAST-NEUTRON SPECTRUM OF A 117-curie Po-Be SOURCE

K. M. Henry

Since Po-Be sources are used to calibrate fast-
neutron dosimeters, the fast-neutron spectrum of
such sources should be known. The spectra of
several sources have previously been measured
with the BSF proton-recoil spectrometer.'"?2 Re-
cently, an additional measurement was made with
the proton-recoil spectrometer for a source (PN-
105)% that had a large source intensity which
permitted better statistical accuracy than was
previously possible with reasonable counting times.
This source also had a larger physical size and

different container material (steel instead of
nickel), which it was felt might influence the
spectrum.

The source was constructed by distilling polonium
into beryllium powder.3'4 The material was encased
in a cold-rolled-steel jacket which had an inside
diameter of 0.84 in. and an inside length of 0.84
in.  The outside diameter was 1.03 in. and the

\ ]R. G. Cochran and K. M. Henry, A Proton Recoil

Type) Fast-Neutron Spectrometer, ORNL-1479 (April 20,
1953).

2R. G. Cochran and K. M. Henry, Rev. Sci. Instr. 26,
757 (1955).

3PN-'|05 Source Fabrication Records {Sept. 2, 1955),
J. Gillette.

AIsotopics 3(2), USAEC, Superintendent of Documents,
Washington, D.C., April 1953.
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outside length was 1.03 in. The casing was plated
with a 0.02-in.-thick nickel covering to form a
right circular cylinder 1.05 in. in diometer by
1.05 in. high. The source contained 117 curies
of polonium and 7.2 g of beryllium, which gave a
specified emission of 2.99 x 108 neutrons/sec for
a neutron efficiency of 88.9%.

The neutron intensity of the source was such
that for a dose rate of 35 neutrons.ecm™2%.sec™!
(limitation set by Health Physics Division) the
source would have had to be positioned in the
center of a circle 27 ft in diameter. Since an area
this size could not be conveniently obtained, the
source and the spectrometer were positioned within
a cave (20- by 30-in. base, 25 in. high, 20-in.-
thick walls) of lithiated paraffin as a shield. No
modifications were made in either the equipment
or operating technique of the proton-recoil neutron
spectrometer® for this run.

No evidence of temperature instability was ob-
served by the spectrometer, although the tempera-
ture outside the neutron shield varied as much as
20°F. The resulting neutron spectrum (Fig. 21.1)
agrees within a statistical deviation with the
spectra previously obtained with this spectrometer.?
It is believed probable that the lowest energy
values are influenced by neutron scatter within
the cave.
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22, REFLECTOR SAVINGS METHOD FOR ESTIMATING FLUXES IN A
FULLY REFLECTED REACTOR

M. L. Nelson

Group equations for a fully reflected reactor
have not been satisfactorily solved except in one
dimension.  Such one-dimensional problems may
be readily solved by analytical or numerical tech-
niques. In particular, the infinite slab and infinite
cylinder have been coded for the Oracle in the
three-group, three-region (3G3R) program. These
one-dimensional solutions may now be used to
estimate the solutions for the case of a fully re-
flected cylinder or parallelepiped.

For a cylindrical reactor with a core of radius r
and haif-height 5, a lateral reflector of thickness R,
and end reflectors of thickness H, an estimate of
the multiplication constant & is determined by the
repetitive process described below.

First, the problem of a reactor with a core of
radius 7 and an arbitrarily chosen half-height b,
a lateral reflector of thickness R, and bare ends is
considered. This reactor has a multiplication con-
stant /e(; which con be computed, for example, by
the 3G3R code. Next, the radius r of a completely
bare reactor with a half-height 5 and a multipli-
cation constant k] can be determined. The dif-
ference (r, — r) is the reflector savings of the
lateral reflector for the cylinder with bare ends,
half-height 5, and a multiplication constant k.

The next step is to consider a laterally bare
reactor with end reflectors of thickness H and a
core of radius r, and half-height 5. This reactor
has a multiplication constant k" which can be
determined by the 3G3R code. The half-height 4,
of a completely bare reactor with a radius r, and
a multiplication constant k" can then be deter-
mined. The difference (b] —~ b) is the reflector
savings of the end reflector for the laterally bare
cylinder.

By replacing 5, with 5., another multiplication
constant, k]', and another radius, r,, can be deter-
mined. Replacing r, with 7, yields k{” and 5,.
This process is repeated, and the sequences thus
generated seem to converge, to limits independent

of the initial choice of bo, and with

limk” = limk’
n n
Calling this common limit £* and defining
r* = limr_ , b* = limb_,
n n

gives the results listed in Table 22.1.

TABLE 22.1. PARAMETERS OF CYLINDRICAL

REACTORS
Reflector
Core Core Thickness Multiplication
Radius Half-Height —m Constant
Lateral End
r b R H k
r* b* 0 0 k*
r h* R 0 k*
r* b 0 H k*

It is thought that 2* is a reasonably good esti-
mate of k and that the product of the fluxes in the
two reactors listed last is an estimate of the flux
of the fully reflected reactor. The case of a fully
reflected parallelepiped is handled in the obviously
analogous manner.

An Oracle program which applies this methed
(incorporating the 3G3R) has been prepared and
proved. It will be used to estimate multiplication
constants and fluxes for various loadings of the
Oak Ridge Research Reactor (ORR). In fact, the
method has been applied to the ORR, using the
Oracle with the 3G3R and performing the iterations
by hand.

The quality of the estimates yielded by the
process described, their alleged uniqueness, just
which reactor problems they solve, and their
relation to the case of the fully reflected reactor
constitute an interesting and useful investigation.
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23.

ESTIMATION OF RESONANCE INTEGRALS

L. Dresner

Many new experimental data on neutron reso-
nances have recently become available.! Regu-
larities have been observed in_ certain average
resonance parameters, namely, F?Z/D*, the ratio of
the average reduced neutron width to the average
level spacing between resonances of the same
spin and parity, and F,Y/D*, the ratio of the aver-
oge radiative width to the average level spacing
between resonances of the same spin and parity.
These regularities should make possible an inter-
polation of these parameters to nuclei not studied
experimentally. Knowledge of the average reso-
nance parameters makes possible the calculation
of the corresponding resonance integral, a quantity
which is important in calculating critical masses,
the effect of poisons on reactors, the resonance
activation of reactor materials, etc. Hence, it
should be possible to estimate resonance integrals
for nuclei for which little or no resonance data are
available; this conjecture is investigated below in
some detail.

For nuclei in which the resonance integral is
due to the cumulative contributions of many nearly
equal resonances, it is given by

1.3 x 108 [/271,\ B — log (1 + B)
= barns ,
E, D* B2
where
o, = neutron radiative capture cross section,
- T /M0
A= T VE,
F,y = average radiative neutron width,
Fg = average reduced neutron width,
E = neutron energy,
E, = energy of the first resonance in electron

volts.

For heavy (A greater than ~100) nonmagic nuclei,
Eq. 1 is virtually independent of I‘,y/D*.
For high energies the radiative capture cross

section can be written? as

oo
TR+ W22,
D*

) g =
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where R is the nuclear radius and X is the neutron
wavelength divided by 27 For several nuclei,
namely, In'15, Sb, 1127, Au197, and Th232, the
radiative capture cross section is known as a
function of energy® and can be used to determine
the energy dependence of 27T, ,/D*. Figure 23.1
is a plot of 27TFy/D* vs neutron energy for these
nuclei. [t is roughly constant with energy in the
energy range in which Eq. 2 is valid, confirming
the theoretical expectation? that I'y, varies as D*.
This fact justifies treating 2771 /D* as a con-
stant in the ZWf;/D* can also be
found as a function of mass number by using
measured values of the radiative capture cross
section for fission neutrons (effective neutron
1 Mev).? Figure 23.2 is a plot of
27T /D* vs A calculated in this way, and several

integration;

energy =

points calculated from direct measurements of
resonance parameters! are included. The good
agreement between the resonance values of

2T /D* and the high-energy value again indi-
co’res the energy independence of 270 _/D*, It
can be seen that 271" _/D* rises until A is ~100
and remains roughly constant for 100 less than ~A
less than ~200, except for sharp drops in the
vicinity of closed-shell nuclei.

Accordlng to the continuum theory of nuclear
reactions, ? 27TF°/D* = 8.8 x 104 ev=12, Ac-
cording to Feshback et al., 27TF°/D* should have
peaks at A = 11, 55, and 155 af values several
times the confinuum-fheory volue and valleys be-
tween the peaks where it falls to only a fraction of
the continuum-theory value. Carter et al.® com-
pared these theories with experimental values and
found that 271°0/D* does peak at A ~ 155 but that
the experimental peak is lower than the theoretical
peak and that the experimental wings are higher
than the theoretical wings.

VE. G. P. Seidl et al., Phys. Rev. 95, 476 (1954).

2, M. Blatt and V. F. Weisskopf, Theoretical Nuclear
Physics, Wiley, New York, 1952,

3Neutron Cross Sections, AECU-2040 (May 15, 1952).

4. . Hughes, Pile Neutron Research, Addison-
Wesley, Cambridge, Mass. (1953).

SH. Feshbach, C. E. Porter, and V. F. Weisskopf,
Phys. Rev. 96, 448 (1954).

6R. S. Carter et al., Phys. Rev. 96, 113 (1954).
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The condition for validity of the statistical
theory is that the resonance integral be due to the
cumulative effect of many resonances. |If, as is
the case for Au'?7, the resonance integral is due
mainly to one large resonance, the statistical
theory fails. |f this one resonance occurs at least
several widths from thermal energy, as is often the
case, the resonance integral can be related to the
thermal radiative capture cross section. It is
easily shown that the ratio of the resonance inte-
gral to the radiative capture cross section at
energy kT is given by

3) [ o dE/E _ 2m(k7) /2 B}/

o (kT) T

7

where I is the total width of the resonance and E,
the resonance energy.

TABLE 23.1.

In Table 23.1 a comparison is made between the
value of the resonance integral derived from Eq. 1
and the experimentally known value for nuclei for
which 2TTF_/D*, 2771—‘2/D*, and E | are experi-
mentally known. Agreement is within 50% in all
cases, indicating that the statistical fluctuations,
together with experimental uncertainties, are no
more than ~50%.

When the resonance integral is due to a single
large resonance at least several widths from ther-
mal energies, Eq. 3 should be an extremely good
approximation. In Table 23.2 resonance integrals
estimated from Eq. 3 are compared with experi-
mentally known resonance integrals for nuclei for
for which T', E;, and o (kT) are experimentally
known and in which the resonance integral is due
to one large resonance., Agreement should have
been very good; the fact that it is not is taken to

COMPARISON BETWEEN RESONANCE INTEGRALS ESTIMATED BY THE

STATISTICAL METHOD AND EXPERIMENTAL RESONANCE INTEGRALS FOR
SEVERAL NUCLEI FOR WHICH ZUF,),/D*, 2771_‘2/D*, AND E; ARE KNOWN

Nocleus 2_7727_ 10 2l L 10° (ev=1/2) £, (v Resonance Integrals (barns)
D* D* Experimental Estimated
ahe' 204 0.318 16.6° 98.34 82
531" 23 0.75° 20.5¢ 1194 150
53Ta'®! 274 0.63% 4.29¢ 5174 335/
;5Re 187 314 0.57° 4.408 275¢ 310
90Th232 9.4¢ 0.50° 22.1¢ 67.3% 83
g,U%8 9.7" 1.0° 6.6' 2404 290’

D, J. Hughes, Pile Neutron Research, p 110-111, Addison-Wesley, Cambridge, Mass., 1953.

bR. S. Carter ez al., Phys. Rev. 96, 113 (1954).
€F. G. P. Seidl et al., Phys. Rev. 95, 746 (1954).
dp, J. Hughes, op. cit., p 139.

€R. Christensen, Phys. Rev. 92, 702 (1953).

V. E. Pilcher, D. J. Hughes, and J. A. Harvey, Bull. Am. Phys. Soc. 30, 11 (1955), report I'%px=1.8x10~*

ev— V2

; the corresponding estimated resonance integral is 555 barns.

EE. Melkonian, W. W. Havens, and L. J. Rainwater, Phys. Rev. 92, 702 (1953).

PR. Macklin and H. Pomerance, Proceedings of the International Conference on the Peaceful Uses of Atomic

En.ergy, vol 5, p 96, United Nations, New York, 1956.

'L. M. Bollinger,et al., Bull. Am. Phys. Soc. 29(7), 8 (1954).
7R. Mack!in and H. Pomerance, op._cit., report 278 barns for the resonance integral of U238; J. A. Harvey et al.,
(Phys. Rev., to be published) report FS/D* =1.2x10"4 ev= V2 g U238, giving an estimated resonance integral of

244 barns.
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TABLE 23,2, COMPARISON BETWEEN RESONANCE INTEGRALS ESTIMATED FROM Eq. 3 AND EXPERIMENTAL
RESONANCE INTEGRALS FOR SEVERAL NUCLEI FOR WHICH F,},, Eg, AND O _(kT) ARE EXPERIMENTALLY
KNOWN AND IN WHICH THE RESONANCE INTEGRAL IS DUE TO ONE LARGE RESONANCE

Resonance Integrals (barns)

Nucleus r, ZT (mv) Eq (ev) "(ET) (barns)
Experimental Estimated

45Rh 103 1557 1.26% 150° 589 1080
he!% 159¢ 5.214 84 12134 1206
4oln'1® 1004 1.46% 1.45° 2580° 1752
7oHf 43° 1.08% 115 1400¢ 2778°
s5Re 83 90¢ 2.18¢ 100° 1061 1630/
571017 1008 0.648 960® 3270°¢ 7680°
71173 1508 1.278 1308 1213¢ 976"
oAUt 150¢ 4.914 94% 1300°¢ 1390

“D. J. Hughes and J. A. Harvey, Nature 173, 942 (1954).

bD. J. Hughes, Pile Neutron Research, p 356, Addison-Wesley, Cambridge, Mass., 1953.

SIbid., p 139.

ac. o. Muelhause, S. P. Harris, and G. E. Thomas, Phys. Rev. 79, 11 (1950).
°D. J. Hughes and J. A. Harvey, Nature 173, 942 (1954), identify the 1,08 state as belonging to Hfl77; 8. T. Feld,
Table of Neutron Resonance Constants, NYO-3078 (Aug. 28, 1953), reports that F’y = 120 mv for this level, which

would lead to an estimated resonance integral of 995 barns.

/6. Igo, Bull. Am. Phys. Soc. 30, 10 (1955), reports 49 mv for this level; the corresponding resonance integral is

3000 barns.
8B, T. Feld, op. cit.

bAccording to Feld, op. cit.,, the various data reported for these nuclei do not agree particularly well; H. H.

Landon, Bull. Am. Pbys. Soc. 30, 10 (1955), confirms the isotropic assignments of these levels and reports F,y =75

and 86 mv, respectively, for them; the corresponding estimated resonance integrals are 10,200 and 1700 barns.

indicate rather sizable errors in at least some of
the experimental data,

In_the region where A is greater than ~ 100,
2n /D* ~0.02 for nonmagic nuclei, and ZWF:/D*
~5% 10410 10 x 10=4 ev=1/2, The value of the
resondance integral as a function of E calculated
from Eq. 1 is plotted in Fig. 23.3 for several
choices of the nuclear parameters. The close
agreement of curve A with curve B and curve C
with curve D indicates that the value of the reso-
nance integral is an insensitive function of
27T /D* when A 2 100. Included in the plot, as
individual points, are the experimental resonance
integrals of Table 23.1 as a function of the experi-
mental values of E.. In general, the experimental
values fall within a factor of 2 of the values pre-
dicted by curves A and B, with the exception of
Hf 180, where the factor is 3.

The following conclusions concerning the esti-
mation of resonance integrals can now be made:

1. Heavy nuclei, A 2 100, nonmagic, statistical
theory: These resonance integrals are virtually
independent of 2771—',),/D*. They can be estimated,
when E, is known, within a factor of 2 from
Fig. 23.3.

2. Heavy nuclei, A 2 100, nonmagic, one-ievel
theory: For these nuclei, Eq. 3 is in principle a
very good approximation. The accuracy of esti-
mation of the resonance integral is given by the
accuracy of estimation of T". .

3. Light nuclei, A £ 50. These nuclei are 1/v
absorbers, as is well known. The resonance inte-
gral above cadmium resonance is half the thermal
absorption cross section.

4. Intermediate nuclei, 50 £ A £ 100, nonmagic,
statistical theory: One serious disagreement of
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estimate and experiment occurs among four nuclei
tested.

5. Intermediate nuclei, 50 < A £ 100, nonmagic,
one-level theory: In general, the total width I is
not given, even approximately, by the radiative
width, In the absence of some doto for determining
T", little can be said about the resonance integral.
For three nuclei examined for which Ey I, and
o (kT) are known experimentally, agreement was
poor in two cases. However, the experimental data
on which the comparison is based are not too
reliable,

6. Magic and In general,
magic nuclei behave as though they were lighter
than they are. For example, Y& and Pr'4! exhibit
1/v absorption, while T1203:205 exhibits large
level spacings characteristic of light nuclei.
These nuclei can be treated by the methods out-
lined above, subject to the same restrictions as
heretofore mentioned.

This paper has been published in detail in the
open literature.”

near-magic nuclei:

7L. Dresner, J. Nuc. Energy 2, 118 (1955).
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24, HOMOGENEOUS EFFECTIVE RESONANCE INTEGRALS OF U238 AND Th232

L. Dresner

In a homogeneous medium the effective resonance
integral of a rescnance line can be written in terms
of the resonance parameters as]

Q) f% e N

0

where

A

@ 1B = f e
0 %

The following definitions apply to Egs. 1 and 2:

o, = resonance absorption cross section,

o, = energy-independent scattering cross
section,

E = neutron energy,

EO = resonance energy,

', = radiative width of the resonance,

Y
£ = ratio of the natural to the Doppler

width,

B = ratio of the potential scattering cross
section to the total cross section at
resonance,

(&,x) = Doppler broadened line shape defined
by
(3) ¥(&x)

& J‘+°° exp [-£2/4 (x - y)?] 4
2\/; o 1 2

+y

where x is the energy measured from exact reso-
nance in units of the half-width. The function
J(&B) has been tabulated by the Oracle, to an

accuracy of ~1%, for

£=1010110 and B = 2F x 1075,

where £ =0, 1, ..., 31. The results are given in

Table 24.1 and also in Figs. 24.1 and 24.2. As

YE. P. Wigner et al., J. Appl. Phys. 26, 260 (1955).

can be shown from the properties of /(& x),

4) J1¢EB) —
¢ —> oo (T —> 0%K)
M2 4 B—> 0(,—>0)

[B(1 + BN/2 B—>x (0,~> )
This limit corresponds to a vanishing thermal cor-
rection to the effective resonance integral. The
curve | vs B for £ = 1,0 is virtually identical with
a/2AB(1 + ,8)]"]/2, indicating that when the natural
width exceeds the Doppler width the effective
resonance integral has its unbroadened value.

The computed values of J(£,8) were applied to
the calculation of the effective resonance integral
as a function of o, for T = 0 and 300°K for U238
and Th232, For resonances for which the reso-
nance parameters have been measured,? the effec-
tive resonance integral was calculated directly
from Eq. 1. For the remaining, high-energy, unre-
solved resonances a statistical estimate was made.
Finally, a 1/v contribution was included. The
results® are shown in Table 24.2 and plotted in
Fig. 24.3. In U238 ggreement of the T = 300°K
curve with experiment is seen to be excellent; in
Th232 the agreement is seen to be good except for
ThOz. The experimental point for ThO,, however,
is probably incorrect.?

It is interesting to note the considerable contri-
bution to the effective resonance integral that is
made by the unresolved resonances at low o
(e.g., at o, less than ~200 barns). In this range
their contribution is enhanced by the strong self-
shielding of the low-energy, resolved resonances.
In U238 o 300°K, for example, for low o, the
unresolved resonances contribute about one-third
as much as the resolved resonances; in Th232 for

2p, 1. Hughes and J. A. Harvey, Neutron Cross
Sections, BNL-325 (July 1, 1955).

3Experimt-;‘nh.':l values of the effective resonance inte-
grals are also plotted and are taken from the paper of
R. Macklin and H. Pomerance, ‘*Resonance Capture
Integrals,’’ Proceedings of the International Conference
on the Peaceful Uses of Atomic Energy, vol 5, p 96,
United Nations, New York, 1956.
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TABLE 24.1. THE FUNCTION J(&,4 FOR & = 0.1 (0.1) 1.0 AND 8= 2% x 103

X J(£.8)
£ =0.1 £=0.2 £=03 £&=04 £=0.5 £=0.6 &=0.7 £=0.8 £=09 £=1.0
0 4.979(2)* 4.970(2) 4.969(2) 4.968(2) 4.968(2) 4.968(2) 4.967(2) 4.967(2) 4.967(2) 4.967(2)
1 3.532 3.517 3.514 3.513 3.513 3.513 3.513 3.513 3.513 3.513
2 2,514 2.491 2.487 2.485 2.485 2.484 2.484 2.484 2.484 2.484
3 1.801 1.767 1.761 1.759 1.758 1.757 1.757 1.757 1.757 1.757
4 1.307 1.257 1.248 1.245 1.244 1.243 1.243 1.243 1.242 1.242
5 9.667(1) 8.993(1) 8.872(1) 8.831(1) 8.812(1) 8.802(1) 8.796(1) 8.792(1) 8.790(1) 8.788(1)
6 7.355 6.501 6.335 6.278 6.252 6.238 6.230 6.225 6.221 6.218
7 5.773 4.777 4.562 4.485 4.450 4.430 4.419 4.412 4.407 4.403
8 4.647 3.589 3.328 3.230 3.183 3.158 3.143 3.133 3.126 3.121
9 3.781 2.759 2.471 2.354 2.297 2,265 2.245 2,232 2,223 2.217
10 3.045 2.153 1.867 1.741 1.675 1.638 1.614 1.598 1.587 1.579
11 2.367 1.676 1.423 1.301 1.235 1.194 1.168 1.15] 1.138 1.129
12 1.730 1.268 1.074 9.718(0)  9.119(0) 8.739(0) 8.484(0) 8.304(0) 8.174(0) 8.077(0)
13 1.164 9.081(0) 7.815(0) 7.087 6.629 6.322 6.107 5.950 5.833 5.744
14 7.172(0) 6.014 5.342 4.914 4.624 4.419 4.268 4.154 4.066 3.997
15 4.088 3.658 3.371 3.169 3.022 2.91 2.826 2.759 2.706 2.663
16 2.204 2.067 1.966 1.889 1.829 1.781 1.743 1.712 1.687 1.666
17 1.148 1.109 1.078 1.053 1.033 1.016 1.002 9.904(-1) 9.805(-1) 9.722(-1)
18 5.862(-1) 5.757(-1) 5.671(=1) 5.599(-1) 5.539(-1) 5.488(—1) 5.445(-1) 5.408 5.376 5.348
19 2.963 2.936 2.913 2.894 2.877 2.863 2.851 2.840 2.831 2.823
20 1.490 1.483 1.477 1.472 1.468 1.464 1.461 1.458 1.455 1.453
21 7.468(-2) 7.452(-2) 7.437(-2) 7.424(-2) 7.413(-2) 7.403(~2) 7.395(-2) 7.388(-2) 7.381(-2) 7.375(-2)
22 3.739 3.735 3.732 3.728 3.726 3.723 3.7 3.719 3.718 3.716
23 1.871 1.870 1.869 1.868 1.868 1.867 1.867 1.866 1.866 1.865
24 9.358(-3) 9.356(-3) 9.355(-3) 9.352(-3) 9.350(-3) 9.349(~-3) 9.348(~3) 9.346(-3) 9.345(-3) 9.344(~3)
25 4.680 4.680 4.679 4.679 4.678 4.678 4.678 4.677 4.677 4.677
26 2.340 2.340 2.340 2.340 2.340 2.340 2.340 2.340 2.340 2.340
27 1170 1.170 1.170 1.170 1.170 1.170 1.170 1.170 1.170 1.170
28 5.851(-4) 5.851(-4) 5.851(-4) 5.851(-4) 5.851(-4) 5.851(-4) 5.851(-4) 5.851(-4) 5.851(-4) 5.851(—4)
29 2.925 2.926 2.926 2.926 2.926 2.926 2.926 2.926 2.926 2.926
30 1.463 1.463 1.463 1.463 1.463 1.463 1.463 1.463 1.463 1.463
31 7.314(-5) 7.314(-5) 7.315(-5) 7.315(-~5) 7.315(-5) 7.315(=5) 7.314(=5) 7.314(-5) 7.314(~5) 7.314(-5)

*Numbers in parentheses are powers of 10, which multiply the entry next to which they stand and all unmarked

entries below it.
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the same temperature and o, the contributions are
about equal. Calculations of the effective reso-
nance integral which omit the Doppler effect will
always be underestimates. In U238 ot o = 20
and 2000 barns the underestimate will be ~15%,
while at o, = 200 barns the underestimate will be
~30%. In Th232 the corresponding values are,
sespectively, ~25 and ~40%.

Similar calculations have been performed to obtain
the temperature coefficient of the effective reso-
nance integrals of the pure U238 and Th232 metals.
In the range 20 to 600°C the temperature coeffi-
cients are 1.0 and 1.5% per 100°C, respectively.
These numbers are subject to about a 15% variation
around the stated values, owing to some uncertain-
ties in the constants used in the calculation. Some
experimental values for comparison are contained
in Table 24.3.

The preceding calculations were based on the
theory of Wigner et al,' a condition of which is
that the width of the resonance line be narrow
compared with the average logarithmic energy loss

124

per collision. In mixtures with considerable moder-
ator scattering this condition is fairly well ful-
filled. In pure U238 metal, however, the condition
is not met in the lowest resonances. The contri-
bution of these resonances can be calculated by
adapting the well-known solution of the slowing-
down problem with constant ratio, 1, of scattering
to total cross section? to the case of slowly
varying . Then the contribution of a resonance
to the effective resonance integral is

dE
= O'p f )\(E)—E ’

res

dE

(5) foa -

eff

A, M. Weinberg and L. C. Noderer, Theory of Neutron
Chain Reactions, ORNL CF-51-5.98, vol | (May 15,
1951); H. Hurwitz, Jr., has also given a similar solution
on the slowing-down problems which leads to Eq. 5
(see, for example, H. Soodak, F. Adler, and E. Greuling,
chap. 1.3, p 370-71, Reactor Handbook, Technical
Information Service, AEC, 1955).
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where A(E)} is a solution of the transcendental TABLE 24.3. TEMPERATURE COEFFICIENTS OF
equation THE RESONANCE INTEGRALS IN URANIUM AND
| 14\ THORIUM METALS IN THE RANGE 0 TO 600°C
- a
(6) 1T+A=n2 .
1 - a Temperature Coefficient
2 Metal (% per 100°C)
Here a = [(A -~ 1)/(A + 1)]%, where A is the mass
number of the moderator. As shown in Eq. 7, A y238 1.0+ 0.2%
can be expanded as a power series in 1 —~ 7 around
=1 1.74 + 0.20°
1 - £ -~ c
(7) =\ = 1 y(l—n)2+..., 2.1
¢ ¢ 232 a
where Th 2.2
E=1+ alna %G. Rodeback, Sodium Graphite Reactor Quarterly

1 - a ! Progress Report, NAA-SR-1347 (Oct. 1, 1955).
1 a(ln a)2 bm. v. Davis, Resonance Capture of Neutrons by

y = 1] = — ————— . Uranium Cylinders, HW-37766 (Aug. 18, 1955).
2 1-9¢ E. Creutz et al., J. Appl. Phys. 26, 276 (1955).

TABLE 24.2. CALCULATED CONTRIBUTIONS TO THE EFFECTIVE RESONANCE INTEGRALS
OF U?%8 AND Th?%?

Contribution Contribution Effective
Temperature o of Resolved of Unresolved Vv Resonance
Nucleus ©K) (barms)  Resonances Resenances Contribution Integral
(barns) (barns) (barns) (barns)
y23s 0 20 7.9 1.7 1.4 11.0
200 24 4.8 1.4 30
2000 74 n 1.4 86
300 20 8.1 3.0 1.4 12.5
80 17 6.6 1.4 25
200 27 9.4 1.4 38
2000 86 12 1.4 99
Th232 0 20 3.7 2.2 3.5 9.4
200 12 6.3 3.5 22
2000 33 14 3.5 51
300 20 4.0 4.0 3.5 11.5
80 8.9 8.6 3.5 21.0
200 15 12 3.5 3N
2000 42 20 3.5 66
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In terms of the cross sections, A is ~X /£% and
—-Ea/(cfzs + yEa) to first and second orders,
respectively, in 1 — 7. These are the Wigner and
Goertzel-Greuling approximations.” Figure 24.4
presents éA vs 5 in various approximations.

The contributions of the 6.7- and 21.0-ev reso-
nances were calculated numerically from Eq. 5,
with the correct Doppler broadened line shape
appropriate to T = 300°K being used.® The contri-
butions of the 37-, 67-, 104-, and 192-ev resonances
can be calculated by using A = -3 /(€2 +yZ )
(Goertzel-Greuling  approximation),
greater than ~0.5 for all of them. In this case the
Doppler broadened contribution can also be written
in terms of the function J(£,8). Finally, all other
resolved resonances are thin enough to be treated

since 7 s

SH. Soodak, F. Adler, and E. Greuling, chap. 1.3,
p 365 ff. in Reuctor Handbook, Technical Information
Service, AEC, 1955.

®M. E. Rose et al., A Table of the Integral . .., WAPD-
SR-506 (Oct. 1954).
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by Wigner’s theory. The unresolved resonances
have  values close to 1 and again can be treated
by Wigner's theory. Their contribution was statis-
tically estimated as before. The results of these
calculations are presented in Table 24.4. Multiple
collisions in the lowest uranium resonances in-
crease the effective resonance integral about 1.5
barns (20%) over the value computed with the one-
collision, narrow-resonance theory. According to
Macklin and Pomerance,® the best experimental
value of the effective resonance integral is, without
the 1/v contribution, 10.2 baras, with an uncertainty
of about 15%. This value is somewhat high in
comparison with the calculated values.

Portions of this paper were published previously.”

7L. Dresner, Nuc. Sci. Eng. 1, 68 (1956); L. Dresner,
The Effective Resonance Integral of u238 Metal, ORNL-
2101 (July 19, 1956).
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TABLE 24.4, CONTRIBUTIONS TO THE EFFECTIVE RESONANCE INTEGRAL OF
PURE U238 METAL AT T = 300
Contribution (barns)
. , Theory Corrected
Wigner’s Theory for Wide Resonances

6.7-ev resonance 2.7 3.9
21.0-ev resonance 1.0 1.3
Remaining resolved resonances 1.7 1.8
Unresolved resonances 1.7 1.7
1/v contribution 1.4 1.4

Total 8.5 10.1
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25. EFFECT OF GEOMETRY ON RESONANCE NEUTRON ABSORPTION

L. Dresner

According to the theory of Wigner! the geometric
dependence of the effective resonance integral is
entirely given by

dE
0 <f0af> ff -4

where
0, = resonance absorption cross section,
E = neutron energy,
A = effective resonance integral appropriate
to an infinite homogeneous medium,
d = volume disadvantage factor,?
d, = surface disadvantoge factor,?
7 = average chord length of the fuel lump
(= 4V/S)I
V/S = volume-to-surface ratio,
m = mass per absorbing nucleus,
v, = potential scattering cross section,
S/M = surface-to-mass ratio of the fuel lump,
- 2
Cc{l) = and corrects for
1+ V1 + (Nopl)"
neutrons which enter the lump surface
but do not collide in the lump,
N = number of absorbingatoms per unit volume.

The terms K and | are defined respectively by

@ 1[/ 2
K:fo <(/[+B> dx,
e R B

where ¢{£,x) is the resonance line shape given by

3 +o expl=£2/4(x - y)?] J
2. Y

¢ is the ratio of the natural to the Doppler width,

(3) l/’(é:lx) =

]+y2

YE. P. Wigner et al, J. Appl. Phys. 26, 260 (1955).

23ee, for example, M. M. Shapiro, chap. 1.5, p 480 f/.
in Reactor Handbook, Technical Information Service,

AEC, 1955.
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B is the ratio of the potential scattering cross sec-
tion to the total cross section at resonance, and x is
the energy measured from exact resonance in units
of the half-width, Figure 25.1 shows a plot of
K/] vs B for ¢£= 0.1, 0.3, and ©. The latter value
corresponds to Y(&x) = (1 + x2)=1, the natural line
shape, for which K/J = [2(1 + B)]"]; &~ 0.3 for
the lowest resonances of uranium and 3 ~ 1073,
Since the main contribution to the surface as well
as to the volume absorption comes from the lowest
resonances, the value of K/ appropriate for Eq. 1
is probably quite close to the natural line-shape
value of 1/2 for small 8.

UNCLASSIFIED
2-01-059-40

Fig. 25.1.
0.3, and .

K/] as a Function of 8 for £ =0.1,

Using the natural line-shape value of K/, namely,
]/2, the bracket in Eq. 1, which represents the
theoretical dependence of the effective resonance
integral on geometry, was compared with experiment
for uranium. The experimental dependence on
geometry was determined for uranium meta! from
the activation experiments of Creutz et al.,? the
activation experiments of Risser et al.,? the pile

3E. Creutz, H. Jupnik, and T. Snyder, Effect of Geome-
try on Resonance Absorption of Neutrons by Uranium,
C-116 (June 1942); E. Creutz et al., J. Appl. Pbys. 26,
271 (1955).

4J. R. Risser et al., ORNL-958 (1951). (Classified).



oscillator experiments of Untermyer, > and the lattice
analyses of Davey.® The experiments of Creutz
et al.® also provided information on the geometric
dependence of the resonance integral for U308 and
a U308-C mixture. Figure 25.2 shows the com-
parison between theory and experiment in a typical

case,

The following conclusions can be drawn from
these considerations: In the first place, if B << 1
and the Doppler broadening is slight, then K/] ~ ]/2,
irrespective of the details of the resonance struc-
ture,
the resonance integral is independent of the details
of resonance structure (widths, energies). There-
fore, comparison of theory and experiment can
provide a check on the theory independent of the
uncertainties in resonance structure.

The comparison between theory and experiment
led in every case to the conclusion that Wigner's
theory overestimates the surface absorption, Arbi-
trarily reducing the surface absorption to 0.6 of the
value given in Eq. 1 produced better agreement for
lumps whose average chord length, 1, was greater
than 5 mm. These conclusions may apply, ceteris
paribus, to other materials, for example, thorium,
independently of the details of resonance structure,

In this event, the geomettic dependence of

55. Untermyer, Resonance Absorption of Uranium Rods,

ANL-4350 (1949).

by, G. Davey, AERE RP/R 1842 (1955). (Confidential
Atomic).
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To test this last conclusion Eq. 1 was compared
with experimental variations of the effective reso-
nance integral of thorium derived from danger coef-
ficient measurements of Untermyer and Eggler.”
Again the reduction in the theoretical surface ab-
sorption by a factor of 0.6 improved agreement
with experiment. Hence, with this reduction noted,
Eq. 1 seems to reproduce the experimental variation
in the effective resonance integral with geometry
fairly well,

’s. Untermyer and C. Eggler, Resonance Integral of
Thorium Metal Lumps, ANL-4596 (1951).
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26. CALCULATION OF NEUTRON RADIATIVE CAPTURE CROSS SECTIONS

L. Dresner

Several attempts! have been made to estimate
fission-product poisoning in the intermediate energy
range (10 to 10® ev) by using the following ex-
pression for the radiative capture cross section,

o :
a
(1 x2<2ﬂry> R
o, = m —_— +—
@ p* /T +T x2) '
n Y
where
X = neutron wavelength divided by 27,
I‘y,rn = average low-energy radiative and neu-
tron widths, respectively,
D* = average spacing of resonance levels
of the same spin and parity,
R = nuclear radius.

According to Margolis? an expression for o, based
on the statistical theory of the nucleus is

)

where I is the spin of the target nucleus, /¥ and
1% are the neutron orbital angular momenta, J% is
the total angular momentum of the compound
nucleus, T (E) is the nuclear penetrability defined
by Blatt and Weisskopf,® and €/ is a symbol de-
fined by Hauser and Feshbach* as

7 X2

(2) o =
@A + 1)

—_

X
J

(3) by = 2for|] —tl st xYsT+!
= 1forl]—1|=<l+l/20r1—]/2bufnot
both < J + 1

I

0 otherwise ,

TA. M. Weinberg, Proceedings of the International
Conference on the Peaceful Uses of Atomic Energy,
vol 3, p 19, United Nations, New York, 1955; H. Hurwitz,
Jr., and P. Greebler, KAPL.1449 (1955)

2B. Margolis, Phys. Rev. 88, 327 (1952).

3. Blatt and V. F. Weisskopf, Theoretical Nuclear
Physics, chap. 8, Wiley, New York, 1952.

4H, Hauser and H. Feshbach, Phys. Rev. 87, 366
(1952).
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Equation 2 as written ignores the competition of
inelastic scattering with compound elastic scat-
tering, although Eq. 2 may be generalized to include
it. For nuclei with I = 0, Eq. 2 takes the simpler
form

2"
4) o, = < >

The low-energy limit of Eq. 2 is

2"Fy r,

2

(54) o, = 7% o T T
n Y

® (27 + 1) T, (E)
Z E) + (27T /D*)

=0

while the high-energy limit is

2nF,y
o, =mnR + x)? .

D*

(56)

(2] + 1) e, T)(B)

2771—‘7 ®© !
=) l;_)() elye T2 (E)

Equation 55 was derived by Bethe.® These limits
are the same as the low- and high-energy limits of

Eq. 1.

Equation 4 can be approximated rather well by

the formula
27rFy
o, = nx? e L(L + 1),
2D* E R2

where L is a solution of
+LIn{—],
l",y E +V 2X

(6)

InT(L + %) = Y% In
in which I' is the usual gamma function, E is the
neutron energy, and V is the nuclear well depth.

In Fig. 26.1 are presented the results of calcu-
lations made for the radiative capture cross section

SH. A. Bethe, Phys. Rev. 57, 1125 (1940).
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of U238, |n accordance with reported resonance
data, 27" /D* was chosen as 0.01. In three of
the culcuﬁ:ﬁons made with Eq. 5, the penetra-
bilities, T ,x), were calculated from the ‘‘cloudy
crystal ball’” model with £ = 0.03 and V = 36,
38, and 40 Mev, respectively. In the fourth calcu-
lation the “‘black nucleus’ model was used, again
with V= 36 Mev. The circles are experimental
points.® All the calculated curves agree quite well
with the points. The curves calculated with the
cloudy crystal ball show oscillatory behavior,
attributable to giant resonances, which is also
present in the experimental points. Agreement on
this point, however, is merely qualitative. For the
purpose of reactor calculations the black nucleus
model is entirely adequate for obtaining radiative
capture cross sections.

Included on the plot is a calculation of o, by
use of Eq. 1; (2/1"./D*) E=1/2 was chosen as
0.75 x 10~3 ev~172, in accordance with the data
reported by Hughes and Harvey.® Finally included
on the plot are some points (iriangles) calculated

with Eq. 6. These points agree quite well with the
exactcurve calculated from the black nucleus model
and Eq. 5. The curve calculated from Eq. 1, on
the other hand, lies considerably below the ex-
perimental points. Moreover, at x = 6, which cor-
responds to about 9 Mev in U238, the ratio of Eq. 5
(or Eq. 6) to Eq. 1 is stili ~3:1. Hence Eq. 1
considerably underestimates the contributions of
neutrons with / > 0 to the absorption cross section.

Two general conclusions can be drawn: (1) the
use of Eq. 1 in estimating fission-product poisoning
leads to serious underestimates, and (2) the use of
Eq. 5 and black nucleus penetrabilities (or Eq. 6)
leads to good agreement between calculated and
experimental values of o .

Another version of this paper was published
previously.”

6p. J. Hughes and J. A. Harvey, Neutron Cross
Sections, BNL-325 (1955).

7L. Dresner, Nuc. Sci, Eng. 1, 103 (1956).

27. THE ORACLE THREE-GROUP, THREE-REGION REACTOR CODE

W. E. Kinney

The Oracle reactor code which accommodates
the largest number of groups and regions at present
is the three-group, three-region (3G3R) reactor
code, With it, slabs, cylinders, and spheres at
52 space points can be calculated by using dif-
fusion theory and group transfer cross sections.
Thin shells are allowed between regions.

Since the publication of a description! of the
code, changes have been made so that the degree
of convergence may be specified, and the multipli-
cation constant and convergence test number are
punched only upon convergence and not upon each
iteration. A normalization and edit program has
been written which normalizes the fluxes of the
code to the largest flux, averages the fluxes
spatially for each group and region, computes
currents at interfaces, and plots and prints the
results on the curve plotter. A typical plot of the

]R. R. Bate, L. T. Einstein, and W. E. Kinney, De-
scription and Operating Manual for the Three Group,
Three Region Reactor Code for Oracle, ORNL CF.55.
176 (Jan. 1955).
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flux as a function of a reactor radius is shown in

Fig. 27.1.

UNCLASSIFIED
ORNL-LR-DWG, 16573

B Rt R L
.

Fig. 27.1. Typical Oracle Plot of the Flux in a
Reactor as a Function of Reactor Radius.
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28. MULTIGROUP CALCULATIONS FOR A MULTIREGION REACTOR
W. E. Kinney J. G. Sullivan
R. R. Coveyou B. J. Garrick'

A program designated as ‘‘Corn Pone’’ has been initiated to develop a multigroup
code for the Oracle which will be used to calculate the parameters of a multiregion re-
actor. Equations resulting from a consistent P, approximation to the Boltzmann equation
are incorporated in the code. The theory of Corn Pone and a description of the properties

of the code are given below.

Theory of Corn Pone

P, Equations. — A P, approximation to the Boltzmann equation yields for one space

variable,

(M Yool + B, tyfr) = B [ 4,0 0,V Ky (0 su)

(2) v](ﬁ](rﬂ‘) = S(ryu) - ;Tn(u) ¢0(’:u) + § j;u ¢0(r,u 1 on(u') K, (@’ »u)du’ .

The boundary conditions are

(a) ¢0(rlo) =0 ’
(h) ¢](rlo) =0 ’
(C) ¢](Olu) =0 ’
(3) (<) qSo continuous ,

¢, continuous ,

either qSo(R,u) = Qor j«(Ru) = 0,
where

d

V. = —
0 or

’

Vl = > + L (g = 0, 1, 2 for a slab, cylinder, or sphere, respectively),
r r

+ = distance from the origin,
u = lethargy,

7T = macroscopic total cross section for element n,

o, = macroscopic scattering cross section for element n,
d)o = fluxl
¢, = current,

Kn(u'-»u) = 1/2K0 (w’ »u) + 3/2Kln(u'—>u) i,

scattering kernel for element n,

104k Ridge School of Reactor Technology.
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p, = cosine of the scattering angle in the laboratory system for element »,
j- = partial current in negative direction,

R = outer boundary of reactor,

Defining the slowing-down densities
[e+]
(4) Q,(ru) = fou ¢S0(r,u Yo, (u) du’ ./; Kon(u' »>uydu”
[s9]
(5) Pirw) = [T o) o wyant TR W suy
and using Goertzel-Greuling synthetic kernels (see ref 2)

Ko’ > u) =_‘f;e-<u-u'>/7 + <1 -i> SMu - u’y ,

w2u ,
(©) v g
= O ’ u < u’ ’
K> ) TS v/ N <F_l> u — u’) , uzu’,
2 p
™ P
=0, u<u’,
where
f = u,
u?
Yy = 2% '
n = up,
u%
P 277 '
gives
d
(8) Yn a Qn(rru) + Qn(rlu) = ‘fnan(u) ¢o(rru) '
d
(9) P, ’a: Pﬂ(rlu) + Pn(rlu) = nnon(u) ¢]<rlu) .
For some elements it will be reasonable to say that
d
(10) % Q,(ru) = —a (u) ¢ylru)
and/or that
d
(]]) ;u' Pn(r,u) = _Bn(u) qS](r,u) ’

2Note that Eqs. 6 and 7 are exact for hydrogen, since, in that case, £ =1, y= 1,;::%,
N = 44) and p = 2/3
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a_ = macroscopic absorption cross section for element 7,

Bn = Tp = KOy -

Elements to which Egs. 10 and 11 apply will be designated as class A; those to
which Eq. 11 only applies will be designated as class B; and those to which neither
Eq. 10 nor Eq. 11 applies will be designated as class C.  Substitution into Eqs, 1 and 2
from Egs. 8, 9, 10, and 11 gives

d
(12) ‘évoqbo(r,u) + F [Bn(u) +1, — o, +p, Bn(u)] By (ru) +
A,B

du ;;

My d
+ L [B,,(u) " oﬂ<u>] Bi(r) + B[ 1,0,00) + p,B,00)] = y(r) -
C {7

Pn A,B

1
- E—- Pn(r,u) =0 ,
C

n

d d
(]3) v]¢](rlu) - S(r,u) + E an(u) + ‘fn Z Un(u) + }’n :i-; an(u) QSO(rru) +

A

9 &
+ 3 [fnan(u) + ynan(u)} — Pglru) + )N {an(u) + — Un(u)} Bolriu) =
A Ou Y

B,C n
1
- L — 9, () =0,
B,C yn
where the summations run over the indicated classes.

Lethargy Integration. — The lethargy range is broken into i groups, and ¢, ¢, O,

and P are assumed to vary linearly with lethargy over a group. Then, for example,

1 u, -
(14) T fu"” olu) pylryu) du = *o(u) polrin) + o*(w) polriuy)
where
*o(u;) = —]- i1 o(u) 2w = u)du ,
u? T

1 au,

o*u;) = 7]?fu.l” o(u) (u 0y + u; = ) du
. H
H

U. = u

i i1 T H

u, = lower lethargy limit of group 7 ,
u;y = upper lethargy limit of group i ,

‘7’0("”1‘) = average, or mid-point flux of group i .
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Integrating Eqs. 12 and 13 over group i and dividing by U; leads to

(15) Vobolri;) + Alu) $y(ru)) + Blru) = 0,
(16) V. @ (rnu) = =Clu) dolru) + Dlru)
where
2 2,
Alu) = 3{§*Bn(ui) + AZ':B U—z [nn*%(ui) + pn*Bn(ui)] + {.m *On(u,-)} '
Blrau,) = Glu) é,(ru;) - z P (ru)

2
Glu) = 3<Z Bru) + AZ,:BU?{""W”") - o,)| + b, BAE) - 3,,(ui>]} +

C 2pn + U
2 2%,
Clw) = L *a (u) + §TJ:{§" o () +y,*a, )] + B)_?C ) o,(u)
b 1 5 2 0 )
(T,ul.) = - (ui) (bo(rlui) + (rlui) + BZC 2yn N UZ Qn ryu, '
2
Iw) = L ak(w,) + E —E{fn[an(ul) -0 (ul)] +y [ (x) - an(uz)J} +
2¢
' B,EC 2y, + U; 7l

Operating on Eq. 15 with V] on the left and substituting from Eq. 16 results in
82

a1 2 ) + & L B o) - 5 Folrin) +
07‘2 ) or

+-—Z—rB(ru)+ B(r,u)+A(u)D(r,u)—0 ,

where 8(u,) = A(u;) C(u,). If the reactor is to be a parallelepiped or a finite cylinder,
geometric buckling may be added to 3(z,).

Thermal Group. — The equations for the thermal group are

(18) 4Vobo ) + $Y L7, - L PR =0,
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(19) Vgt = st - (0 L a, + L ore)

n n
where 7 and @ indicate averages over a Maxwell-Boltzmann distribution and P*"(s) and
0'h(r) are slowing-down densities at the top, in lethargy, of the epithermal group.

Spatial Integration. — Taking difference approximations to first, second, and third
derivatives, good to order b4, where b is the lattice spacing, results in the following

difference equation at space point k:
(20) Pl = Qe + Ry + 5, = 0,

where, for a group and a region,

Pk =5 T T e . T a4 T '

2 4 24 2 48 3 24 48r
0, = 1+56-2 LS e
k 2 2 12 '
R g se=2hr" glg-2) k7 Sk db%
k2 4 24 2 48 .3 24 48

7 gh

Sk = _—Bk+2+b e+l 24+—]5r ';(g—Z) +

»8, & ”’2(2 )| +5B AL PRI

MG R YRP R N BEYRT ¥

{1, = flux ot space point .

Assuming
(21) Qp = T + 4

it follows that

k
(22) M= ——

Qr = Ryl

23 A RiAp_y+ Sy
R oo

Qr = Rl

[y and Ag are computed to satisfy Eq. 3c, and all the I',’s and A,’s are then calcu-
lated from Eqs. 22 and 23. The flux at one space point beyond the outer boundary is then
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computed to satisfy Eq. 3f, and all the fluxes are calculated from Eq. 21. The terms P,
Q4+ Ry, and S, take special forms to satisfy Eqs. 3d and 3e at interfaces.

General Method of Solution. — A source constant in fissionable regions and zero
elsewhere is assumed for the first iteration. Equation 20 is solved for each group, and
a source for the next iteration is computed. The initial and computed sources are com-
pared to determine the mulitiplication constant k. The new source is divided by & to
force steady state, and another iteration is started. The process is continued until

convergence of k, source, or thermal flux.

Properties of Corn Pone
Reactor Properties. — Corn Pone will be a one-dimensional calculation in which the
critical parameters of parallelepipeds, cylinders, or spheres will be computed. Either
zero flux or zero return current may be the outer boundary condition. There may be i

groups and j regions with the following restrictions:

i < ~400
i< 128
ij < ~4000

Region Properties. — A region is defined as that part of the reactor over which ma-
terial concentrations are constant. All the 44 elements and alloys available may appear
in each region, and four of these may be special elements of class B or C (see above).
Each region has its own epithermal and thermal groups. The region lattice spacing, 4,

is chosen by the code such that

() 2 ooh<1,
(b) hN =1t ,
where
max = Maximum cross section,

t region thickness,

0

N = smallest integer under restriction a.

Scattering Kemels. — In addition to the scattering kernels of Eqs. 6 and 7 there will

be available

(a) Ko’ »u) = £68°(w —u’) + 8(u ~ ") (Fermi) ,

2 {0 K’ vu) = emmaVE -
3 B (Wigner) ,

=0 , u<u’
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(a) Ku’»u) = pdlu-u’) ,
(b) K](u'-»u) = 96 (u ~u’y + ndu ~u’) ,
(25) 1 ,
(©) Ky ou) = —e=mEMT oy (1) S - uY) uzu,
7
=0 , u<u',

Equation 25¢ is included for completeness even though it is expected to be unstable,
since 7 < 0 for mass > 1. The Goertzel-Selengut approximation may be obtained by
applying Eq. 252 to all elements, Eq. 24b to all elements except hydrogen, and Eq. 6
to hydrogen,

Output. — Initial conditions, %, and the convergence criterion will be printed for every
case, The following may be printed if desired:
1. sources,
2. absorptions, escapes, and fissions for each group and region,

3. any or all fluxes,

Status of Corn Pone
Corn Pone will have four major parts: (1} group constant preparation routine,
(2) reactor constant preparation routine, (3) integration routine, and (4) edit routine.
Flowsheets have been drawn for parts 1, 2, and 3. Most of the code for parts 1 and 2

has been written.
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29. ORACLE MASTER CROSS-SECTION TAPE

R. R. Bate'

In order to solve a wide range of reactor problems
on the Oracle it is necessary that cross sections
For this
purpose preparation of a permanent master cross-
section magnetic tape which stores the various
microscopic cross sections of the elements as a
function of energy has been initiated.

The cross sections, or the logarithms of the
cross sections, are recorded on the master tape
with the corresponding lethargy values. The leth-
argies are chosen in such a way that the logarithms
of the cross sections (or the cross sections them-
selves) may be assumed to be linear in the lethargy

be readily available to the machine.

intervals between the recorded points. Whenever the
data have been available, or whenever reasonable
extrapolation or interpolation has been possible,
the data have been recorded from 10% to 10=4 ev.
The negative of the lethargy [« = In (100 Mev/E)]
has been recorded in place of the lethargy whenever
such estimations have been made.

In addition to cross-section data, the masses
and concentrations of the isotopes are stored on
the master cross-section tape. A particular cross
section is completely identified by three numbers:
the atomic number of the element, a code number
specifying the isotope or mixture of isotopes, and

1U.S. Army.

J. H. Marable

J. W. Niestle!

another code number specifying the type of cross
section. A program exists which punches out on
paper tape desired cross sections at constant
lethargy intervals.

in order to find errors which may have arisen in
the processing of the data, an edit program has
been written with which a continuous curve of each
cross section is plotted on the Oracle. Photographs
of these plots may easily be compared with the
original cross-section curves from which the data
were taken. The practicability of this procedure
has already been demonstrated. Whenever possible
the data have been independently processed by
two people. A program to compare these two sets
of data in order to find any major discrepancies is
being written.

The total and fission cross-section data? are
now on the master tape, or are on paper tape ready
to be loaded into the machine and written onto the
master tape. Since absorption and scattering
cross-section data are scarce, a program has been
coded to calculate absorption cross sections on
the basis of a black absorbing model of the
nucleus.

2p. 4. Hughes and J. A. Harvey, Neutron Cross
Sections, BNL-325 (1955); M. D. Golberg et al., BNL-
250 (1954). (Secret).

30. MONTE CARLO MASTER CROSS-SECTION TAPE

R. R. Bate!

As an adjunct to the master cross-section tape
described above, a second Monte Carlo master
cross-section tape has been prepared. This tape
has the same basic nuclear information as the
master tape itself, but in greater detail and, hence,
with a lesser capacity in the number of elements.
The arrangement of the cross sections {and other
data) on this tape is made with regard to fast
access and rapid use in Monte Carlo problems,
although it is possible that it can be used profitably
for other types of problems. Each cross section

]U.S. Army.
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for each element is stored in groups which range
over a factor of 2 in energy, while within the group
the cross sections are given at 64 points equally
spaced in energy. This is done so that the range
of energies covered by each block is measured by
a constant lethargy change, while, within the
block, the address in the memory of the cross
section desired can be found by a simple linear
transformation of the energy for which the cross
section is desired. The types of data which can
be stored on this tape are total cross sections,
scattering cross sections, fission cross sections,
mean cosines of scattering angles, etc.
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31. A PROGRAM COMPILER FOR THE ORACLE

R. R. Bate!

In the preparation of the complex Oracle codes
which are being designed and written, the need for
versatile assembly routine capable of integrating
specially written codes with a required selection
of standard routines from the subroutine libraries
has become apparent. Such a routine, designated
as the *'Compiler,”” has been designed and coded.
The Compiler has now been in operation for some
months and has proved to be a valuable aid to
programmers in the preparation of problems for the
Oracle.

Terminology used in this report conforms, in
general, to the standards in the Glossary of the
Association for Computing Machinery.? Further
discussion of the utility for a compiling routine
accompanied by an adequate library of subroutines
may be found in the Manual for the Oracle.3

Desirable Characteristics of a Program Compiler

During the course of the logical design of the
Compiler a number of features desirable in a good
compiling routine were considered for inclusion.
A list of such features includes the following:

1. The coding system should be simple and
natural.

2. The Compiler should be able to determine
what subroutines are needed and to select them
automatically from a large library.

3. Cross references between subroutines should
be possible without troublesome hand computation
of addresses.

4. Needed permanent constants should be auto-
matically selected by the Compiler from a large
list.

5. Allocation of storage should be done by the
Compiler automatically.

6. Fast storage space should be used economi-
cally.

7. A directory of the location of subroutines,
permanent constants, and storage should be pro-
duced by the Compiler.

]U.S. Army.

2Glossary of the Association for Computing Machinery,
Assn, for Computing Machinery Committee on Nomen-
clature, G. M. Harper, Chairman (June 1954).

3M. R. Arnette, Manual for the Oracle, sec 5, ORNL
CF-53-12-2 (Dec. 1953).

M. E. LaVerne

8. The record of the final routine should be
complete and compact; some flexibility in form
should be permitted to allow for personal prefer-
ences.

9. Automatic checks should be made at several
stages of the compilation to guard against typing
and coding errors.

10. If a routine exceeds fast storage capacity
it should be separated automatically into segments
of the most efficient length.

In the programing of the present Compiler all the
above characteristics, except 9 and 10, in part,
were incorporated. A number of safeguards against
typing errors were included, but automatic checking
of coding errors could be done in only the most
rudimentary fashion and probably would not have
been worth the trouble. A feasible solution to the
problem of cross references between subroutines
located in different segments of a routine was not
found. Hence, as a compromise, this Compiler is
limited to compiling one segment of a routine at a
time and providing for intersegment storage, with
the necessary segmentation and communication
among segments being provided by the programmer.

Description of the Compiler System

Every routine is divided into a number of pieces
of pseudo codes called *‘hunks,’’
coding. Complete cross referencing of hunks is
possible, using either or both of two systems:
full cross-hunk referencing, in which extra words
are used in the pseudo code; and shorthand cross-
hunk referencing from, and to, five special hunks,
in which extra words are not used. These special
hunks may also be referred to by means of the full
cross-hunk reference.

Temporary storage is provided for subroutines,
and intersegment storage is provided for routines
that exceed fast storage and must be split into
manageable segments.

Necessary permanent constants are selected
avtomatically from a standard list of 4096 con-
stants.

each in relative

The Compiler coding system embraces both
normal routines and interpretive routines of the
three-address and single-address types.
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The Hunk Key. ~ In order to identify a hunk
and completely specify its composition a key
appears at the beginning of each hunk. The hunk
key consists of a hunk number followed by a set
of key words specifying the number and type of
words appearing in each section of the hunk.
These groups of words appear, of course, in the
same order as their corresponding key words. On
paper tape the key consists of nine words, and on
magnetic tape, five, each word being given as a
hexadecimal integer.

A paper-tape hunk key contains the following
words, in order:

b Hunk number

v Variable words to be decoded and oriented

x Extra words for sentinels and cross-hunk
references

c Constants to be stored unconverted

d Decimal fractions to be converted

e Decimal integers to be converted

/  Decimal 8-32 floating-point numbers to be

converted

g Decimal 40-40 floating-point number pairs

to be converted

z Zero words to be provided at the end of

the routine

Only five key words are required on magnetic
tape because all conversions have been performed,
and those numbers identified by ¢, 4, e, /, and g
may be lumped together as just constants. The
magnetic-tape key is, then, as follows:

b Hunk number

v Variable words

<]

Variable plus extra words

Constants (c = c +d + e + [ + 2g)

ol

z Zero words

The hunk number contains, as an integral part,
on indicator that specifies whether the hunk is a
normal or interpretive routine and whether it oper-
ates on one or more single-address or three-address
words.

Subroutine Entries. ~ Subroutine entries are
effected by means of a word of pseudo code in
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which appear, in order:

1. a sentinel, indicating that the word is a sub-
routine entry,

2. the relative address of the word to which entry
is to be made in the subroutine together with
an indication of whether the entry is to the left
or right of the word,

3. the subroutine number (hunk number).

If the subroutine is of the interpretive type, with
a list of words to be interpreted, the list must
follow immediately after the subroutine entry. This
list is terminated with a sentinel, an extra word
in the pseudo code, in order for the Compiler to
determine where the interpreted words end.

The final routine sometimes requires that one of
the addresses in the last interpreted word be in-
creased by 800 (hexadecimal) in order to signal
the end of the list to the routine. The sentinel
also indicates to the Compiler which address of
the preceding word is to be so treated.

Cross-Hunk References. — In the full cross-hunk
references a special symbolic address replaces
the normal relative address in the word, referring
to a word in another hunk, and an extra word is
inserted by the programmer into the pseudo code
after the word containing the symbolic address.
if two or three cross-hunk references are made in
the same word, two or three extra words are in-
serted, respectively, in the same order as the
references are made. The extra words describe
the relative addresses and the hunks referred to.

In the shorthand cross-hunk references the refer-
ences to frequently used hunks may be shortened
by using five special hunks to which reference
may be made by replacing the normal relative
address in the word, referring to a special hunk
by the sum of that hunk number and the relative
address referred to in the hunk. The special hunks
may also, of course, be referred to by means of the
full cross-hunk reference.

Word Locations. —~ Some complication in speci-
fying the location of a word arises from the pres-
ence of the extra words that appear intermingled
with the variable words of a hunk before compila-
tion, but are squeezed out when a routine is
assembled. The following four means of specifying
a word location must be carefully distinguished:
1. absolute address (the fast storage location of

a word in the assembled routine),
2. hunk relative address {(the location of a word
relative to the zeroth word of its hunk in an



assembled routine — note that extra words are
not counted),

3. hunk position (the location of a word relative
to the zeroth word of its hunk, counting both
ordinary and extra words),

4. hunk-tape position (the location of a word on
paper tape relative to the zeroth word of its
hunk, counting both ordinary and extra words —
this may differ from the hunk position because
of typing errors).

The last two means of specifying word location

are used in correcting typed hunks.

Temporary Storage, Intersegment Storage, Perma-
nent Constants. — References to temporary or
intersegment storage and to permanent constants
are made through the use of three special hunks
(different from those mentioned under *‘Cross-Hunk
References’’). Either full or shorthand cross-hunk
references may be employed.

Space provided in the final routine for temporary
storage is enough to accommodate all the storage
positions from the initial through the largest refer-
ence to the temporary storage hunk. Similarly,
space left for intersegment storage will accommo-
date all the positions from the initial through the
largest reference to the intersegment storage hunk.
The length of, and hence the largest reference to,
the intersegment storage hunk must be the same
in all segments of the routine. Note that these
storage hunks do not physically exist, since all
that is required is space in the final routine.

Only those permanent constants explicitly referred
to in a routine will be selected from the permanent
constants hunk and inserted in that routine. The
permanent constants hunk, containing 4096 con-
stants, is specially and permanently stored with
the Compiler on magnetic tape.

Break Points. — Break points may be inserted in
a routine by any of three methods at the program-
mer’s disposal: (1) a paper tape may be used which
specifies, for each word in which one or more
break points is to be inserted, the hunk number,
the relative address of the word in the hunk, and
the portion or portions of the word in which a break
point is wanted; (2) the full cross-hunk reference
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may be utilized for this purpose by increasing the
relative address in the extra word by 800 (hexa-
decimal); (3) the usual break-point indication may
be used in a protected address.

Special Rules. — The following special rules
apply to protected addresses, reference to absolute
addresses, and selection of hunks:

1. Protected addresses are those in stop, shift,
hunt, and curve-plotter instructions. Such ad-
dresses are not changed by the Compiler unless
the symbolic address referred to under ‘‘Cross-
Hunk References’’ appears, in which case the
usual change specified by a cross-hunk reference
is made.

2. Absolute addresses may be referred to in the
pseudo code by means of a full cross-hunk reference
to hunk number OCFFF. The relative address
portion of the extra word is inserted unchanged by
the Compiler in place of the symbolic address
appearing in the pseudo code.

3. Only those hunks will appear in the final
routine that are referred to in the basic hunk or in
other hunks directly or indirectly called for by the
basic hunk. No hunk will appear more than once,
regardless of the number of references to it.

Arrangement of the Final Routine. — The initial
address of the basic hunk of a routine may be
specified by the programmer, but ail other addresses
in the routine are automatically assigned by the
Compiler. The final arrangement in the fast storage
is as follows:

1. space from beginning of a fast storage to

beginning of basic hunk (generally vacant'and

unassigned),

basic hunk,

3. hunks obtained from the programmer’s private

library,

hunks obtained from the Compiler public library,

5. permanent constants obtained from the Compiler
list of permanent constants,

6. temporary storage (generally vacant and, at
most, irrelevant),

7. space from end of temporary storage to beginning
of intersegment storage (vacant and unassigned),

8. intersegment storage to end of fast storage.

b

&
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32. MONTE CARLO CALCULATION OF NEUTRON AGE IN WATER

R. R. Coveyou

An Oracle code using the Monte Carlo method
has been prepared to compute neutron ages and
certain other reactor parametfers in mixtures of
scatterers and absorbers. This code has been
used to compute the age of neutrons from fission
spectrum to indium resonance in water and to
examine the effect on the age of certain modifi-
The motivation
for this work was furnished by the well-known
discrepancy between the experimental and the
computed values of this constant.

cations in the input parameters.

If the slowing down and diffusion of neutrons
issuing from a plane isotropic monochromatic
source in an infinite homogeneous mixture are
expressed in terms of the Boltzmann equation, if
the Fourier transform of this equation with respect
to the space coordinate is taken and this transform,
in turn, is expanded in powers of the transform
variable, and if the angular distribution is expanded
in Legendre polynomials, the following coupled
integral equation is obtained:

It is noted that, with the conditions stated,
1. Dnl(u) =0ifn<lorifn + [lisodd,
2. D, o(@)/Dyo(w) is the nth spatial moment of the
collision density at lethargy v,
3. the moments of this plane source problem yield
the point source moments by
<r”> point = (n + 1) <|z|"> plane .

The equations which suffice to fix the second
moment are:

(2) Dyl
= Y I Doolw") vfu”) Kplu”—> u) du” +
+ 0(u)

(3) Dy,

]

Y S0, ) g K " —> ) du” +

Au)

+ Dyola)

(n Dnl(u) = ,Z Dnl(u') l//i(u') Kz.l(u'—> u)du’ + 5710810 O(u) +
n(l + 1) nl
M\ P @ o D)
where
D(z,u,p) = collision density at z due to neutrons of lethargy « and direction
cosine y,
B(w,u,y) = fmw elwx D(x,u,p) dx
o (o) & [21 + 1
-r — X D, () P
n!
n=0 I=0
Mu) = mean free path for a neutron of lethargy «,

Y (u) = probability that a neutron of lethargy u will be scattered by a
nucleus of element i (or, more generally, by a scattering process

of type i),
Kl.(u'—> u,yo)

1

4

probability that a neutron of lethargy u”, scattered by a nucleus

of element 7, will assume lethargy « and be scattered with scatter-

ing cosine p,

I= 2

20 + 1
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&) D,y
= Z f Dzo(u') (/rl.(u') Kio(u'-% uY du” +

+ 2(u) D ) ](u)

It is this set of equations which is the basis of
the procedure. Consider a neutron born with zero
lethargy. lts first flight is terminated by a scatter-
ing with a nucleus i with probability (0}, or by

absorption with probability 1 - 2 glri(u). If it

survives and is scattered by nuclleus i, then it
assumes lethargy «, with probability K (0 —> u,).
The neutron continues in this way until it is
absorbed or its lethargy passes beyond the range
of interest. Then the behavior of an ensemble of
such neutrons is governed by Eq. 2.

Now, consider two parameters of the neutron
history, labeled D, and D,, and computed by the
following rules:

1. initially, D, = Dyg = 0,

2. at each collision, D, is increased by the
amount A(u)/3,

3. at each scattering, Dy, is multiplied by

K (' —> ) [K;(u"—> )=,

4, at each collision, D,y is increased by 2A(x)
D e

Then the computations will have the following

properties:

1. The expected values of D, and D,q at
lethargy u are just D, l(u) and Dzo(u), respectively.

2. For elastic collisions, the quotient in ruie 3
is just the scattering cosine.

3. If a large number of neutrons is followed from
source to terminal lethargy, o history at that col-
lision which throws the neutron across the terminal
lethargy being completed, then the average of D,
over such histories is an estimate of the second
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spatial moment of the slowing-down distribution
at the terminal lethargy.

4. In the interpretation of results care must be
taken to distinguish between the quantity computed
here (7 in the notations of Hurwitz and Zweifel!)
and the quantity 7, which is sometimes computed
and is, usually, that measured in an experiment.
(The quantity Ty is computed from the second
moment of the flux at the detection lethargy and is
slightly larger.)

In the actual code, further refinements are made
which increase the efficiency of the calculation
greatly. For instance, the calculation can be so
arranged that no square root, logarithm, exponential,
or trigonometric function need be calculated (at
least, for elastic scattering). That the method as
so far explained is already more efficient than a
straightforward Monto Carlo, which is used to
compute the position of the neutron, is seen from
The method used
could start from a consideration of the squared
distance traveled by a neutron throughout its
history. Close examination of the expression for
this quantity shows that the path lengths and the
azimuths of scattering angles can be averaged
analytically, and the result is the procedure given
here. (Historically, this is the way it was de-
signed.) But, with the quantities averaged out,
there disappears also the variance of the estimate
springing from the variability of these quantities.

the following considerations.

The method is capable of further refinement and
extension to higher spatial moments, and, indeed,
can be made to yield almost all parameters neces-
sary to describe the behavior of fast neutrons
(resonance escape probability, fast fission effect,
removal and transfer cross sections, fast lifetimes,
etc.). A code is being designed to exploit these
possibilities.

Ty, Hurwitz, Jr., and P, F. Zweifel, Slowing Down of
Neutrons by Hydrogenous Moderators, KAPL-1269 (Feb.
10, 1955).
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33. NUMERICAL INTEGRATION OF THE ONE-VELOCITY BOLTZMANN EQUATION
J. H. Marable

Approximate solutions of the transport equation
for one-velocity neutrons may be found by means
of a program which has been coded for the Oracle.
These solutions are found by a numerical integra-
tion technique. The number of space points allowed
is essentially unlimited, and the number of regions
of solid angle (indicating the velocity direction
of the neutron) may range through the even numbers
from 2 to 20, inclusive.

There can be but one homogeneous and isotropic
medium, and this must have either plane or spheri-

cal symmetry. The outer boundary condition is
that of a bare reactor; that is, no neutrons enter
the medium through its external surface.

There are two types of problems which can be
solved by means of this program: (1) the eigenvalue
problem associated with a critical system and
(2) the problem of the flux distribution resulting
from an arbitrary isotropic source of neutrons. In
both types the scattering of neutrons need not be
assumed to be isotropic.

34. SOME REMARKS ON THE SLOWING DOWN OF NEUTRONS IN HYDROGEN

T. A. Welton!

A unique feature of hydrogenous moderators is
that a neutron can lose all its energy in a single
collision with a hydrogen atom, which rules out
any straightforward use of the Fermi age theory.
A very convenient and ingenious amalgam of the
Fermi age theory for the heavy elements and an
approximate non-age theory for hydrogen has been
suggested by Goertzel and Selengut.® Their tech-
nique, called ‘‘the G-S approximation,’” is subject
to a basic criticism in that it neglects, in the
hydrogen moderation, the strong correlation of the
energy loss of the neutron with angle. The usual
P, approximation in the Boltzmann equation is
already sufficient to handle this complication.

]Physics Division.
2The Rice Institute.

36. Goertzel, Criticality of Hydrogen Moderated Re-
actors, TAB-53 (July 1950); D. Selengut, private com-
munication to G. Goertzel.
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L. C. Biedenharn?

Hence it is of interest to compare the predictions
of the two theories in order to investigate the
effect of neglecting the energy loss—angle corre-
lation.

The discussion is confined to the case of pure
hydrogen as regards the slowing-down action. It
is possible in this case to calculate the age
exactly in the P, approximation. This is compared
with the G-S results. Attention is paid to both the
second moment of the flux and the second moment
of the slowing-down density. A large part, although
not all, of the difference between the two results
is due to the much longer first flight in the G-S
approximation. This is due to the appearance of
2R = %S rather than = itself in the expression
for first flight. Numerical comparisons have been
presented? for the case of constant hydrogen cross
section and for the observed n-p scattering cross
section.

4. c. Biedenharn and T. A. Welton, Some Remarks
on the Slowing Down of Neutrons in Hydrogen, ORNL.
2107 (Aug. 10, 1956).
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35. NEUTRON SLOWING DOWN BY HYDROGEN IN THE CONSISTENT P, APPROXIMATION

A. Simon

It is customary to use the age-diffusion approxi-
mation in calculating the criticality of systems
which do not contain hydrogen. When hydrogen is
present, however, it is clear that this method is
inappropriate, since the age-diffusion theory as-
sumes confinuous slowing down, while the neutron
can actually lose all its energy in a hydrogen
collision,  This situation has been partially
remedied by the introduction of the Goertzel-
Selengut {G-S) method,! which in effect makes use
of the correct distribution of energy loss suffered
by a neutron in a collision with a proton but
neglects the correlation between energy loss and
angle of scattering. The scattering by the heavier
elements is treated in the same fashion as in the
age-diffusion approximation.

The neglect of energy-angle correlation in the
G-S theory has at least one well-known consequence
in that the predicted age in hydrogen, with the
heavier elements considered as non-slowing-down,
is incorrect.2  On the other hand, it is equally
well known that when the energy-angle correlation
is included in a consistent manner, the age is then
given correctly.® Since the starting point of all
these approximation methods is the P, approxi-
mation to the Boltzmann equation, and since the
energy-angle correlation in hydrogen may be in-
cluded in a consistent manner, this last method is
often referred to as the consistent P, approximation.

In the preceding paper Biedenharn and Welton4
have used the P, equations to obtain an expression
for the age in pure hydrogen. In many reactor
applications, however, higher moments of the
neutron density play an important role. Hence it
is of interest to obtain solutions for the slowing-
down density itself in the P approximation. Such
solutions have been obtained® for two special

l6. Goertzel, Criticality of Hydrogen Moderated Re-
actors, TAB-53 (July 1950); D. Selengut, private com-
munication to G. Goertzel.

2, Hurwitz, Jr., and P, F. Zweifel, Slowing Down of
Neutrons by Hydrogenous Moderators, KAPL-1269 (Feb.
10, 1955).

3R. E. Marshak, Revs. Mod. Phys. 19, 201 (1947).

4L. C. Biedenharn and T. A. Welton, Some Remarks
on the Slowing Down'of Neutrons in Hydrogen, ORNL-
2107 (Aug. 10, 1956).

SA. Simon, Neutron Slowing Down by Hydrogen in the
Consistent P] Approximation, ORNL-2098 (July 5, 1956).

cases. One of these is for pure hydrogen with
zero absorption (22’ = 0), hydrogen having a 1/v

'scattering cross section (2? ~ 1/v). The second

is for all cross sections constant.

These results may be compared with the corre-
sponding result for the slowing-down density in
the G-S theory.2 The results for the 1/v case are
illustrated in Fig. 35.1. Here B is the buckling
of the flux and g the slowing-down density. Note
that the initial slope, which is the age, is larger
for the G-S theory. However, the slowing-down
density ultimately becomes smaller in the P, theory
and even becomes negative for sufficiently large
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buckling. This last effect may be understood by
realizing that the neutron flux becomes highly
singular in angle for large bucklings. Furthermore,
the important contribution to the slowing down is
then made by neutrons which have suffered large-
angle collisions. If an attempt is made to fit a
singular function with only two spherical harmonics,
the resulting fit is usually negative in the backward
direction. For example, the expression of a delta
function in spherical harmonics is

~

5(0) -2— (1 + 3 cos )

and is negative in the backward direction.

A typical result for the case of all cross sections
constant is shown in Fig. 35.2. The first flight
is no longer important in determining the age, and,
hence, the initial slopes are almost identical.
Differences between the P, and G-S results are
only seen at large bucklings.

UNCLASSIFIED
ORNL-LR-DWG 43845

0.40 ‘ T I
| ‘ !
!
0.35
\
b
—2 =005
s H
0.30 s
%' = CONSTANT
H, I
7%, =07
0.25 s her -
Lo =182
7 0.20
045 - ———-
040
o ] ]
\\\1\
o i '\T—‘
0 0.04 0.08 o2 046 0.20 0.24 0.28 032 0.36 0.40 0.44 0.48 0.50

(8/36)°

Fig. 35.2. Variation of Slowing Down with Buckling When All Cross Sections Are Constant.

148



Part V

SHIELDING RESEARCH






36. ATTENUATION BY WATER OF THE FAST-NEUTRON DOSE RATE FROM THE BSR

T. V. Blosser

The first fast-neutron dose attenuation measure-
ment was made in the water of the BSF in 1951.
Since that time there has been considerable addi-
tional development of neutron dosimeters. Also,
since the maximum power level of the BSR has
been increased by a factor of 100, measurements
can now be made through larger water thicknesses.
Therefore, a new set of fast-neutron dose measure-
ments was made in the water ot various distances
{(up to 180 cm) from the north face of ioading No. 33
of the BSR (5 by 6 element loading, see Fig. 4.1
of Chap. 4).

To obtain measurements out to 180 cm from the
reactor, three types of Hurst dosimeters '*2 (phantom,
absolute, and three-section) and two sizes of
Hornyak buttons® (see also, Chap. 49) were used.
The Hornyak buttons were 2 in. in diameter, one
being 3/16 in. thick and the other 1 in. thick.

Instrument Calibration

The gamma-ray response for each detector was
determined by placing it in a known gamma-ray
field and discriminating at a level which excluded
gamma-ray pulses at the levels shown in Table 36.1.

The response of each detector to neutrons, at
its listed gamma-ray discrimination level, was

]G. S. Hurst, R. H. Ritchie, and H. N. Wilson, Rev.
Sci, Instr. 22, 981 (1951).

2G. S. Hurst, Brit. J. Radiol. 27, 353 (1954).
3W. F. Hornyak, Rev. Sci. Instr. 23, 264 (1952).

TABLE 36.1. UPPER LIMIT OF GAMMA-RAY
DISCRIMINATION LEVELS OF
NEUTRON DETECTORS

Gamma-Ray Field

Detector (ergs per gram of

tissue per hour)
P hantom Hurst dosimeter 1400
Absolute Hurst dosimeter 400
Three-section Hurst dosimeter 500
1-in.-thick Hornyak button 3700
% grin--thick Hornyak button 3700

determined by placing the counter in a known
neutron flux from a Po-Be source. In the case of
the Hornyak buttons the response to neutrons was
used as a check for consistency of the equipment.
When measurements were made in the water, the
Hornyak button dose data were normalized to a
Hurst-type dosimeter.

The absolute Hurst-type dosimeter was used to
compare the previous Po-Be source calibration
result with that of the neutron dose in terms of the
strength of an alpha source (Pu23%). The alpha
particles were admitted to the active volume of
the counter (determined by means of field tubes)
by removing the source cover with the external
electromagnet. The response of the counter to
alpha particles, neutrons, and gamma rays is shown
in Fig. 36.1. The alpha-particle integral pulse-
height curve showed that 109 v corresponds to the
mean range for this particular wire size and ethylene
filling. If this point is taken as 5.14 Mev, the
energy of the alpha particles, the instrument can
be calibrated in terms of particle energy (Mev)
as follows:

RC/
D=4,
n
gethylene
where

D = dose (ergs per gram of tissue per second),
R = ratio of the energy of the alpha particle to
to the mean range pulse height (Mev/v),

C = 1.60 x 10~ ¢ ergs/Mev,

f = 0.69, a correction factor to take into account
that a gram of ethylene absorbs more energy
in a given neutron flux than a gram of
tissue in the same flux, that is, response
per gram of tissue divided by response per
gram of ethylene,

g = weight of material (g),

A, = area of neutron integral pulse-height curve
(v/sec).
From the values for the energy of the alpha

particle and pulse height at mean range, as given
above, R = 0,0473 Mev/v for the absolute dosimeter,
The mass of ethylene gas for the filling used was
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0.064 g at STP. Solving for D,

= (8.16 £0.7) x 10~7 A, (ergs per gram of tissue per second)

The calibration of the absolute dosimeter by use
of a Po-Be source was performed in air. For this
purpose the dose resulting from single neutron
collisions was calculated for the previously meas-
ured neutron spectrum.* On comparing this ex-
pected dose with the actual instrument response,
A, a calibration factor is obtained, giving for
the dose:

= (8.9210.9)x 1074
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The agreement with the alpha-source calibration
is well within the combined limits of error.

Determination of Centers of Detection®

For measurements made in air, the distance from
a source to a detector can be approximated rather
closely by measuring to the geometric center of
the detector. However, this is not true in the case
of the 1l-in.-thick Hornyok button, which is thick
with respect to both the length of a proton recoil
and a characteristic attenuation length for the light
of scintillation in the medium.

Therefore, for the Hornyak button the center of
detection in air was determined experimentally by
making observations of the counting-rate variation
with distance from the detector to the neutron
source., The distances covered were from 20 to
120 cm, and the center of detection was determined
to be very near the button-phototube interface.
This scheme was also applied to the Hurst dosim-
eter.

When making measurements in a medium such as
water, the center of detection of any detector is
uncertain owing to the unknown angular distribution
of the neutron flux. For these water measurements
the phantom dosimeter, which has o radius of
0.45 cm, was used as a standard, and the larger
detectors were normalized to it.

Experimental Procedure and Results

Prior to the measurements the reactor was op-
erated at high powers (100 kw and 1 Mw), and thus
the large fission-product gamma-ray dose, which
affects neutron detector operation, limited the
closest approach to the reactor. Since the neutron-

(v/sec)

to-gamma-ray ratio decreases rapidly with distance,
a 1.5-in.-thick lead slab was placed 40 to 50 cm

4B. F. Whitmore and W. B. Baker, Phys. Rev. 78, 799
(1950).

SH. E. Hungerford, Center of Detection Calculations
for Neutron Counters and lon Chambers, ORNL CF-51-
5-177 (May 14, 1951).

(ergs per gram of tissue per second) + (v/sec)



from the reactor, when needed, to attenuate the
gamma-ray fiux.

Plots of the fast-neutron dose measured in the
water along the reactor center line are shown in
Fig.
Previously, fast-neutron data were reported in rep
units (roentgen equivalent physical); 1 rep is
equivalent to 93 ergs. The dashed curve in Fig.
36.2 is from the 1951 me<:|suremenfs,6 which are
10 to 12% lower than the current data. The 1951
data have been corrected for the latest calibration
of the reactor power’ and for the change in the
nitrogen cross-section data''? used in determining
values for the dose curve due to single neutron
collisions in tissuve.

There is a separation between the 1951 and the
1956 data, which increases slowly beyond 120 cm.

36.2 in terms of ergs per gram of tissue.

6R. G. Cochran and H. E. Hungerford, Fast Neutron
Dosimeter Measurements for Experiment 1 in the Bulk

Shielding Facility, ORNL CF-51-5-61 (May 7, 1951).

7). L. Meem, E. B. Johnson, and H. E. Hungerford, \ n
\ E. W. Hessee, CVAC-238T (April 20, 1955) (Secret).

ORNL CF-53-5-21 (May 12, 1953) (Secret).

PERIOD ENDING SEPTEMBER 10, 1956

At the last point of the 1951 measurements (160 cm)
this total separation is 20 to 25%. It is known
that for distances past 100 cm the photoneutrons
produced from the deuterium in water become
detectable in the thermal-neutron flux measure-
ments.  During the 1951 measurements a larger
lead thickness (3 in.) was used to shield out the
gamma-ray flux, which would also reduce the
neutron dose.

When a comparison is made with data for the
Ground Test Reactor (GTR) at Convair® (dotted
curve in Fig. 36.2), agreement in the absolute
magnitude is indicated to within approximately 16%.
This deviation is not surprising because of the
geometrical differences in reactor configurations.
The GTR loading was a 5 by 7 element loading
with the four corners missing. The shapes of the
two curves agree very well in the region of overlap.

Y
Y
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37. STUDY OF NUCLEAR AND PHYSICAL PROPERTIES OF THE
ORNL GRAPHITE REACTOR SHIELD

T. V. Blosser
G. W. Bond!
L. A. Lee'!
D. T. Morgan'
J. F. Nichols!

Since the construction of the ORNL Graphite
Reactor 12 years ago, the concrete shield around
the reactor has been subjected to intensive radi-
ation,
about the structural and nuclear durability of
concrete for such long exposures to a fission
source, an experiment was initiated to investi-
gate the properties of the concrete in this reactor
shield,

The shield of the ORNL Graphite Reactor is
7 ft thick and consists of three sections of
The inner foot adjacent to the graphite
lattice and the outer foot are composed of ordinary
Portland concrete.  Sandwiched between these
1-ft sections of ordinary concrete is a 5-ft thick-
The water
content of the barytes-haydite is roughly twice
that of the ordinary concrete and its density is
slightly greater. A l-in.-thick layer of asbestos
separates the shield from the graphite lattice,
and thin coatings of water-proofing tar separate
the ordinary concrete from the barytes-haydite
concrete,

concrete,

ness of barytes-haydite concrete,

In order to determine the neutron and gamma-ray
attenuation properties of the concrete, a 43-in.-
dia hole was drilled through the shield in incre-
ments of either 1 or ‘/:2 ft at the center of the south
face of the reactor., The gamma-ray and fast-
neutron doses and the thermal-neutron flux were
determined as a function of shield thickness by
measuring these doses after each incremental
drilling. The method of taking attenuation data
as the drilling proceeded was adopted to ensure
that the shield between reactor and detector was
undisturbed, Other experiments to measure in-
place shielding have failed because the hole
was first drilled and then filled with plugs, the
measurements being made between plug sections,
Leakage around the plugs was in each case

excessive, In the present experiment, concrete

]MIT Engineering Practice School, Gaseous Diffusion
Plant, Oak Ridge, Tennessee.

Since there is no experimental information -

T. O. P. Speidel!
D. W. Vroom'!

M. A, Welt!

R. C. Reid!

A. B. Reynolds

plugs were placed behind all gamma-ray and
neutron detectors (i.e., between the detector and
the outside edge of the shield) in order to obtain
a shield medium as nearly homogeneous as possi-
ble. Compressed air rather than water was used
to cool the diamond core drill in order to prevent

the introduction of water into the drilling region.

Gamma-ray dose rate measurements were made
with a 50-cc ionization chamber and a gamma-
sensitive film. The results of both methods are
presented in Fig. 37.1. At each drilling depth,
measurements were also made while the detector
was moved outward from the bottom of the hole.
These measurements are represented in Fig, 37.1
by the curves extending to the right of the dose
curve for the bottom of the hole. After the third
drilling (shield thickness = 4 ft), the graphite
plugs in the experimental holes adjacent to the

holes being drilled for this experiment were
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removed and replaced by close-fitting concrete
plugs. Measurements for drilling 3A, represented
by the dashed curve in Fig. 37.1, were made before
the graphite plugs were removed; measyrements
for drilling 3B were made after the graphite plugs
were replaced by concrete plugs,

Fast-neutron dose rates were measured with a
Hurst dosimeter, with the response to gamma rays
biased out,
intense gamma-ray field present for shield thick-
nesses less than 3 ft, measurements were made at
reduced power levels, and the results were
normalized to a power level of 3500 kw.

The results of the fast-neutron dose measure-
ments, with the detector in the same positions as
for the gamma-ray measurements, are presented in
Fig. 37.2. The plots of two of the measurements,
curves 1 and 2 in Fig. 37.2, have irregular shapes
with relation to the other traverses, The data for
1 were taken while the graphite plugs
mentioned located in neighboring
experimental holes. The other traverse at this
shield thickness was made after the graphite
plugs were replaced by concrete plugs. At the
time that the measurements for curve 2 were
taken,

In order to permit biasing out the

curve
above were

an exceptionally high background was
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encountered which seriously affected the cali-
bration of the dosimeter. This high background
was caused by radiation, from a nearby experi-
mental hole, resulting from the temporary replace-
ment of the concrete plugs with an experimental
graphite plug during a normal Monday shutdown.

Thermal-neutron flux measurements were made
with bare and cadmium-covered gold and indium
foils. Gold foils were used for measurements at
shield thicknesses of 4 ft and less, and indium
foils were used for thicknesses of 7 to 1.5 ft,
The results of these measurements are presented
in Fig. 37.3.

Chemical and physical properties of the concrete
which was removed during the drillings are being
determined, but the complete results are not yet
available. The temperature gradient through the
shield will also be measured by inserting into the
hole a 7-ft-long concrete plug in which 12 thermo-
couples will be embedded 1 to 15 in. apart, In
addition, fast-neutron spectral measurements will
be made. The entire experiment will be reported
in a topical report,?

27, V. Blosser et al., Study of Nuclear and Physical
Properties of the ORNL Graphite Reactor Shield, ORNL-
2195 {to be published).
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38. RADIATION ATTENUATION CHARACTERISTICS
OF STRUCTURAL CONCRETE

J. M. Miller

The physical properties of the various types of
concrete have been discussed in several publica-
tions,! as well as the attenuation by various
concretes of radiation from radioactive sources. 2+3
However, there have been no measurements of the
attenuation by concrete of radiation from a fission
source. Since the shields of many stationary
reactors will probably be made of concrete, a
series of tests to determine the radiation attenua-
tion characteristics of structural concrete have

been performed at the LTSF.

Experimental Procedure

The LTSF is a7 x 7 x 11 #t tank of water which
acts as a “‘lid”’ to a 32 x 28 in. hole through the
7-ft-thick concrete shield of the ORNL Graphite
Reactor. There is a 28-in.-dia uranium converter
plate, or source plate, at the outside of the hole.
This plate consists of a rectangular array of
natural uranium slugs (1.1 in. in diameter and 4 in.
long), which are activated by thermal neutrons
from the reactor, thus producing a fission source.

The concrete-shield configurations were placed
near the source in the water of the LTSF. They
consisted of 2-in.-thick concrete slabs, 56 in.
high by 64 in. wide, in various arrangements (see
Fig. 38.1 and Table 38.1). The slabs were painted
with Amercote to prevent them from absorbing
water during the experiment. The analysis of the
concrete, which had an average density of 2.39,
is given in Table 38.2.

All the experiments were performed in a steel
tank which was positioned in the LTSF so that
one side of the tank was as close as possible to
the source plate. An aluminum window in the
source side of the tank suppressed the production
of capture gamma rays in the steel.

The water content in each configuration is
shown in Table 38.3. The thickness of the
configurations given in the table extended from
the slab side of the aluminum window to the slab

TMost of these publications are included in a bibli-
ography by T. G. Linxweiler, Concretes for Radiation
Shielding; A Bibliographby, HW-24071 (April 9, 1952).

2E, J. Callan, J. Am. Concrete Inst. 50, 17 (Sept.
1953).
3B. E. Foster, J. Am. Concrete Inst. 50, 45 (Sept.
1953).

side of the water behind the concrete. There
were spaces between some of the slabs when
they were placed in adjacent positions because
some of them were bowed.

Measurements of the ottenuation of the fast-
neutron dose rate, thermal-neutron flux, and gamma-
ray dose rate were made along the source axis in
the water beyond the concrete. A Hurst dosim-

eter? was used to measure the fast-neutron dose

4G, S. Hurst and R. H. Ritchie, A Count-Rate Method
of Measuring Fast Neutron Tissue Dose, ORNL-930
(Jan. 30, 1951).
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TABLE 38.1. DESCRIPTION OF CONCRETE CONFIGURATIONS TESTED AT LTSF*

Configuration

Description

No.

0 A water-filled steel tank with 3/8-in.-thick Al window on the source wide was placed in
the water of the LTSF; the 2.3-cm space between the Al window and the source was
filled with air contained in a plastic bag

1 An Al tank (}’B-in.-fhick walls) filled with 19 dry 2-in.-thick concrete slabs was placed
inside the steel tank; the 3/8-in. space between the Al window of the outer tank and the
Al wall of the inner tank was filled with water

2 13 dry 2-in.-thick concrete slabs were placed inside the steel tank; the 3/s-in. space
between the Al wall and the first slab was filled with air; the water-filled Al tank was
positioned behind the concrete

3 Same as configuration 2 except concrete slab section was flooded with water

4 Same as configuration 3 except Al tank was removed

5 Same as configuration 4 but with \/S-in.-fhick water gaps between slabs

6 Same as configuration 4 but with ]/z-in.-fhick water gaps between slabs

7 Same as configuration 4 but with z-in.-fhick water gaps between slabs

8 2 adjacent slabs in water-filled steel tank

9 4 adjacent slabs in water-filled steel tank

10 Same as configuration 8 but 6 slabs were used

[ Same as configuration 8 but 8 slabs were used

12 Same as configuration 8 but 12 slabs were used

13 Same as configuration 8 but 16 slabs were used

14 Same as configuration 8 but 19 slabs were used

15 Same as configuration 8 but 22 slabs were used

16 2 adjacent slabs followed by ]/2-in.-thick water followed by 2 adjacent slabs followed by
]/2-in. water gap, etc. for a total of 22 slabs

17 Same as configuration 16 except for a total of 20 slabs

18 Same as configuration 16 except for a total of 18 slabs

19 Same as configuration 16 except for a total of 16 slabs

20 Same as configuration 16 except for a total of 12 slabs
21 Same as configuration 16 except for a total of 8 slabs
22 Same as configuration 16 except for a total of 6 slabs
23 Same as configuration 16 except for a total of 4 slabs

*See also, Fig. 38.1.
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TABLE 38.2. CHEMICAL ANALYSIS OF THE CONCRETE TESTED AT THE LTSF

Density = 2,39 g/cma; analyses based on three samples

Concentration Concentration
Constituent (wt %) Constituent (wt %)

Loss on ignition 25.32 K 0.18
Insoluble residue* 30.51 Ca 24.33
503 0.73 Mg 2.40
SiO2 30.63 0.83
Fe, 0,4 1.57 4,92
A|203 6.68 46.7
P 0.31 Al 3.54
Mn o.n Si 14.3
CO3 24.62 S 0.29
H,0** 7.48 Fe 1.10
Na 0.45

*[nsoluble in HCI.

**Includes water of hydration.

rate.  Thermal-neutron flux measurements were The macroscopic removal cross section of con-

made with a ]2]/2-in. BF, counter,® as well as
with two fission chambers (3-in.- and ]/2-in.-dicl
U235 plates). The gamma-ray dose rate measure-
ments were made with ¢ 900-cc graphite-lined
ionization chamber.

Effective Removal Cross Section

The macroscopic neutron removal cross section
S was calculated, from which the mass attenua-
tion coefficient ZR/p = (3.6 £0.2) x 10~2 cm?/g
was obtained. This value is in good agreement
with % /p =3.7 x 1072 cm?/g (Table 38.4), which
was obtained by taking the sum of the products of
the per cent by weight of each element (obtained
from the chemical analysis) and the mass attenua-
tion coefficient (obtained from a graph of ZR/p as
a function of the mass of the element’).

5B. B. Rossi and H. H. Staub, Ionization Chambers
and Counters; Experimental Techniques, McGraw-Hill,
New York, 1949,

5. H. Ballweg and J. L. Meem, A Standard Gamma-
Ray lonization Chamber for Shielding Measurements,

ORNL-1028 (July 9, 1951).

6. T. Chapman and C. L. Storrs, Effective Neutron
Removal Cross Sections for Shielding, ORNL-1843,
p 26 (Sept. 19, 1955).

crete was derived from the following formula:7

D, (2) _)\] z + t\2 : a’t ZR’
D2(z~i-t)—)\2 z _4)tz(z+t)'— a’z €

where

D(z), Dy(z + t) = doses as measured without and
with the concrete inserted,
a = radius of the circular source
(cm),
A, = relaxation length in water alone
(em),
A, = relaxation length in water be-
hind sample (cm),
A = average of A, and A,,
z = source-detector distance with-
out concrete sample (84 cm),
t = thickness of concrete (66 cm),
3, = macroscopic removal cross sec-
tion.

The limit of error was deduced_ from uncertainties
in the quantities used in the above formula.
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TABLE 38.3. WATER THICKNESSES IN CONCRETE SHIELDING CONFIGURATIONS

Water Thickness (cm)

Configuration Thickness Number Other
No. (cm) of Slabs In Between Total Materials
Slabs* Slabs (em)
1 105.6 19 7.2 0.0 7.6 0.6 Al, ~7 air
2 70.5 13 4.9 0.0 4.9 0.3 Al, ~4 air
3 70.5 13 4.9 3.2 9.1 0.3 Al
4 71.3 13 4.9 4.2 10.1
5 74.3 13 4.9 7.2 13.1
6 86.5 13 4.9 19.4 25.3
7 78.0 13 4.9 10.9 16.8
8 1n.3 2 0.8 0.1 1.9
9 22.4 4 1.5 1.4 3.9
10 33.7 6 2.3 2.2 5.5
1 45.8 8 3.0 4.2 8.2
12 66.6 12 4.6 4.4 10.0
13 89.6 16 6.1 7.3 14.4
14 106.0 19 7.2 8.5 16.7
15 123.8 22 8.3 10.9 20.2
16 135.7 22 8.3 22.8 32.1
17 122.8 20 7.6 20.0 28.6
18 109.6 18 6.8 17.1 24.9
19 97.5 16 6.1 15.2 22.3
20 73.0 12 4.6 11.0 16.6
21 50.6 8 3.0 9.0 13.0
22 36.9 6 2.3 5.4 8.7
23 24.3 4 1.5 3.0 5.5

*Includes water of hydration.

Discussion

The purpose of this investigation was to de-
termine the effect of the water content on ordinary
concrete neutron attenuation and, to a limited
extent, its effect on gamma-ray attenuation. In
Fig. 38.2 is shown the thermal-neutron flux at
each of two fixed distances (15 and 30 c¢m) behind
various thicknesses of concrete in water. Figure
38.3 shows the same data for the case in which
water is permitted to remain between the slabs
(]/2 in. of water to 4 in. of concrete). From analy-
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ses of these two cases it is evident that the usuadl
removal cross section data are adequate for pre-
dicting the added attenuation of the water.

Figure 38.4 shows directly, from measurements
in water behind slabs spaced closely together and
at various separation distances, that the fast-
neutron dose rate is constant for a given total
concrete thickness. This indicates that the loca-
tion of the water in the shield, that is, in the
concrete or behind it, is immaterial.
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Figure 38.5 shows that the penetration of cap- This experiment will be reported more com-
ture gamma rays is reduced by the addition of pletely in an ORNL topical report.®
water, but not by a large factor. Figure 38.6

shows the attenuation of gamma rays by various 8), M. Miller, Radiation Attenuation Characteristics
thicknesses of concrete. of Structural Concrete, ORNL-2193 (in press).

TABLE 38.4. CALCULATION OF FAST-NEUTRON
REMOVAL ATTENUATION COEFFICIENT FOR ; 2= BaT e rer

{0
DRY ORDINARY CONCRETE
Concentration ER/p Wt %-ZR/p 10°
Element 2/ \x -2 2 ] =
(wt %) (em2/g)* (1072 em2/g) S ,
: §
o 46.7 3.72 x 10~2 1.74 07 g e =
0.29 2.77 x 10~2 0.01 ~ " ——
Si 14.3 3.01 x 10~2 0.43 fiof IN oom SETMO e L
- N S = —
-2 x - '
Fe 1.10 2.14% 10 0.02 R N
Al 3.54 2.92 x 10-2 0.10 Z o3 | 30¢cm BEYOND SHIELD \_ " ]
. . } g 10> 30¢em g - _
P 0.31 2.83 x 10~ 0.01 E— - X S —
J . i -]
Mn 0.1 2.02 x 10~2 0.00 £ 02 _ < =
4.92 4.07 x 10~2 0.20 FE N S
0.83 5.98 x 10~ 0.50 0 _
Na 0.45 3.41 x 10~2 0.02 o - >
K 0.18 2.47 x 10~2 0.00 L
Ca 24.32 2.43 x 10~2 0.59 = : 1
Mg 2.40 3.33 x 10~2 0.08 oL N
— [¢] 4 8 12 16 20 24 28 32 36 40 44 48
Total 3.70 GONGRETE SHIELD THICKNESS {in.)
*Values of the neutron removal cross section, ER' are Fig. 38.2. Thermal-Neutron Flux in Water Be-
taken from ORNL-1843 (see ref 7). yond Yarious Thicknesses of a Concrete Shield.
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39. NEW LID TANK SHIELDING FACILITY SOURCE PLATE
D. R. Otis!

The LTSF at the ORNL Graphite Reactor is
used to study the shielding properties of proposed
shield configurations.
radiation is obtained from a ‘‘source plate’’ con-
taining U235, which absorbs thermal neutrons that
issue from a hole in the reactor shield and which,
in turn, emits a fission spectrum of neutrons and

The neutron and gamma

gamma rays.

The first LTSF source plate (SP-1) was in-
stalled in 1949. During the last few years it
became apparent that a source plate of a different
design would be an improvement in several re-
spects. Consequently, a new source plate (SP-2)
was installed in September 1955. This new plate
represents an improvement over SP-1 in that
(1) the power is greater, (2) the gecmetry more
nearly approaches the ideal disk shape, and (3)
the self-absorption of the source and the source
power can be more accurately calculated.

The new source consists of a circular disk of
enriched uranium (20.8% U235 and 79.2% U?38)
28 in. in diameter and 0.06 in. thick. An exploded
assembly is shown in Fig. 39.1. An interesting
feature of this design is the inclusion of a spiral-
wound electric heater and temperature gages to
aid in the power calibration of the source plate.

An extensive series of tests was made to estab-
lish the strength of the new source. Three inde-
pendent methods were used, each involving the
measurement of a different fundamental property
of the fission reaction. The three methods can be
described as follows:

1. measurement of the total number of thermal
neutrons captured within the source plate,

2. measurement of the rate of neutron production
within the source,

3. measurement of the energy dissipation in the
source.

The number of thermal neutrons captured in the
source was determined by using gold-wire meas-
urements to infer the thermal-neutron current
incident upon the source and by using a cross-
sectional mockup of the source plate assembly to
determine the fraction of the current absorbed in
the source. This method yielded a source strength

of 1.60 x 101! fissions/sec t 9%.

]Convair, San Diego.

The rate of neutron production within the source
was determined from measurements of the thermal-
neutron flux throughout the LTSF water. From
these datq, the number of neutrons absorbed within
the water was calculated. The fraction of source
neutrons absorbed within the water was estimated,
and this was divided into the calculated number of
neutrons absorbed. The resulting source strength
was 1.73 x 101! fissions/sec * 13.5%.

The energy dissipation was estimated by com-
paring the fransient temperature response of the
source-plate assembly for two conditions of heat-
ing: (1) heating by fission power (normal opera-
tion) and (2) heating by electric power, using the
electric heater shown in Fig. 39.1. The source
strength based upon the temperature measure-
ments was 1.63 x 1017 fissions/sec * 6%.

The results from the three different methods
were averaged according to a system in which the
result from each method was weighted with the
inverse square of the absolute error. The result-
ing average source strength was 1,62 x 10"
fissions/sec * 5%. This can be interpreted as
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5.18 + 0.26 w of power? for a reactor whose en-
ergy dissipation is 200 Mev/fission. Since the
source-plate area is 3980 cm?, the unit source
strength is then 1.30 x 10=2 w/cm2 All estimated
errors represent a 68% confidence level.

The attenuation of the source radiation by the
source-plate assembly can be accounted for by an
“effective leakage factor.”” This factor attempts
to correct dose measurements made behind shield
configurations for the effect of the absorption of
the source-plate assembly. For gamma rays, then,

2The power calibration tests were completed in
March 1956, and a preliminary estimate of 5.5 £ 0.5 w
was reported in May 1956, at the First Semiannual ANP
Shielding Information Meeting, May 7-8, 1956, by
W. J. McCool and D. R. Otis; see also, papers |-G and
I-H in the minutes of the meeting, ORNL-2115 (May 7,
1956) {Classified).

the effective leakage factor is 0.88 if it is as-
sumed that 3-Mev photons emitted nearly normal to
the source plate surface are most important behind
shield configurations. [f the attenuation of fission
neutrons by the source-plate assembly is calcu-
lated, using effective removal cross sections, the
resulting effective leakage factor is 0.94.

All LTSF data taken with SP-2 will be normal-
ized to 1 w by dividing by 5.18. Therefore, cor-
rection should be applied if the energy dissipation
in the reactor under consideration differs from
200 Mev/fission.
will not be incorporated into the reported datq,
since they are applicable only to measurements
behind It was deemed
advisable to allow the designer the option of using
the above leakage factors or of using his own.

The effective leakage factors

shield configurations.

40. DETERMINATION OF THE EFFECTIVE POWER OF THE OLD
LID TANK SOURCE PLATE (SP-1)

J. Smolen!

After installation of the new source plate, SP-2
(see Chap. 39), at the LTSF, the effective power
of the old source plate, SP-1 (see Fig. 40.1),
could be determined by multiplying the power of
SP-2 (5.18 w + 5%) by a neutron leakage factor
(0.94) and dividing by an effective power ratio of
the two plates. The power ratio was determined
by comparing thermal-neutron measurements in the
LTSF water as a function of distance from the
two sources.

The measurements which were compared (Fig.
40.2) were taken with foils of gold and indium and
also with ]/2- and 3-in. fission chambers. The
responses of the fission chambers, excluding a
constant used to convert the observed counts per
minute to flux, have shown good stability and
repeatability over an extended period. The foil
measurements would normally be the most abso-
lute; however, the gold and indium foil measure-
ments? of thermal neutrons from SP-1 were made
in early 1950, and details of the calibrations are

lPrcm & Whitney Aircraft,

2C. E. Clifford, Measurements of Neutron and Gamma
Distribution in 100% Water from a 28 in. Diameter Fission
Source, ORNL CF-50-1-153 (Feb. 1, 1950).
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unknown. The present methods of foil calibration
would not necessarily yield comparable results.

The observed ratio of measurements with fission
detectors is, however, in fair agreement with the
ratio obtained from foil measurements at distances
of 10 to 60 cm from the source-plate surface.
Agreement is excellent for measurements at
distances from 40 to 60 cm, yielding a ratio of
2.7. Between 10 and 30 cm the fission-detector
measurements gave a ratio of about 3.2, and the
foil measurements gave a ratio of about 2.9. (The
character of the flux distribution between 0 and
10 em is largely due to differences in construction
of the source-plate assemblies. The SP-2 as-
sembly produces a large flux depression at the
source-plate surface created by a boron curtain
between the uranium source disk and its l/lé-in.-
thick aluminum cover plate. The boron curtain in
the SP-1 assembly was covered with a ]/2-in.-fhick

lead slab.)

On the basis of these measurements an effective
SP-2/SP-1 power ratio of 2.9 + 10% was used in
the determination of the power of SP-1. The
results indicated a power of 1.7 w, with an esti-
mated error of +11%.



PERIOD ENDING SEPTEMBER 10, 1956

UNCLASSIFIED
2-04-057-0-286

LID TANK WALL
//*/4—in.—MILD STEEL

>

WEST FACE OF
CONCRETE PILE SHIELD -

=~

CORE HOLE INTERNAL TANK
(28%5-in.~ HIGH x 32%¢-in.-WIDE )

*
Ys-in.- THICK BORAL SHUTTER —U

/

28-in.-DIA HOLE

“
]

Y5 -in.-THICK LEAD
(SOURCE PLATE SURFACE)

S\

-
1

') ’: %
oo SRR Q 9a90%%"
[
I

*ORIGINAL SHUTTER AND IRIS B
COMPOSED OF A LAYER OF B4C
POWDER IN LACQUER ABOUT
Y46-in.~ THICK SPRAYED

ON ALUMINUM SHEETS Yg-in.- THICK PLEXIBOR
(B,C IN A PLASTIC BOND)

-
>

XA
9

XX

0
S
%

KK
KL

o

TRSTRIK
ZRXRLKS

LIEKLS
%60 2% %

otedele!
RL

RIZS
999
0o 0%

) Se%e%e%

Q
QR

14-in.-OD NATURAL U SLUGS
IN4467~in.~0D Al JACKET

<4

S

<D

BERER
>
XXX XXX

)
i
f

Y4 -in.- THICK MASONITE

q

Y -in.- THICK BORAL IRIS — L]

0

A
X >
%%

/

-
{
s
E
]

Ve

o>
5

55
Do%

< X

74

AN

Fig. 40.1. The SP-1 LTSF Source-Plate Assembly.

165



APPLIED NUCLEAR PHYSICS PROGRESS REPORT

UNCLASSIFIED
2—01—057—-0—-287

10° = ;
oo+ —— SP~{,GOLD AND INDIUM FOIL
2 N MEASUREMENTS ( FEB,,1950)
—— SP—2, GOLD FOIL MEASUREMENTS
10® IS4 (APRIL, 1956) —
 —" —+ —
5 f \\ N e SP—1, Y/o— AND 3-in. FISSION CHAMBER-
U\ MEASUREMENTS (JULY, 1955)
- 2 '\\ \. -0 SP=2, %~ AND 3-in. FISSION CHAMBER
8 AN MEASUREMENTS (JAN.,1956)
T \ N OPERATING CONDITIONS COMPARABLE _|
5 = NP\ TO SP—1,1955 MEASUREMENTS.
R NN -
s — N\
£ N\
2 I\ \;
- 2 \
e
2 10° AAN
\ N
= H B -
o H A
g 5 N
8 -1 N
=, ) NOR)
I A\ \
S s
5 e
xT — T AY AN|
[ 5 \
L N
N AN _
N\
2 — ; -
\ N\
4
10 N |
N AN
s, AN
5 - AY AN
- AN
-
\\
2r ' \\
103 i l '
0 10 20 30 40 50 60 70
2z, DISTANCE FROM SOURCE PLATE SURFACE (cm)
Fig. 40.2. Comparison of the Thermal-Neutron

Flux in the Water of the LTSF with Source Plates
SP-1 and SP-2.

A comparison of gamma-ray dose rate measure-
ments in the LTSF water as a function of distance
from the two sources (Fig. 40.3) yields a ratio of
about 4.0 + 8%. This larger ratio, as compared
with the ratio of the thermal-neutron curves, is
attributed to the higher self-absorption of photons
in the SP-1 assembly. The gamma-ray leakage
factor of SP-2 has been calculated® to be about
0.88 for 3-Mev gamma rays. The leakage of
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photons from SP-1 is obviously less because of
self-absorption in the uranium slugs and absorp-
tion by the ]/2-in.-fhick lead cover plate. Also
observable from Fig. 40.3 is a slight hardening of
the gamma-ray spectrum from SP-1 because of low-
energy photon absorption in the source-plate as-
sembly.

The gamma-ray dose rates observed in the water
are comprised of a primary and a secondary com-
ponent. The magnitude of the secondary com-
ponent, consisting of 2.23-Mev photons from ther-
mal-neutron captures by hydrogen, is proportional
to the thermal-neutron flux. Therefore, the effec-
tive power of SP-1 cannot be directly determined
by the gamma-ray emission by applying the ratio of
the observed dose rates from SP-2 and SP-1.

3J. Smolen, The Lid Tank Shielding Facility at Oak
Ridge National Laboratory, Part Il. Determination of
the Fission Rate of the Source Plate (to be published).
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41. EFFECTIVE NEUTRON REMOVAL CROSS SECTIONS OF CARBON
AND OXYGEN IN CONTINUOUS MEDIA

D. K. Trubey

Thermal-neutron flux measurements at the LTSF
in media of water, oil, and a sugar-water solution
have been used to calculate the neutron removal
cross sections of carbon and oxygen distributed in
continuous media. The oil (G-E 10-C insulating
oil) was assumed to be CH, and had a density of
0.876 g/cm3.  The sugar solution (density =
1.312 + 0.001 g/cm3) contained 64.2 wt % sugar
(C,,H,,0,,), which gave 0.354 g/cm® of carbon
and a hydrogen and oxygen density that was 96%
of that of plain water.

The measurements in the sugar solution and in
water were compared to obtain the removal cross
section for carbon in a distributed medium. Since
the sugar solution contained almost as much hy-
drogen and oxygen as does plain water and con-
tained them in the same ratio, the effect of the
water could be estimated and subtracted. Then
by comparing measurements in oil and water and
using the distributed carbon cross section, the
oxygen cross section was determined. The result-
ing cross sections were 0.72 * 0.05 barn for car-
bon' and 0.92 + 0.05 barn for oxygen. |t is inter-

G. T. Chapman

esting to note that these values are somewhat less
than those previously published? (0.81 +0.05 barn
for carbon and 0.99 t 0.10 for oxygen). The
earlier values were obtained with a thick sample
adjacent to the source plate. This value for
oxygen has a large uncertainty partly because the
sample was an oxygen compound.
that the distributed cross section is really less
(due to the experimental uncertainty), but if it is,
the difference seems to be small.

It is not clear

The calculationai procedures used to determine
these cross sections will be published in a sepa-
rate repon‘.3

"The value of 0.750 barn, reported by D. K. Trubey,
ANP Quar. Prog. Rep. Sept. 10, 1954, ORNL-1771,
p 164, esp 165, was computed with no geometric correc-
tion.

2G. T. Chopman and C. L. Storrs, ORNL-1843 (Aug.
31, 1955).
3D. K. Trubey and G. T. Chapman, The Effective

Neutron Removal Cross Sections of Carbon and Oxygen
in Continuous Mediums, ORNL-2197 (to be published).

42. THEORY OF THE C'3(y,»)C'2 REACTION

E. Guth

During shielding measurements of the attenua-
tion of neutrons in oil and sugar water,! a back-
ground of neutrons was observed which was at-
tributed to the (y,7) reaction of C'3. At that time
the experimental cross section was not known,
and it was decided to apply a calculational model
as used successfully by Guth and Mullin for the
Be9(y,n)Be8 reaction.? In this model a valence
neutron moves in the field of a core, namely, the
Be® or the C'2 nuclei. However, before this model
was applied, Cook and Telegdi® reported an ex-

g, 1. Chapman et al., Measurements of an Effective
Neutron Cross Section of Lithium at the Lid Tank
Shielding Facility, ORNL CF-54-11-3 (Nov. 2, 1954);
see also, Chap. 41 in this report.

2E. Guth and C. J. Mullins, Phys. Rev. 76, 234,
esp 239 ond 682 (1949).

G. deSaussure

perimental determination of the photodisintegra-
tion cross section of C'3 as a function of energy,
using the betatron. While this work is necessarily
very inaccurate close to the threshold, it improves
in accuracy rapidly with increasing energy. On
the basis of the Cook-Telegdi work, an almost
quantitative calculation of the neutron background
observed in the shielding tests was made (see
Chap. 43, this report). Although this explained
the neutron background in the experiment, the
theoretical work on this model was pursued some-
what further. Looking at the inverse reaction, the
capture of gamma rays by C'2, it was concluded
that in contrast with the case of Be%(y,n)BeS,

3B, C. Cook and V. L. Telegdi, private communica-
tion.
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the C]3(y,n)C]2 reaction does not show resonance
right above the threshold. This essential dif-
ference causes the Cm(y,n)C12 cross section to
become much smaller (by about a factor of 10 at
least) than the corresponding Be®(y,n)Be® cross

Further details will be obtained experi-
mentally? by use of a single-energy gamma-ray

section.

source.

4Work to be done by H. B. Willard, Physics Division.

43. ESTIMATION OF PHOTONEUTRONS FROM C'3

D. K. Trubey

Measurements of thermal-neutron flux in the pres-
ence of high-energy gamma rays in liquid media
containing hydrogen, or carbon and hydrogen, indi-
cate that photoneutrons comprise a large fraction
of the total thermal-neutron flux at large distances
from the neutron source. The evidence for this is
a change in slope of the flux plotted as a function
At large
distances, the slope is characteristic of gamma-ray
attenuation in the medium rather than of neutron
For example, the estimated deuterium
photoneufron flux has been shown to be nearly
equal to the total measured flux in the pool of the
BSF at distances from the reactor of about 2 m or

of distance from the neutron source.

attenuation,

greater.’ More recently, the photoneutron process
has been observed to be important at closer dis-
tances in media containing carbon than was the
case in pure water.? This is attributed chiefly to
the (y,n) reaction in C'3 induced by the high-energy
capture gamma rays from an Inconel plate adjacent
to the source plate of the LTSF.3
however, was not possible until recently determined

Verification,

values of the cross section for the reaction were
available,

Figure 43,1 shows data obtained at the LTSF by
using a medium of G-E 10-C insulating oil, The
insertion of a bismuth slab in the oil reduced the
gamma rays sufficiently that photoneutrons were
effectively eliminated without any other observable
effect. In order to verify that the process in
question was indeed responsible, estimations of

Jo M. LaRue et al,, ORNL CF-51-8-290 (Aug. 24,

~1951).

2G, T. Chapman et al., Measurements of an Effective
Neutron Cross Section of Lithium at the Lid Tank Shield-
ing Facility, ORNL CF+54-11-3 (Nov. 2, 1954); see also,
chap. 41 in this report.

3Thaf this is the responsible reaction was first sug-

gested by H. Goldstein of NDA.,
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the expected flux due to photoneutrons were added
to the measured flux values obtained while the
gamma rays were suppressed, The result was
equal to the measured total flux within the experi-
mental uncertainty (Fig. 43.2).
for the C]‘Q'(y,n)C]2 reaction was taken from the
data of Cook and Telegdi,? and the cross section
for the Hz(y,n)H] reaction was taken from The
Reactor Handbook.

Most of the gamma rays which produce neutrons
in C'3 (the dominant process in the experiment)
at large distances are very energetic (over 5 Mev),
Thus the gamma rays from the fission process in
the source plate were neglected in the calculation,
and only capture gamma rays from the Inconel
circular plate were considered. A simple spectrum
of source energies (five groups) was computed from
the known thermal-neutron flux at the location of
the 1/8-in.-'rhick, 28-in.-dia Inconel plate, the ab-
sorption cross section of the elements in the
Inconel, and estimations® of the capture gamma-ray

The cross section

distribution, For energies above 7 Mev, the binding
energy of the nucleus was the energy assumed. It
was also assumed that the attenuation of both the
neutron and gamma-ray fluxes in the Inconel was
negligible, The gamma-ray flux for each group was
then computed at various distances by multiplying
the source strength by the attenuation factor for
an isotropic plane circulor source in an infinite
medium and adding a built-up flux obtained from

4B. C. Cook and V. L. Telegdi, private communication

to E. Guth, January 1956; the Cls(}/,n)c‘2 cross section
has been calculated by G. deSaussure and E. Guth (see
chap. 42 of this report).

51 F. Hogerton and R. C. Grass (eds.), The Reactor
Handbook, vol 1, p 473, Technical Information Service,
AEC, 1955,

P. Mittleman, Gamma Rays Resulting from Thermal
Neutron Capture, NDA-10-99 (Oct. 6, 1953).



UNCLASSIFIED

2-01-057-65-28
3
10 T Ty, T
4!&,,,, \\ n 1 B - — 4
5| —— —
|
2 \Q\ NORMAL LTSF WATER CURVE

N

10 N
Sy B o
— AWV .
5 A . -

b WA A T

\— OIL, NO BISMUTH GAMMA SUPPRESSOR |

gf 2 ; ~ —
ES
=10 : —— -
[re — H - T
: ERNY
S —- N _
g S \
g ANA
2 ; _
p} !
I A ‘TX ;
s 2 "
g
g \’ x 10% \
= LR W \
O — AN
et WY -
AWAY o — N -
5 [\ TE =N S
\// NORMAL LTSF WATER CURVE \ T
\ T R\

LT

o
i
T 1 4tT

\ I
NN i .
AN ‘
\ou_, WITH BISMUTH GAMMA SUPPRESS
. . .

\

2 e ; SR i

| f\ i i

| !

1072 ‘ | ;

50 60 70 80 90 10C 110 120 130 140 150 160 {70

2z, DISTANCE FROM SOURCE {(cm)

Fig. 43.1. Thermal-Neutron Flux in Oil With and
Without Bismuth Slab to Suppress Photoneutron
Production.

higher groups. This built-up flux was computed
from published differential energy spectra in
water.” The method used for this calculation will
be published in a separate report.®

The photoneutron thermal flux may be computed
from the following relation:

¢ %, = L T(=zE) Z,(E) ,

E=0
where
¢,, = photoneutron thermal flux,
Za = macroscopic thermal-neutron absorption

cross section in the medium,

7H. Goldstein and J. E. Wilkins, Jr., Calculations of
the Penetration of Gamma Rays. Final Report, NYO-
3075 (June 30, 1954).
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Fig. 43.2. Measured and Calculated Thermal-
Neutron Flux in Oil Showing Measured and Calcu-
lated Components.

I'(z,E) = photon flux of energy E at z distance
from the source

E (i) - E,|ue V1 + @¥22)]

2

= I'(Q,E)

+ built-up group,

8p. K. Trubey, Estimation of Photoneutrons from Cl3,
ORNL-2200 (to be published).
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® g~V
E ](l‘z) = f dy .,
Bz y

i = linear total absorption coefficient for
gamma rays of energy E,

a = radius of the source (both LTSF source
plate and Inconel plate),

z = distance from the source,

EP(E) = photoneutron production macroscopic
cross section for gamma rays of energy
E.
The justification for this equation is presented
8 It is apparent that it is correct if
This is
in this case because neutrons are
attenuated very rapidly, as compared with gamma
rays.

elsewhere,
migration of neutrons can be neglected.
permissible

44, ENERGY AND ANGULAR DISTRIBUTION OF GAMMA RADIATION
FROM A Co%% SOURCE AFTER DIFFUSION THROUGH MANY
MEAN FREE PATHS OF WATER

R. W. Peelle

F. C. Maienschein

T. A. Love

Considerable efforts have been expended! to
calculate the details of the intensity distribution
of gamma rays which penetrate or diffuse through
media whose linear dimensions are large compared
with an interaction mean free path for the photons
involved. Difficulty arises in the calculations
because of the complexity of the scattering
process. The calculational problem tends to be
more severe for absorbers consisting of elements
of low atomic number, where Compton scattering
is the most important effect, and for penetrations
which correspond to many mean free paths of the
primary radiation.

The most trusted calculations available at this
time are ‘‘moments method”’ calculations resulting
from a combined National Bureau of Standards and
Nuclear Development Associates computing pro-
gram.'=%  These calculations, supposed to be
valid for an infinite homogeneous medium, have
provided the energy spectrum of the energy flux,
integrated over all solid angles for an isotropic
detector. Further integrafion has been performed
to obtain various significant buildup factors. The

.o, Spencer and U. Fano, Phys. Rev. 81, 464
(1951); see also, L. V. Spencer and U. Fano, J. Re-
search Nat. Bur, Standards 46, 446 (1951).

2. v, Spencer and F. Stinson, Phys. Rev. 85, 662
(1952).

3U. Fano, J. Research Nat. Bur. Standards 51, 95
(1953).

4H. Goldstein and J. E. Wilkins, Jr., Calculations of
the Penetration of Gamma Rays. Final Report, NDA-
15C-41 or NY0-3075 (June 30, 1954).
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dose buildup factors obtained from the moments
method calculations have been compared favorably
with dose measurements obtained in water!+3 as
a function of detector separation distance from a
Cob% point source.
been made in media of iron%:7 and lead,” con-
firming the results of these calculations. Hayward?®
measured the electron spectrum observed in an
anthracene crystal when it was placed in a water
medium at various distances from a Co%9 point
source. This experiment agreed with a special
moments method calculation designed for testing
the experimental results., These integral ex-
periments have been interpreted as substantiating
the general validity of the results of the moments
method calculational program.

In order to further test the results of either this
calculational approach or of any future compu-
tations, it has seemed that calculated energy and
angle spectra should be subjected to experimental
scrutiny, since the agreement with experiment of

Dose rate checks have also

the calculated buildup factors may be fortuitous.
Such a detailed study has been reported by Whyte?
for a medium of concrete terminated at the point
of detection and with detector angles up to 60 deg.

5G. R. White, Phys. Rev. 80, 154 (1950).

5., A. Beach, R. B. Theus, and W. R. Faust, Phys,
Rev. 92, 355 (1953).

7C. Garrett and G. N. Whyte, Phys. Rev. 95, 889 (1954).
8E. Hayward, Phys. Rev. 86, 493 (1952).
9G. N. Whyte, Can. . Phys. 33, 96 (1955).



Whyte’s integrated and normalized results are in
good agreement with those of the moments method,
but no attempt was made to obtain an absolute
normalization of the results.

An experiment has been performed at ORNL. to
determine the energy and angle spectrum of the
energy flux from a point isotropic Cob0 source
in an effectively infinite medium of water. Spectra
were obtained for several detector observation
angles for each of two source-detector separation
distances. These spectra are compared with the
available calculated spectra for the same cases.

Experimental Procedure

A double-crystal Compton scintillation spec-
trometer!9-12 was used in this experiment be-

10g, ¢, Maienschein, Multi{:le Crystal Gamma-Ray
Spectrometer, ORNL-1142 (April 14, 1952).

VTE. Maienschein and T. Love, Nucleonics 12(5), 6
(1954).

120 A, Love, R. W, Peelle, and F. C, Maienschein,
Electronic Instrumentation for a Multiple-Crystal Gamma-
Ray Scintillation Spectrometer, ORNL-1929 (Oct. 3,
1955).

€o%° POINT SOURCE
IN WATER

PERIOD ENDING SEPTEMBER 10, 1956

cause of its reasonably unique response to incident
monoenergetic gamma rays. Figure 44.1 shows the
geometry of the spectrometer and the source as
suspended in the pool of water at the BSF. Al-
though the term ‘‘detector angle’’ implies that the
spectrometer was repositioned throughout the ex-
periment, in practice the source was actually
moved by means of a swinging arm pivoted just
above the end of the spectrometer collimator, as
determined by a plumb. This source could then
be set so that the detector angle § had any value
between 0 and 90 deg, while maintaining a
constant source-detector separation. The spec-
frometer was positioned about 10 ft from the sides
and bottom of the BSF pool and about 15 ft from
the water surface.

Two Cob0 sources were used during the course
of this experiment, one having a strength of
approximately 100 curies and the other approxi-
mately 195 mec. The 195-mc source was calibrated
against a small (1-mc) source whose strength was
known to within about 3% (as the result of measure-

ments with a calibrated high-pressure ionization

UNCLASSIFIED
ORNL—LR—DWG 16471

Nal CRYSTALS

* - - -

Fig. 44.1. Geometry for the Gamma-Ray Spectrometer and Co®? Source.
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chamber!3), The ratio between the 195-mc and
the 1-mc sources was obtained by counting and
dosimetry techniques. The 195-mc source was
also sent to the National Bureau of Standards for
a dose calibration; the results were corrected
approximately for degradation. The 100-curie
source was calibrated against the 195-mc source.
Table 44.1 shows the strengths of the sources
used, the methods of calibration, and the precision
For the
calibration by detector responses through 90- and
140-cm thicknesses (r) of water, pure exponential
attenuation was assumed with little error because
of the smallness of the solid angle accepted by
the spectrometer (~2,2 x 10~3 steradians).

to which they are believed to be known.

Figure 44 .2 shows typical pulse-height response
data of the double-crystal spectrometer to several
sources. The uniqueness of response is not so
good as that reported by Whyte,? presumably
because of the fact that Whyte used a superior
detector geomeiry. The spectral sensitivity of
the spectrometer, divided by the gamma-ray energy,
is shown in Fig. 44,3, Only the approximately
gaussian peaks of the experimental response
functions are counted in determining this curve.
The basic efficiency curve was taken from an
earlier report,!0 except for a change of absolute
normalization based upon the instrument response
to the 1-mc Co%9 source.

]3This high-pressure chamber was used through the
cgourtesy of E. |. Wyatt’s group in the Analytical Chem-
istry Division.

Energy spectra were obtained for a number of
detector angles (9) between 0 and 90 deg at each
of two penetration distances (90 and 140 cm).
Background spectra, corresponding to the detection
of photons which penetrated the walls of the lead
spectrometer shield, were obtained by repeating
each run with a 6-in.-long lead plug filling the
nose of the collimator. Table 44.2 shows a
summary of all the sets of experimental pa-
rameters studied. It should be noted that measure-
ments obtained for scattering angles between
+3 deg are strongly affected by the angular
aperture of the collimator.

Method of Analysis of the Data

Calculation of the Corrected Yields. — The raw
pulse-height distributions, observed experimentally

TABLE 44.2. SUMMARY OF PARAMETER SETS
STUDIED IN EXPERIMENTAL
ATTENUATION MEASUREMENTS

Source Strength, S Separation Scattering

(d/sec) Distance, * (cm) Angle, 0 (deg)
0.72 x 10'° 90 0, 12, 4,
10
3.8 x 10'2 90 15, 30, 50,
70, 90
140 0, 12, 4,
10, 30, 60,
%

TABLE 44.1. STRENGTHS OF THE TWO Co%% SOURCES

Source Strength, S (d/sec)

Source Method of Calibration
Calibrated Used in Data Analysis
195 mc Against 1-mc sourte 0.72 x 10190 1 59 0.72 x 10190 *+ 4%
NBS dose calibration 0.73 x 10'0 * 4%
Response of Compton spectrometer; 0.71 X ]0]0 t 8%
r=90cm, =0
i . 10 + 12 4
100 curies Response of Compton spectrometer; 4.2 X107 8% 3.8 X10'“18%

r=140cm, =0

Response of Compton spectrometer;
r=90cm, @ =10 deg, as compared

with response to 195-mc source

3.8 x10'0£7%
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Fig. 44.2. Response of the Compton Spectrometer to Monoenergetic Gamma Rays. Arbitrarily normal-
ized pulse-height spectra are shown on the same relative energy scale for radioisotope sources placed at

the nose of the spectrometer collimator.

Zn®3 (1.12 Mev), and Co%% (1.17 and 1.33 Mev).

in terms of counting rate per pulse-height channel,
must be subjected to the following corrections in
order to obtain the experimental photon number
spectrum (photons-Mev=1.sec=t.cm~2):

1. The pulse-height scale must be converted to
a photon energy scale.

2. The observed yield per pulse-height interval
must be converted to pulses per photon energy
interval.

The sources used were Hg293 (280 kev), Cs'37 (662 kev),

3. Correction must be made for the detection
efficiency of the spectrometer as a function of
energy.

4. Correction should be made for the nonunique-
ness of the response of the spectrometer,

These corrections are all straightforward except
the last one. The need for this correction arises
from the fact that a beam of monoenergetic gamma
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Fig. 44.3. Spectral Efficiency of the Compton
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function, when multiplied by the differential pho-
ton energy flux, I, at the end of the collimator and
by the collimator solid angle, yields the counting
rate observed per unit of absorbed electron energy
E_ in the central crystal of the Compton spec-
trometer. This curve is based on the efficiency
curve previously reported (see ref 10) and upon the
spectrometer geometry.

rays incident upon the spectrometer are repre-
sented at the spectrometer output by a distribution
of pulses of a different size, as shown in Fig.
44.2. The experimental results presented here
have been corrected only for the ‘‘tail’’ corre-
sponding to gamma rays near the original energies
of 1.17 and 1.33 Mev.

Figure 44,4 shows the manner in which the
experimental response function for § = 0 deg and
r = 140 cm was separated into two components
supposed to correspond to the discrete source
energies of 1,17 and 1,33 Mev. The spectral
shapes of Fig. 44.4 were then applied to data for
larger angles in order to obtain the desired photon
number spectrum.

Figure 44.5 shows the nonuniqueness subtraction
made for o measurement at § = 4 deg and
r = 140 cm. The normalized response functions
are shown fitted to the humps arising at photon
energies of 1,17 and 1,33 Mev. The experimental
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Fig. 44.4. Decomposition of the Observed Co%°
Spectrum into Peaks Corresponding to the Two
Source Energies (0 = 0 deg, » = 140 ecm). The
points indicate the pulse-height spectrum observed
experimentally. The solid lines indicate the re-
sponses which would have been expected if in-
dividual sources of 1.17 and 1.33 Mev had been
used. The dashed lines indicate the extension of
gaussian The combined
spectrum, corrected for spectrometer nonunique-
ness, would consist of the sum of the two gaussian
resolution functions shown.

resolution functions.

points at lower energies are shown before and
after subtraction of the tails corresponding to
these humps. There were three aspects of the
nonuniqueness problem which are not considered
in the method described above:

1. An estimate of the errors arising from the
continuous nature of the high-energy section of
the scattered photon spectrum was made by ob-
serving the effect upon the estimated nonunique-
ness correction of splitting the region above



1.1 Mev into more than the two groups corre-
sponding to the original source gamma
Separate tail subtractions were made for each of
these energy groups, using interpolated monoener-

rays.
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Fig. 44.5. Nonuniqueness Correction of the
Pulse-Height Spectrum Observed at 6 = 4 deg,
r = 140 ecm. The points indicate the pulse-height
spectrum observed experimentally. The solid
curves are the same shape as those in Fig. 44.4,
but here they are normalized to fit the high-energy
portion of the experimental spectrum shown. The
dashed lines represent extensions of the normal
resolution functions. Nonuniqueness corrections
were made by subtracting from the experimental
spectrum the area between the solid and dotted
curves for both the 1.17- and 1.33-Mev peaks. The
dotted line is the final corrected curve. It was
this curve that was used to derive the photon
number spectrum observed by the spectrometer.
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getic response functions. In the cases where this
alternate technique was used, the change at any
point of the resulting photon spectrum was less
than the known statistical uncertainties in the
original pulse-height spectrum.

2. Reasonably good instrument response curves
were available for three gamma-ray energies, but
corrections were made only for the primary energies
of the Co%0 source, since the calculations were
made by hand. The error induced in the photon
number spectrum by the failure to subtract a tail
corresponding to portions of the measured spectrum
below 1 Mev has been estimated crudely for the
points at the lowest measured energy (0.25 Mev).
At these points, where the relative error from this
source should be a maximum, estimated errors
range between 5 and 15% (the error leads to the
acceptance of too large a flux value), increasing
as the pulse-height distribution becomes more
flat, These estimates were made by assuming an
analytical form for the true spectrum and for the
energy dependence of the *‘‘peak-to-total’’ ratio.
The peak-to-total ratio consists of the total number
of counts in the peak of the distribution divided
by all the observed counts down to zero pulse
height.

3. The width of the resolution function at the
peck of the spectrometer response was completely
ignored in the analysis presented here. This is
felt to have no appreciable effect upon the results.

Determination of the Energy Flux. — The energy
spectrum of the photon energy flux, I, is given by
the relation:

EN(r,Eo,E,G) ,

sQ

I(r,E ,E,0) = (cm=2.steradian=1) ,

where

r = source-detector separation distance
{cm); the detector is consistently
considered to be located at the
nose of the spectrometer collimator

(see Fig. 44.1);

E, = source photon energy, equal to 1.17
and 1.33 Mev for each source dis-
integration;

E = energy of the observed scattered
photon, or, more precisely, the
photon energy corresponding to the
observed pulse height (Mev);

0 = detector angle (see Fig. 44.1);
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N(r,EO,E,G) = experimental number of photons per
second per unit energy interval per
unit collimator area for specified
r and 6 values;

S = absolute source strength (d/sec);

Q = magnitude of the sensitive solid
angle as determined by the spec-
trometer collimator (steradians).

Results and Discussion

Presentations of data for gamma-ray penetration
are normally given in terms of the dimensionless
function:

4mr?et 1(,E ,E,0) ,

where i is the total absorption coefficient (cm=1)
at energy Eo. This quantity is convenient, since
it is dimensionless and the magnitude is near
unity.
of this function, where y has been taken as
0.0612 cm-! for water, and the energy and the
angle spectrum of the energy flux are normalized
to one disintegration yielding a 1.,33- and a
1.17-Mev photon.

Figure 44.6 shows the angle and the energy
spectral results obtained for » = 90 cm, and Fig.
44,7 gives those for r = 140 cm. All the data
shown except those for § = 0 and 2 deg are directly
significant from the point of view of gamma-ray
diffusion. The 6 = 0 deg data are representative
only of the attenuation in water, geometrical
factors, and the resolution of the spectrometer.

Discussion of Errors. — The representative
errors shown on the curves of Figs. 44.5 and 44.6
are expressive of only the statistical errors of
counting. Other random errors do not influence
the shape of the energy flux spectra shown. Such
random errors, so called because their algebraic
orientation is unknown, are summarized in Table
44.3. These errors, if combined according to sums
of squares, amount to a total random error in the
normalization of the curves of about 12%,

In addition to these normalization errors, there
exist difficulties which influence the shape of
the resulting spectra. A 5 to 15% nonuniqueness
error at the lower energies has already been de-
scribed. An uncertainty of about 15% is estimated
to result from lack of exact knowledge of the
efficiency of this spectrometer as a function of
energy. This uncertainty is largely the result

The results presented here are in terms
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of the assumption of a relative spectral response
unchanged from earlier experiments. The ef-
ficiency as a function of energy was not fested
during the experiment here described.
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The energy scale of the quoted results, both
relative and absolute, has an estimated standard
deviation of about 2%.

Comparison of Experimental Results for Water
and Concrete Media. — Figure 44.8 shows that
the results obtained in this experiment for 5.5
mean free paths (mfp) of water agree favorably
with those for 5.6 mfp of concrete.14 The concrete

60 deg. Only

experiment extended only to 6 =

146, N. Whyte, Can. J. Phys. 33, 96 (1955).
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Fig. 44.7. Energy and Angle Spectrum of Energy
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the shapes of the curves in Fig. 44,8 may be
compared, since Whyte's results were not abso-
lutely normalized.

Comparison of Experimental and Calculated Re-
sults for a Water Medium. — No calculated results
are presently available for energy spectra for given
detector angles.
discussed two comparisons which can be made
by manipulation of the data of Figs. 44.6 and 44.7,

in the paragraphs below are

TABLE 44.3. ESTIMATED STANDARD DEVIATIONS
FOR THE ERRORS INDUCED IN
THE FINAL RESULTS

E stimated Standard

Origin of Error Deviation in Final

Result (%)
Measurement of r 7
Detected photon energy 1
Source strength 8
€ ), average efficiency times 7

avg
spectrometer solid angle
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Angle spectra are available for three scattered
photon energies from Co%? in water in the early
calculation of Spencer and Stinson,!5 who used
hand calculations of only a few moments. In
Fig. 44.9, cross-plots of the data of Figs. 44.6
and 44,7 are compared with the results of Spencer
and Stinson. There is wide disagreement between

If the

the results, especially in the magnitude.

15L. Y. Spencer and F. Stinson, Phys. Rev. 85, 662
(1952).
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experimental data were reduced by a factor of 2,
the shapes would be in good agreement for 0,256
and 0.365 Mev.

Goldstein and Wilkins1é present the energy
spectra of the energy flux for Co%9 gamma radi-
ation in water as integrations over all solid angles
of the differential spectra. To compare these
calculated results with experiment it was nec-
essary to perform an infegration of the experimental
results over the detector angle.
scattering angles were measured, interpolations

Since only a few

were made for angles between those measured.
The errors in the angle integrals induced by the
interpolation could be ~20%. Experimental obser-
vations were not possible for defector angles
larger than 90 deg, although at scattered energies
of less than 0.5 Mev, larger angles are important
to the integration.
larger angles in all cases, but uncertainties of
about 30% can exist for the lowest energies
plotted. In addition, at energies above 1 Mev it
was necessary to avoid, by extrapolation, effects
of detector energy and angle resolution. This
last factor is capable of introducing additional
uncertainties of ~20% in the integration at the
highest energies.

Extrapolations were made for

In Fig. 44.10 the results of such integrations
are compared with the calculations of Goldstein
and Wilkins.1é It is seen that there again exists
a discrepancy of about a factor of 2 in integrated
intensity, along with a very considerable difference
in shape.
by the problems of the hand integration, but it is
not likely that this error will account for the
disagreement between the experiment and theory.

The latter may be strongly influenced

Conclusions

A considerable discrepancy in absolute mag-
nitude seems to exist between the results of this
experiment and those of calculational programs
which have previously seemed to yield good
results when compared with dose measurements.
This discrepancy cannot be explained on the basis
of known experimental uncertainties. However,
when the experiment was performed it was not
expected that absolute intensity results would be
presented.

]6H. Goldstein and J. E. Wilkins, Jr., Calculations of
the Penetration of Gamma Rays. Final Report, NDA-
15C-41 or NY0-3075 (June 30, 1954).
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~ The shapes of the experimental spectra, after
rough integration over detector angle, do not
appear to agree with the calculated results of
the moments method. However, this comparison
of spectral shape cannot be made fairly until
calculations have produced energy spectra directly
comparable with experiment.

As mentioned previously, the experimental re-
sults presented agreed with those for concrete.14
It is to be noted that Whyte's integration over the
angle of his normalized experimental data agreed
in shape with the calculations of Goldstein and
Wilkins. The only obvious explanation for this
is that Whyte’s data extended to only 60 deg, while
this experiment extended to 90 deg. Further, in
the integration presented in Fig. 44.10, significant
contributions for angles >90 deg were present for
energies <05 Mev. These contributions were
estimated on the basis of crude extrapolations.

It is planned that when additional svitable
equipment becomes available, a more careful and
complete experiment of this type will be performed.
Both spectral and dose measurements will be made

under similar conditions to improve the usefulness
of the data.

This paper is to be published as a separate
topical report.17

17R. W. Peelle, F. C. Maienschein, and T. A, Love,
Energy and Angular Distribution of Gamma Radiation

from a Co™" Source After Diffusion Through Many Mean
Free Paths of Water, ORNL-2196 (to be published).
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45, ENERGY AND ANGULAR DISTRIBUTION OF AIR-SCATT ERED NEUTRONS
FROM A MONOENERGETIC SOURCE

C. D. Zerby

A calculation of the energy and the angular
flux distribution of air-scattered neutrons is being
made by using the Monte Carlo method. The
problem analysis is complete, and coding for
calculation on the Oracle is near completion.

The source of neutrons can be taken as an
isotropic point source or a unit surface source
located in a sphere, The neutrons emitted from
the surface can have an angular distribution about
the normal given by

P(Q) = Acos™ @ ,

where
P(8) = probability of emission per unit solid
angle, inclined at an
angle 6 with the normal, per unit areq,
¢ = angle with respect to the normal,
A = normalizing constant,
n=2012....
The neutron angular flux distribution and the
energy spectrum at several angle intervals will

in a direction

be determined at various points in space, The
surface source can have any orientation and
location with respect to the points at which the
flux will be determined,

The cross sections being used were taken from
report! and include the complete
resonance structure,  The
taken as isotropic in the center-of-mass system.

Although the fluxes will be determined for
monoenergetic neutron sources, it will be possible
to construct the flux for sources emitting neutrons
with any angular distribution and energy spectrum
by superposition of the resulting data,

For comparison with previous approximate
analytic calculations, the energy and the angular
distribution of single, double, triple, and all other
will be recorded

a previous
scattering will be

multiply scattered neutrons

separately,

]Neutron Cross Sections, AECU-2040 (May 15, 1952).

46, ENERGY ABSORPTION RESULTING FROM GAMMA RADIATION INCIDENT
ON A MULTIREGION SHIELD WITH SLAB GEOMETRY

S. Auslender!

The code of a Monte Carlo calculation of energy
penetration and deposition resulting from transport
gamma radiation in a shield of slab geometry has
been used in a parametric study of a two-region
lead-water shield. The code utilizes straight-
forward sampling techniques except for a doubling
technique operating on the unscattered flux,

For the parametric study the radiation was
}-Mev gamma rays incident on the slab at (5
60° 70° 32% and 75° 31% The first region of the
slab was composed of water 1.5 mfp thick at the
initial gamma-ray energy, and the second region
was composed of lead 0.5 mfp thick.
results of the calculation are shown in Figs. 46.1

Preliminary

Tpratt & Whitney Aircraft,

180

through 46.4. The dashed lines are a fit by eye
to the data. The large rate of chonge of heat
deposition near the front surface of the lead can
be explained by the rapid absorption, in the lead,
of the low energy.

The coding has been extended to calculate
energy flux and tissue dose rate as well as energy
deposition. Figures 46.5 through 46.9 are plots
of the buildup factor for the dose rate, due to the
gamma rays that have penetrated the slab, as a
function of the composition of the slab. The
buildup factor is defined as
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where
D = calculated dose rate (mr/hr),
D, = dose rate with the source unchanged
but with the slab missing,
por sec 6 = oblique thickness of the slab in
mean free paths at the source
energy.

The composition of the slab is denoted by P
and defined as

thickness of lead (mfp)
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where
I‘Lor = (llor)pb + (Por)Hzo

Figures 46.5, 46.7, and 46.9 are for shields with
the lead in front of the water, and Figs. 46.6 and
46.8 are for water in front of lead. The sources
for Figs. 46.5 through 46.8 are plane mono-
directional, The source for Fig. 46.9 is a surface
source having a cos” @ angular distribution, where
0 is measured from the normal to the surface.

~ thickness of entire slab (mfp)

(hor)py

Kot
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This source is normalized to one gamma ray per
unit area of surface per 277 steradians (in the
forward direction):

1 =f S() 4Q ,
2m
n + 1
S(Q) = ———cos™ @ .
27

When n = 0, the source is isotropic. For n = o,
the source is plane monodirectional and normal

to the surface,

It is obvious from the figures that lead is more
effective in stratified slab shields when it is
placed behind a good scatterer such as water,

PERIOD ENDING SEPTEMBER 10, 1956
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This is especially true for the lower source
energies, The explanation is fundamentally the
same as for the large energy deposition rate in the
front edge of the lead when it is behind water,
The scatter in the answers is, of course, due to
the method of solution. Since the answers are

estimates of the correct answer, any one problem
may be calculated several times, each time with
a new set of random numbers. If this is done, the
average of the several estimates can be accepted
as the answer, and a standard deviation can be
calculated for it,

47. MONTE CARLO STUDY OF THE GAMMA-RAY ENERGY FLUX,
DOSE RATE, AND BUILDUP FACTORS IN A LEAD-WATER
SLAB SHIELD OF FINITE THICKNESS

S. Auslender!

The gamma-ray energy flux, dose rate, and
buildup factors in a lead-water shield of finite
thickness have been calculated by a Monte Carlo
method. The calculations included 1-, 3-, and
6-Mev photons incident on the slab, both along
a normal and at an angle of 60 deg. The buildup
factors for energy and dose obtained in this
calculation were compared with those obtained
by use of the moments method? for monoenergetic,
plane monodirectional sources normally incident
upon a semi-infinite, homogeneous medium. The
thicknesses of the lead-water shield in centimeters
and in mean free paths for the various incident
gamma-ray energies are given in Table 47.1.

The normalized energy flux for the 3-Mev photons
is plotted in Fig. 47.1, as a function of the normal

lPraH’ & Whitney Aircraft.
2H. Goldstein and J. E. Wilkins, Jr., Calculations of
the Penetration of Gamma Rays. Final Report, NYO-
3075 (June 30, 1954).
TABLE 47.1. NORMAL THICKNESSES OF
A LEAD-WATER SLAB SHIELD

Thickness
Region mfp
cm
1 Mev 3 Mev 6 Mev
Pb 11.58 9.089 5.654 5.878
H,0 35.81 2.542 1.382 0.996
Total 47.39 11.631 7.036 6.874
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thickness of the shield in centimeter units. The
uncollided energy flux, normalized to unity at
the initial boundary, is also plotted. The third
curve in the figure is the energy buildup factor,
B, which is the ratio of the two energy flux
curves:

qBE/EOqsI d)E

E = ’
e—l/)\ Eo¢le—t/)\

B

where

Loy (Mev-cm~2.sec=1) = energy flux at the point
of interest in the shield,

E, (Mev/y) = initial photon energy,

b, (y’s-cm'z-sec']) = number flux incident on

shield,
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t (cm) = distance between the
initial boundary and the

point of interest in the
shield,

A (ecm) = relaxation length,
e=t/A

= uncollided energy flux at
the point of interest.

In a similar manner the normalized dose rate and
the dose buildup factor, B,, are plotted in Figs.
472 and 47.3 for 3-Mev photons incident on the
slab at 0 and 60 deg, respectively. Here,

D/, D

B, = =
r
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Buildup Factor as a Function of the Normal Thick-
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3-Mev Photons Incident at a 60-deg Angle.
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where

D {mr/hr) = dose rate {tissue) at the point of

interest,

D, (mr/hr) = dose rate (tissue) of the uncollided
incident photons at the initial
boundary,

@ = angle of incident radiation (deg).

The energy buildup factor as a function of
oblique thickness, in mean free paths, for normally
incident photons is presented in Fig. 47.4. The
dose buildup factors as a function of the oblique
thickness are given in Figs. 47.5 and 47.6 for
photons normally incident and for 60-deg incident
photons, respectively. Data from the results of
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the moments method solution? are also plotted for
purposes of comparison, although it must be
remembered that those calculations were for in-
finite homogeneous media and are not directly
comparable with the present calculations for a
finite two-region slab. The calculations for lead
do agree reasonably well for the first few re-
laxation lengths, where the effects stemming from
the dissimilarity of the slabs should be least.

This investigation will be reported in greater
detail elsewhere.3

35, Auslender, A Monte Carlo Study of the Gamma-Ray
Energy Flux, Dose Rate, and Buildup Factors in a
Lead-Water Slab Shield of Finite Thickness, ORNL.-2194
(in press).
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RADIATION DETECTOR DEVELOPMENT






48, FAST-NEUTRON SPECTROMETER DEVELOPMENT

R. B. Murray

A knowledge of the energy spectrum of fission
neutrons, after they penetrate various thicknesses
of shielding material, is of considerable im-
portance in a shield design program. Measure-
ments of such spectra have been handicapped in
the past because of the lack of an efficient, fast-
neutron spectrometer which would record spectra
directly; the measurements were made previously
by employing the laborious technique of counting
tracks in nuclear emulsions.
of such an instrument presents a difficult problem
in that: (1) it is necessary to measure a con-
tinuous specirum over the region from 1 to 12 Mev;
(2) the neutron source may be widely distributed
in space, as in the case of a reactor and shield;
and (3) fission neutrons are accompanied by an
enormous background of gamma
energy.

A proton-recoil, fast-neutron spectrometer has
been designed and successfully used at the Bulk
Shielding Facility by Cochran and Henry.! This
instrument is limited in its usefulness, however,
by the inherently low detection efficiency of a
radiator-absorber type of spectrometer.
of this fact, a fast-neutron spectrometer program
has continued with the hope of developing a more
sensitive instrument which can be used to extend
the previous measurements.

The types of spectrometers which have been
considered for this purpose are (1) proton-recoil
spectrometers, and (2) those in which the total

The development

rays of high

in view

neutron-induced nuclear
In the proton-recoil in-

energy released in a
reaction is measured.
strument the detection efficiency is usually small,
since it is necessary to collimate the incoming
neutron beam as well as the recoil protons. In
this respect the second type of instrument is to
be preferred, since nearly isotropic detection can
be realized in a proportional counter or scintii-
lation crystal containing the target nucleus.

A survey of nuclear reactions which might serve
as a basis for a neutron spectrometer indicates
that the number of possible reactions is very

The He3(n,p)H3 reaction (Q = 0.77 Mev)

small.

TR. G. Cochran and K. M. Henry, Rev. Sci. Instr. 26,
757 (1955).

has been used? in a proportional counter for
neutron spectroscopy in the region between thermal
energies and 1.2 Mev. The pulse-height spectrum
from monoenergetic neutrons of energy En contains
not only a peak from the (n,p) reaction at E, +0,
but also a continuous distribution below ¥ E_,
arising from elastically scattered He3 recoils.
The pulse-height distribution arising from a fission
spectrum of reutrons would then be a very complex
one, and its interpretation would necessitate a
detailed knowledge of the reaction and scattering
cross sections, information which is not available
at the present time,

The Lib(n,a)H3 reaction (Q = 4.78 Mev) has been
employed as a neutron detector in various lithium-
containing phosphors; some attempts have been
made to measure fast-neutron spectra with lithium-
loaded photographic emulsions.  This reaction
seems to be most applicable to the problem at
hand by virtue of its high Q, since competing
nuclear reactions are endothermic with QO values
of about —2.5 Mev.

Other nuclear reactions which might conceivably
be used to measure fast-neutron energies generally
give rise to several groups of pulses from a
monoenergetic neutron source as a result of
branching of the reaction. For example, the
B19(n,a)Li7 reaction goes to the ground state and
first excited state of Li7 with O values of 2.78
and 2.30 Mev, respectively.

The two spectrometers now being considered
are a proton-recoil instrument and an Lil(Eu)
scintillation spectrometer. Both spectrometers are
discussed below.

Proton-Recoil Spectrometer

in the absence of a nuclear reaction which can
be immediately utilized, attention has been de-
voted to the various types of proton-recoil spec-
the hope of realizing a greater
detection efficiency than
strument.! Such an improvement is to be found,
in principle, in a spectrometer designed and
constructed at the Laboratory by Johnson and

frometers in
in the previous in-

2p, Batchelor, R. Aves, and T. H. R. Skyrme, Rev.
Sci. Instr. 26, 1037 (1955).
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Trail.3 A diagram of this instrument is shown in
Fig. 48.1.

In practice, the neutron beam is collimated along
the horizontal direction and impinges on a thin
polyethylene radiator which is mounted in one of
Those
recoil protons which emerge in the forward di-
rection are detected by a triple coincidence in
the two proportional counters and the Nal crystal.
A iriple coincidence signal opens the gate to a
multichannel analyzer which records the pulse
This pulse
height is a direct measure of the neutron energy
after correction has been made for the proton
energy loss in the proportional counters. Several
radiators, of various thicknesses, can be accommo-
dated
spectral region can be examined with a radiator
of optimum thickness. Field tubes in the pro-

several apertures in the radiator wheel.

height from the scintillation counter.

in the radiator wheel, so that a given

3c. H. Johnson and C. C. Trail, Rev. Sci. Instr. 27,
468 (1956).

RADIATOR
CRYSTAL APERTURE

NoI CRYSTAL

L

portional counters restrict the sensitive volume
to the upper half-plane, so that spurious events
in the lower half of the counters will not register.
A more detailed description of the construction
and operation of this instrument is available
elsewhere.3

The efficiency of this spectrometer is greater
than that of a radiator-absorber type! in two
respects: (1)} it is possible to cover a wide
spectral region with the use of a muitichannel
analyzer rather than only one narrow energy
interval at a time; (2) in a given energy interval,
all recoil protons emitted in the forward direction
are detected and analyzed, whereas in the radiator-
absorber only a fraction of the
protons having the proper energy and direction
are detected. This fraction depends on the
relative thicknesses of the radiator and the

spectrometer

detector.

In view of the substantial increase in efficiency
possible with the crystal spectrometer, an in-
strument of this type is being constructed and
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will be tested at the BSF. The principal un-
certainty in its usefulness is the fact that high
counting rates can be anticipated, especially in
the scintillation counter, from the intense gamma-
ray background. It is hoped, however, that the
use of a thin crystal and fast coincidence tech-
niques will permit satisfactory operation with a
reactor as the neutron source. All the mechanical
and electronic components of the spectrometer
have been constructed and assembled. The spec-
trometer is currently in the stage of preliminary
operation and testing. It will be checked out and
calibrated with monoenergetic neutrons from the
Yan de Graaff generator prior to any attempt to
measure a fission spectrum.

Lil(Eu) Scintillation Spectrometer

The scintillation response of Lil(Eu) crystals
to neutrons is due to the Li%(n,a)H3 reaction
(0 = 4.78 Mev); the reaction products in siowing
down and stopping excite the crystal, causing
radiation of light which can be detected by a con-
ventional photomultiplier arrangement. Analysis
of the photomultiplier pulse-height spectrum pro-
vides a measure of the total energy released in
the crystal, and hence of the energy of the in-
coming neutron.

There are several advantages offered by an
Lil(Eu) crystal being used as the detecting
element in a fast-neutron spectrometer: (1) the
crystal is an isotropic detector, so that a neutron
collimator need not be used to define the direction
of the incident neutron; (2) the crystal is small
(e.g., 1 in. in diameter and ]/8 in. thick), making
possible spectral measurements at a ‘‘point’’;
(3) the detection efficiency is orders of magnitude
greater than that afforded by proton-recoil spec-
trometers; and (4) pulses from gamma rays below
about 4.7 Mev fall below the thermal peak and can
thus be biased out. The difficulties which may
be encountered are: (1) the crystals may respond
to high-energy gamma rays; (2) the energy reso-
lution for fast neutrons is rather broad; and (3) the
crystals are hygroscopic and must be maintained
in a moisture-free environment.

The detection efficiency for crystals of Li6l as
a function of neutron energy is shown in Fig. 48.2.
The shape of the curve is determined entirely by
the energy dependence of the Lié(n,0)H3 cross
section. Thin crystals (2 mm in thickness) are
normally used in this work to minimize the gamma-
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ray detection efficiency; the pulse-height spectra
obtained from 10-mm-thick crystals are quite
similar to those from 2-mm-thick crystals.

In order to examine the properties of Lil(Eu) as
a fast-neutron spectrometer, it is necessary to
bombard a crystal with fast neutrons of a single
energy and observe the resulting pulse-height
spectrum, Monoenergetic neutrons in the energy
region from 0.63 to 14.9 Mev were obtained from
the (p,t), (d,d), and (d,t) reactions, using gas
targets. The incident particle was accelerated by
the ORNL 2.5-Mev Van de Graaff generator. The
pulse-height spectra shown in Figs. 48.3, 48.4,
and 48.5 are from a 2-mm-thick crystal of LiSI
containing 0.025 mole % europium activator, with
incident neutrons of energies 0,63, 1.57, and
5.79 Mev, respectively.
obtained with the crystal at room temperature. In

These spectra were

every case the large thermal-neutron peak arises
from neutrons degraded in energy by scattering
from the walls, floor, etc. The magnitude of this
peak is due to the very large cross section for
the (n,a) reaction at thermal energies. [n these
spectra it is seen that the fast-neutron peak
appears as a broad and ‘‘rectangular’’ band, rather
than the sharp Gaussian shape of the thermal-
neutron peak. This behavior is tentatively as-
cribed to a difference in the scintillation efficiency
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of Lil(Eu) for the alpha and the triton at room
temperature. For the fast-neutron-induced reaction
both the alpha and triton have a range of energies
available to them, since the energy division
between the reaction products depends upon their
For very slow (thermal)
neutrons, however, the energy distribution between
the alpha and the triton is uniquely specified.
Figure 48.6 shows the pulse-height spectrum
from 5.,79-Mev neutrons on an 8-mm-thick crystal
of Li7l(Eu). This may be compared with Fig. 48.5
[5.79-Mev neutrons on Li¢l(Eu)], in which a large
fast-neutron peak occurs. No evidence of a fast-
neutron peak was observed in the Li7 crystal.

angular distribution.
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The small thermal-neutron peak in Fig. 48.6 is
due to a trace of Lié impurity. The continuous
background in both Figs. 48.5 and 48.4 arises
from the penetration of the deuteron beam through
a thin nickel foil in the gas target which is used
for the (d,d) reaction. This background can be
isolated (and subtracted) from the fast-neutron
spectrum simply by removing the deuterium gas
from the target. It should be noted that this
confinuum is not the result of 5,79-Mev neutrons
on the crystal.

One of the major difficulties in measuring the
fast-neutron spectrum from a fission source or
reactor is the large background of high-energy
gamma rays. The availability of the separated
isotopes Li® and Li7 leads to the possibility of
a simple technique for eliminating the gamma-ray
contribution to an observed fast-neutron pulse-
height spectrum. This might be done by recording
the spectrum from both an Li¢ and an Li7 crystal;
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since gamma rays interact with the electrons of
the crystal, the gamma-ray response of both
crystals should be the same. The Li7 pulse-height
spectrum, however, will not demonstrate a direct
effect from fast neutrons. Taking the difference
between the Li® and the Li7 pulse-height spectra
should then subtract out the gamma-ray contri-
bution. There are, of course, other neutron events
in Li® and Li7 which must be considered, such
as inelastic scattering, radiative capture, and
other charged-particle reactions. Inelastic scatter-
ing and radiative capture give rise to relatively
low-energy gamma rays which will fall below the
thermal-neutron peak and thus be eliminated.
Charged-particle reactions such as (n,p) and (n,d)
are endothermic and occur with small
sections;# they will be observed only for neutrons
above about 8 Mev. At the present time, this
scheme of monitoring the gamma-ray background
It will be necessary to

Cross

appears to be feasible.

4G. M. Frye, Jr., Pbys. Rev. 93, 1086 (1954).
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examine the response of the crystals to high-
energy gamma rays and neutrons in greater detail,
however, before this technique can be adopted.
The pulse-height spectrum from 14.9-Mev neu-
trons on Li8l(Eu) is shown in Fig. 48.7. Two
qualitative differences between this spectrum and
the spectra at lower energies are observed. First,
the fast-neutron peak has a nearly Gaussian shape
with a full-width at half-maximum of about 9%.
Second, the continuum is quite large compared with
the 14.9-Mev neutron peak and rises sharply to
a plateau just below the (n,a) peak. In the case
of 14.9-Mev neutrons, competing reactions may
contribute to the background. This does not
necessarily mean, however, that neutrons in the
1- to 8-Mev region of the fission spectrum will be
obscured by the background from the higher-energy
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component; the fission spectrum falls off rapidly
in energy, so that the continuum from high-energy
neutrons will still be small.

Figure 48.8 shows a plot of pulse height vs total
energy released for the Li%l (0.025% Eu) crystal.
The data are plotted as full-width of the peak at
half-maximum. It is seen that the mid-points of
the peaks can be joined by a straight line, indi-
cating that the relationship is essentially linear
throughout the range of interest.

Measurements of fast-neutron pulse-height spectra
have been carried out on other crystals of Lil(Eu)
with various concentrations of europium activator
and Li6 isotope. The spectra observed have all
been basically similar to those shown in Figs.
48.3, 48.4, 48.5, and 48.7. Pulse-height spectra
from fast neutrons on a 10-mm-thick crystal of
Lil (0.1% Eu), with the natural concentration
of Li6, have been reported previously.5

Another variable which can affect the sciatil-
lation properties of a crystal is its temperature.
In order to examine the effect of varying the

5J. H. Neiler et al., Phys., Semiann. Prog. Rep.
Sept. 10, 1954, ORNL-1798, p 32.
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temperature, pulse-height spectra from 5,3-Mev
Li%1(Eu) have been recorded at
The apparatus used for
cooling the crystals is shown schematically in
Fig. 48.9; the design of this equipment was
dictated by the fact that conventional photo-
multipliers do not function below about —140°C.
With the scheme shown here the photocathode is
maintained while the
crystal temperature is continuously variable down
to —196°C. The crystal temperature, which is
measured by a copper-constantan thermocouple,
is set by adjusting the flow rate of the cooling
gas.

neutrons on

several temperatures.

near room temperature,

Two effects are observed upon cooling the
crystals.
creases with decreasing temperature. The thermal-

First, the scintillation efficiency in-

neutron pulse height as a function of temperature,
for a normal Lil (0.1% Eu) crystal, is shown in
Fig. 48.10. Second, the fast-neutron peak assumes
a nearly Gaussian shape at about —140°C, with
a marked improvement in resolution. This behavior
is shown as a function of temperature for two
different crystals in Figs. 48.11 and 48.12. The
resolution indicated in these spectra is somewhat
deceptive, in that it is the full-width at half-
maximum divided by the pulse height of the
maximum, following the usual convention. From
the standpoint of neutron energy, however, the
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zero of energy occurs at the position of the
thermal-neutron peck, so that the neutron energy
resolution is greater than that shown. For ex-
ample, the neutron energy resolution at —142°C
(Fig. 48.12) is 17.7%. Only one experiment has
been carried out at temperatures lower than
~142°C, using the Li%l (0.06% Eu) crystal. The
pulse-height spectrum at —-196°C, from 5.3-Mev
neutrons, was similar to that observed at —~142°C
(Fig. 48.12). The continuous background in
Figs. 48.11 and 48.12 is from the gas target.

The considerable improvement in fast-neutron
response observed in these crystals upon cooling
has provided the motivation for a continued study
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of pulse-height spectra at low temperatures. A
new cooling apparatus is being constructed to
replace that shown in Fig. 48.9, since the gas
flow requires almost constant attention to maintain
a steady temperature, It is hoped that it will be
possible to eliminate the long light pipe, sepa-
rating the crystal from the photomultiplier, by the
use of special photomultipliers which will operate
at liquid-nitrogen temperatures. As soon as these
experimental details are worked out, it will be
of immediate interest to examine fast-neutron
pulse-height spectra, at various temperatures, for
neutrons throughout the energy region from 1 to

15 Mev.
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INVESTIGATION OF THE HORNYAK BUTTON AS A FAST-NEUTRON DOSIMETER

F. J. Muckenthaler

The Hurst-type fast-neutron dosimeters which are
now being used for fast-neutron dose measurements
at the ORNL Shielding Facilities are limited by
several features. They cannot be operated in some
of the gamma-ray fields maintained in shielding
experiments, and they do not possess sufficient
sensitivity for some of the measurements required
at the Tower Shielding Facility. Perhaps the
largest problem is operational, since frequent
instrument breakdowns occur under the adverse
conditions encountered,

For some time efforts have been devoted toward
the development of a possible new dosimeter using
a Hornyak button! as a detector. The button itself
is a homogeneous mixture of fine Lucite (70 parts
by weight) and ZnS powder (0.4 to 50 parts by
weight) pressed into 2-in.-dia cylinders of various
thicknesses and heat-treated at 375°F for several
hours. This is encased in a light reflector and
mounted on a phototube,
upon the crystal collide with the protons present,
and the recoiling protons excite the ZnS centers,
These, in turn, emit photons whose wavelengths
lie within the sensitive region of the photomulti-
plier tube. The pulses from the phototube are fed
through a preamplifier and an A-1 amplifier in-
cluding a pulse-height selector and then into a
scaler or 20-channel analyzer. The button is
calibrated in the same manner as the dosimeter,
using a Po-Be neutron source of known intensity.

The neutrons impinging

The success of the button as a dosimeter and its
usefulness in shielding measurements depend on
several things. Its range of neutron detection
should lie from near 100 _kev energy to as high as
15 Mev. It should be capable of weighting each
individual proton recoil within the crystal; that is,
it should do within the crystal what the integrator
does for the Hurst-type dosimeter. The crystal
should be small so that the point of detection is
well known. [t should, in general, be an isotropic
detector. Along with these qualities, it should be
capable of working in a high gamma-ray back-
ground, biasing out any effect the gamma rays may

'W. F. Hornyak, Rev. Sci. Instr. 23, 264 (1952).

Too, the sensitivity of the detector to tem-
perature change should be negligible. The detec-
tion efficiency should also be equal to or greater
than the presently used dosimeter. Not all these
requirements have been met by the Hornyak button,
but data to date are encouraging.

The range of a 4-Mev proton in such a button is
about 35 p. If ZnS porticles of about 25 4 in di-
ameter are used, the light output per recoil proton
would be expected to vary from zero to near maxi-
mum,

have.

Since the range of an equivalent energy,

electron is much greater, only a small part of the:

energy will be released in the scintillating com-
ponent, so that the pulse due to the electron should
be much less. Thus it should be possible to bias
out the gamma-ray-produced electron pulses and
still count a large portion of the neutrons. Biasing
out the effects of gamma rays on the Hornyak
One method
is to run the neutron-pulse-height-setting (PHS)
curve both for a Po-Be neutron source and for the
unknown neutron source, and then to set the bias
where these two curves become parallel. This
must be done where the gamma-ray field is greatest.
If the strength of the gamma-ray field is approxi-
mately known ahead of time, the button may be set
up in the same manner as is done for the dosimeter.
This means that a Co%® gamma-ray source should
be placed so that the field surrounding the button
is known. |f operation is to be in a l-r/hr field
maximum, the gain of the system and the high
voltage are adjusted so that, when a bias of 6 v is
used, the scaler will record about 25 to 35 counts/
min. [f the gamma-ray background is to be 100 r/hr,
the over-all gain of the system is merely changed
so that the same 25 to 35 counts/min are obtained.

button can be done in several ways.

The data in Fig. 49.1 show the response of
Hornyak buttons (70 parts Lucite, 4 parts ZnS) of
various thicknesses to a Po-Be neutron source,
The source was kept at a fixed distance from the
photocathode surface, and the thickness of the
button was varied to determine the optimum re-
sponse, As the button became thinner, more and
more of the light which was originally absorbed in
the upper part of the crystal was reflected back
down through the crystal and into the phototube.
Thus, there was a shift to ldrger pulses, and the
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curves changed in slope. This increase in counting
rate at larger pulse-height settings would continue
until the crystal became so thin that the increase
in light output failed to compensate for the de-
crease in the number of proton recoils.

Figure 49.2 shows the effect of placing the
Hornyak button in an intense gamma-ray field.
When the detector was placed in a 100-r/hr Co0

PERIOD ENDING SEPTEMBER 10, 1956

gamma-ray field, its response to a Po-Be neutron
source for pulse-height settings lower than 40 was
affected by the field. If the field had not been
present, the neutron curves in Fig. 49.2 would
follow the dotted lines (gain 8 and gain 16 indicate
the amplification of the pulses). Thus for such a
setup, the counts due to the gamma rays could be
biased out by taking data at a pulse-height setting
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of 40 or greater,

(The two straight curves at the
left of Fig. 49.2 are typical gamma-ray plots.)

Measurements made with the same button ploced
in water near the Tower Shielding Reactor are
shown for three reactor power levels in Fig. 49.3.
Since the three curves are paraliel above a pulse-
height setting of 50, it can be seen that the
Hornyak button could be used to count only neu-

trons, once the gamma-ray pulses are biased out.
It should be noted from the curves, however, that

an increase in power by a factor of 10 (i.e., from
100 to 1000 w) does not mean that the usable
counting rate will be increased by the same factor,
since the gamma rays also increase. For example,

to count only neutrons, a pulse-height setting of
30 would be adequate for a 100-w power level, but
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it must be increased to 50 for a 1000-w power
level. Thus the increase in usable counting rate
for this particular setup is about a factor of 5.

Measurements were made by the Bulk Shielding
Facility group with both the Hurst-type dosimeter
and a Hornyak button in the water surrounding the
Bulk Shielding Reactor (Fig. 49.4). A 3-in.-thick
lead shield which was held at a constant distance
from the detectors on the reactor side reduced the
gamma-ray flux to less than 1 r/hr. For these
measurements the detectors were used
junction with an A-1 amplifier and a 20-channel
analyzer. The four Hornyak button curves in
Fig. 49.4 are all from the same run, but they are
plotted as a function of a lower limit on the pulse-
height selector., Cne hundred twenty channels on
the analyzer compares with a coverage of 100 v on
the pulse-height selector. The data at each point
on curve 1 is the sum total of counts obtained be-
tween channels 6 and 43 at that particular water
thickness, Curve 2 gives the counts between
channels 10 and 43, etc. Since the curves remain
parallel with this variation in the pulse-height
selector setting, it is assumed that gamma rays
were not contributing to the counting rate even at
the lower settings. From this data it can be seen
that the sensitivity of this particular button and
phototube combination is less than that of the
dosimeter but that the curves from the two de-
tectors are parallel.

The effect of varying the temperature of the
detector and the phototube was investigated
(Fig. 49.5), using a Po-Be neutron source. Curve 1
represents the change in counting rate when only
the Hornyak button temperature was changed (ef-
fected by inserting a 4-in, length of Lucite light
piper between the detector and phototube), The
change in counting rate was less than 4% over
a range of 40°C., Curve 2 shows what happened
when both the phototube and Hornyak button tem-
peratures were varied; the sudden change in slope
at the upper end of the temperature range is due to
change in the photocathode surface. In this case
the counting rate varied about 17% over a range of
40°C.

Attempts have been made to optimize the neutron
response of the Hornyak button by varying both the
concentration of ZnS within the crystal and the
ZnS particle size. The standard 70 parts by weight
of Lucite was combined with 0.4, 2, 4, 7, 10.5, and

in con-

PERIOD ENDING SEPTEMBER 10, 1956

20 parts by weight of ZnS particles 25 p in diam-
eter. Of these, the maximum counting rate for
neutrons was obtained with 20 parts of ZnS.
Actually, the difference in counting rates between
concentrations of 20 and 4 parts of ZnS was small,
particularly in the lower pulse-height region, where
operation is desirable. As mentioned previously,
the thinner crystals gave a higher counting rate
when a Po-Be source was placed about 25 e¢m from
the face of the crystal,

Variations in the concentration of 3- to 5-y-dia
ZnS particles (0.4 and 4 parts by weight) were
also investigated. It was hoped that by decreasing
the ZnS particle size the slope of the PHS curve
for the Po-Be neutrons would be much less. This
would be advantageous because it would allow
operation at a higher pulse-height setting with
little loss in counting rate. As can be seen in
Fig. 49.6 the change is not large but is in the
right direction. Along with this process of trying
to improve the neutron detecting efficiency through
the use of small-size particles, it was hoped that
just the opposite effect would take place regarding
gamma rays. Figure 49.6 also shows what happens
in that respect. The over-all electronic gain for
the system was increased by a factor of about 3 in
order to bring the neutron response of the button
using 3- to 5-p-dia ZnS particles (4 parts by
weight) equal to that of the button using 25-y-dia
particles at a particular pulse-height setting, In
doing this, the gamma-ray response was increased
to such an extent that it would be necessary to
operate at about twice the previous pulse-height
setting in order to obtain a counting rate inde-
pendent of gamma rays . The over-all gain was
increased again to bring the response of the button
using 3- to 5-p-dia particles (0.4 parts by weight)
equal to the response of each of the other two
buttons at a common point. With the smaller con-
centration of ZnS the number of smaller pulses
increases, and at the same time there is a de-
crease in large pulses.

Probably the best procedure for determining the
dosimetry capabilities of the Hornyak button is to
compare it directly with the Hurst-type dosimeter,
using monoenergetic neutrons. This has been done
for several button compositions, particle sizes,
and thicknesses. The source of the monoenergetic
neutrons was the ORNL 3-Mev Van de Graaff. The

neutron energies were obtained by using protons
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terons on tritium, The three ranges of resulting
energies thus covered were approximately 100 kev
to 1.5 Mev, 2.5 to 5.5 Mev, and 14 to 17 Mev. With
the exception of a few runs, bofl e button and
the dosimeter were placed at an angle of 15 deg
with the generator beam, thus ensuring that both
counters saw the same intensity and neutrons of
the same energy. For the 2.5- and 14-Mev neu-
trons, it was necessary to move the counter to an
angle.of 90 deg with the generator beam. For any
individual set of runs the distance between center
of detection and source remained the same.

Both the dosimeter and the Hornyck button were
set up such that a bias of 6 v was used with an
over-all gain that gave 30 counts/min when they
were placed in a l-r/hr gamma-ray field. The
pulses from the Hornyak button were fed into a
20-channel analyzer, and those from the dosimeter
were fed into a 20-channel analyzer and an in-
tegrator. Four buttons of the following composi-
tions and thicknesses were used: (1) 25-p-dia
ZnS particles (4 parts by weight), 0.750-in. thick;
(2) 25-y-dia ZnS particles (4 parts by weight),
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0.150-in. thick; (3) 25-y-dia ZnS particles (4 parts
by weight), 1-in. thick, l/8-in. Lucite rods inserted
in the crystal; and (4) 3- to 5-p-dia Zns particles
(4 parts by weight), 1-in. thick. In order to elimi-
nate any error due to counting time or beam inten-
sity, both counters were run at the same time for
the same amount of beam current., The ratios of
the dose rate measured by the dosimeter to the
dose rate measured by buttons 1 and 4-are shown
in Fig. 49.7 as a function of neutron energy. For
button 1 the ratio is quite high at low energies,
approaching 1 near 1.5 Mev. Above this energy
the ratio is near 1. For button 4 the ratio is much
smaller at the low energies, approaching 1 at less
than 1 Mev. For button 3 the curve (not shown)
was essentially the same as for button 1. With
button 2 (results not shown) the ratio at energies
<1 Mev dropped to that shown here for button 4 but
approached 1 Mev in the same manner as did
button 1.

A check was made on the efficiency of the
750-mil-thick Hornyak button by using 25-y-dia
ZnS particles (4 parts by weight), ,For a neutron
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energy of 0.165 Mev it is about 0.001% efficient;
at 0.5 Mev about 0.02%; and at 1.5 Mev about
0.216%. The dosimeter at this last energy is about
2% efficient, The calculations are based on the
number of neutrons passing through the counter,
determined from the beam current, differential cross
section, and number of atoms of gas in the target,

Other runs on the Van de Graaff were made by
using only the p,t reaction. Three of the buttons
used contained 25-y-dia Zn$S particles, 4, 20, and
50 parts by weight. A button containing 3- to
5-p-dia particles had 4 parts ZnS by weight. During
these tests the thickness of the buttons was
varied in an attempt to find some combination that
would reduce the dose ratio at the lower energies.
The results, plotted in Figs. 49.8, 49.9, and 49.10,
are the dose rate ratios as a function of proton
energy. Since these are preliminary data, no at-
tempt was made to calculate the neutron energies.
It can be noticed that as the thickness of the
crystal decreased, the ratio at the lower energy
improved. At about a 20-mil thickness the point of
diminishing returns appears to have been reached.
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The best curves from each of Figs. 49.8, 49.9,
and 49.10 are plotted in Fig. 49,11, which shows
that as the concentration of ZnS was increased,
more low-energy neutrons were observed. The
present information does not give a full optimiza-
tion of all components involved. The data do seem
to indicate a need for larger ZnS concentrations in
the crystal and optimum crystal thickness. No
check has been made regarding response to gamma
rays at these higher concentrations. More work is
needed in regard to both the 25-py-dia and the 3- to
5-p-dia particle crystals.

It should be mentioned that, in addition to the
2-in.-dia buttons, several 5-in.-dia buttons mounted
on 5-in.-dia photomultiplier tubes have been used
for low-intensity neutron measurements.
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50. INSTRUMENTATION FOR A GAMMA-RAY SPECTROMETER

T. A. Love

R. W. Peelle

W. Zobel

The development of instrumentation is an essen-
tial part of the program for measuring the energy
spectrum of short-lived fission-product gamma rays
(see “‘“Time and Energy Spectra of Fission-Product
Rays Measured at Short Times after
Uranium Sample Irradiations,” this report). The
electronic instrumentation used with the multi-
crystal gamma-ray scintillation spectrometer at

the Bulk Shielding Facility has been described
1

Gamma

previously.! Changes have now been incorporated
in the
U235 foils immediately after their exposure in the
ORNL Grophite Reactor, Modifications in the

existing equipment and the new equipment which
has been added to the system are described below,

instrumentation for the measurement of

Modifications in Existing Equipment

Figure 50.1 is a block diagram of the modified
electronic equipment used with the multicrystal
gamma-ray spectrometer.?2 Since the samples of
U235 were irradiated at the ORNL Graphite Re-
actor and since the recording equipment was lo-
cated approximately 500 ft from the reactor (in
Building 3010), preamplifiers were required to
drive cables of this length., Very short counting
intervals were expected, and the amplifier and
preamplifier had to be capable of reproducing high
counting rates with small gain change. A DD2
amplifier3 proved to be adequate for the counting
involved, but the termination of the pre-
amplifier at the detector end of the long cable was
quite critical and had to be adjusted very carefuily
to avoid reflections. Since the DD2 amplifier will
not properly drive a low impedance, a cathode
follower circuit (Fig. 50.2) is used (in series with
the DD2) to drive the two multichannel analyzers,

rates

7. A. Love, R. W. Peelle, and F. C. Maienschein,
Electronic Instrumentation for a Multiple-Crystal Gamma-
{ﬁ;zsys) Scintillation Spectrometer, ORNL-1929 (Oct. 3,

2k Maienschein, Multiple Crystal Gamma-Ray
Spectrometer, ORNL-1142 (April 14, 1952).

3E, Fairstein, Rev. Sci. Instr. 27, 475 (1956).
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The fast pneumatic probe assembly4 designed by
E. C. Campbell® and already placed at hole 56 on
the north face of the reactor was used to introduce
the U235 sample into the flux. The sample, con-
fined in a small nylon carrier or “‘rabbit,’’ was
simply blown by gas pressure through a tube into
the region of high flux, where it was stopped.
After bombardment it was blown out and stopped

in front of the spectrometer collimator by a
Viscaloid bumper. The sample had a transit time
of approximately 0.3 sec each way. In order to

determine the time the sample was in the flux,
three photomultiplier tubes were placed along the
neumatic tube at 20-cm intervals starting at the
face of the reactor. Measurements of the time that
elapsed between these detectors permitted speed
determinations, from which the transit times were
calculated.

New Equipment

The experiment presented several timing prob-
lems: (1) the problem of selecting, with a con-
siderable degree of accuracy and flexibility, the
length of time a sample was to be bombarded;
(2) the problem of selecting the length of time after
bombardment at which observation of the spectrum
was to begin; and (3) the problem of selecting the
length of time the spectrum of gamma radiation
was to be recorded.

Figure 50.3 is a block diagram of a sequence
timer designed for the experiment by F. Glass.$
Timing is controlied by a simple oscillator and
three atomic scalers. Oscillations of 10, 2, and
1 cps may be chosen by a simple switching ar-
rangement, Very short bombardment and waiting
times are limited by the transit time of the sample
in the pneumatic tube. With this limitation all
times may be chosen in multiples of 2, 4, 8, 16,
32, and 64 times the period of the three available
frequencies. All times are measured from the time

4E, C. Campbell and W. M. Good, Phys. Rev. 76, 195
(1949).

5Physics Division.

6|nsfrumenfofion and Controls Division.
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of the first cycle after the start-stop switch is
thrown to start. The sequence of events after the
times are chosen and the start-stop switch is
thrown to ‘‘start’’ is as follows:

1. The sample is blown into the reactor.

2. After the chosen bombardment time the sample
is blown out of the reactor and stopped in front of
the collimator of the spectrometer, Immediately,
the monitor gate, which allows an integral count to

be taken for a time equal to 64 periods of the
oscillator, is turned on,

3. At the time the recording of the spectrum is
to begin, a gate signal is sent to the analyzer in
Building 3010, which turns the analyzer on for the
length of time chosen.

Any or all times may be extended indefinitely by

simply biasing out the particular scaler or scalers

UNCLASSIFIED
2-01-058-0~-82

+ 260V
COMPENSATING =
INDUCTOR 1008
INPUT 250 Q
HH 2000
= Odpuft
OUTPUT
ALL HEATERS
T +260V
\ E 100 K l aout
0. ,ufJ, 150 K

Fig. 50.2. Cathode Follower Circuit Used to Drive Two Multichannel Analyzers.
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involved or by choosing manual operation. Oscil-
lator frequency is monitored by a Berkley Universal
counter-timer and is constant within 0.1%.

Since it would be valuable not only to know the
spectrum of the fission-product gamma rays, but
also to know the detailed time dependence of this
spectrum, and since it was not practical to meas-
ure the complete time dependence of the detailed
spectrum, measurements were made of the time
dependence of relatively large energy groups within
this spectrum. For these measurements a system
was devised which required an additional single-
channel analyzer and a unit {Fig. 50.4) to convert
the multichannel analyzer from energy discrimina-
tion to time discrimination, The single-channel
analyzer was used to select a particular energy
group and, together with part of the time converter
unit, to convert the pulses due to gamma rays in
this group to pulses of uniform height and shape.
The time converter varies the bias of the multi-

PERIOD ENDING SEPTEMBER 10, 1956

channel discriminator according to 1 — e~1/RC,
where RC may be varied stepwise. The output
pulses are then fed into and recorded by the multi-
channel analyzer in the usual way, Thus, since
succeeding channels are recording during time
intervals which increase according to 1 — e=#/RC,
it is possible, by properly choosing RC equal to
the mean radiocactive life of the radiator, to obtain
an equal number of counts in each channel.

The conversion bias circuit for energy analysis
by two 20-channel analyzers is shown in Fig. 50.5.
For time analysis this circuit is disconnected from
the —87.5 v and from ground and connected to
points B and A in the cathode circuit of the second
half of V, of the time converter, as shown in
Fig. 50.4. A “‘ramp’’ signal fed to the grid of the
second half of V, raises the potential of the cir-
cuit in Fig. 50.5 exponentially with the time con-
stant of the RC network in the grid of the second
half of V, toward a constant potential determined
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Fig. 50.3. Sequence Timer Block Diagram.
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Fig. 50.4. Unit to Convert 20-Channel Analyzer to Time Analysis.




by the first half of V. and its circuitry. If a
constant-frequency, constant-amplitude signal is
fed into the input of the analyzer, a number of
counts will be deposited in each channel, in turn,
as the ramp rises. The number of counts in each

channel will be proportional to the time interval of
each channel, and the sum of all the counts up to
a particular channel will represent the length of
time from zero time to the time interval of the
particular channel.
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Fig. 50.5. Circuit Used to Tie Two 20-Channel Analyzers Together.
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51. PULSE-HEIGHT DISTRIBUTION FROM AN Nal(Tl) CRYSTAL

C. D. Zerby

Sodium iodide crystals have been used ex-
tensively as gamma-ray spectrometers. The output
of the photomultiplier tube attached to the crystal
yields a pulse-height distribution which is related
to the incident gamma-ray energy spectrum, How-
ever, analysis of the gamma-ray spectrum by use
of the pulse-height distribution is complicated
without calculations
between the two.

giving accurate relations

Analysis of a problem to calculate the relation
between the incident gamma-ray energy spectra
and the resulting pulse-height distribution has
been started.
the Oracle — an automatic, electronic, digital,
Monte Carlo

The problem will be calculated on

computing machine -
method.
The problem will be set up for crystals with the

using the

shape of a right circular cylinder, or a right
circular cylinder with a truncated conical end
corresponding to the large ‘‘total absorption’
crystals now being produced. One source con-
sidered will be a point located on the axis of the
crystal some distance from one end. An alternate
source will be a monodirectional beam of a given
diameter parallel to the axis which will be incident
on the flat face of the crystal. The diameter of
the beam need not be the same as the diameter

of the crystal. |f the crystal has a truncated end,
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that end will always face the radiation. The
source can consist of as many as three different
monoenergetic components in the proportions de-
sired with maximum energy of 10 Mev.

The history of each sample photon incident on
the crystal will be generated by established
random methods. The energy deposited in the
crystal resulting from photoelectric, pair pro-
duction, and Compton interactions will be calcu-
lated at each photon collision and weighted
according to the probability of occurrence. Losses
from the crystal resulting from secondary brems-
strahlung and annihilation radiation will also be
calculated by using the Monte Carlo method.

Results of the calculation will include the
function F(E,E’) dE’, which is the probability
that a photon of initial energy E will deliver to
the crystal an amount of energy between E’ and
E’ + dE” as the result of one or more collisions;
the efficiency K(E), which is the probability that
an incident photon with energy E will have at
least one interaction in the crystal; and the
photofraction, which is the probability that an
incident photon having at least one collision will
finally be absorbed.

From data calculated for monoenergetic sources,
the pulse-height distribution for a given spectrum
can be obtained by superposition of results.
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52. DIFFUSION OF IONS IN A PLASMA ACROSS A MAGNETIC FIELD

A. Simon

Some experiments at Berkeley by Bohm et al.!
during the war had been interpreted as revealing
an anomalously high diffusion rate of ions across
a magnetic field (H). Bohm had shown that the
measured rate was much faster (x700) than the
rate which would be expected on the usual picture
of ambipolar diffusion. To account for this pre-
sumed discrepancy he advanced a theory of en-
hanced diffusion across magnetic fields by means
of plasma oscillations. The details of the theory
have never been available. However, one pre-
diction which is of great interest is that the
diffusion coefficient should be proportional to
1/H rather than the more usual 1/H2. If the
diffusion coefficient is really proportional to 1/H,
it would appear extremely difficult, if not im-
possible, to obtain a sufficiently long containment
time of the plasma in a sensible system. On the
other hand, if the classical 1/H2 law holds, the
diffusion itself is no barrier to sufficient con-
tainment time.

]D. Bohm et al., The Characteristics of Electrical
Discharges in Magnetic Fields,p 1, ed, by Guthrie and
Wakerling, McGraw-Hill, New York, 1949.

An experimental investigation at ORNL2 has
revealed that the diffusion coefficient in an arc
plasma actually varies as 1/H2, Theoretical
considerations have also shown that the original
supposition of Bohm, which was that a discrepancy
existed between the measured and theoretical
diffusion rate, was incorrect. Whenever the mag-
netic field lines end on a conducting surface,
electron currents can flow in the direction of the
field lines so as to maintain space charge
neutrality in the plasma. This *“shorting’’ effect?
makes unnecessary the establishment of an
“*ambipolar’’ diffusion rate across the magnetic
field. Instead, the ions are able to diffuse at
their intrinsic rate, and this value results in
agreement between the prediction of theory and
the results of experiment. Thus, both the mag-
nitude and magnetic field dependence of the
diffusion coefficient may be understood on the
basis of a classical collision-diffusion picture.

2A. Simon and R. V. Neidigh, Diffusion of lons in a
Plasma Across a Magnetic Field, ORNL-1890 (Nov. 16,
1955).

3A. Simon, Phys. Rev. 98, 317 (1955).

53. DIFFUSION OF LIKE PARTICLES ACROSS A MAGNETIC FIELD
A. Simon

Many of the gross properties of a plasma may be
obtained from the hydrodynamical (or macroscopic)
equations of the plasma.! If an isotropic stress
tensor is assumed, the force equation and Ohm’s
law take the form:

> - >
m VP=]'><H= €E ,
> > -»>
- v x H ] vPi
(2) E + = — + ’
Cc g en

where P is the gas pressure, H and E are the
magnetic and electric field strengths, respectively,
and j and € are the current and the charge density

. Spitzer, Jr., Physics of Fully lonized Gases (in
press), Interscience.

in the plasma, respecﬁvely._’ The mass velocity of
the plasma is denoted by v, and the ion partial
pressure by P. The conductivity is defined as

2
:\:ne

g [;
mcv

where n is the density of electrons and v is the
collision frequency for electron-ion impact.

If it is assumed that the density gradient and
electron field are in the x direction and that H is
in the z direction,-; may be eliminated from Eqs. 1
and 2. The result is

c

(3) v, = -

x

(VP - €E) .

oH?
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This has the usual form for diffusion, in that
Fick’s law is obeyed (v = Vn),

Unfortunately, this simple derivation fails for
the case of a simple gas of charged particles, that
is, a gas of one type of particle only, In this
case, Eq. 2 no longer exists. Equation 1 is still
valid; however, 7 und_]! are no longer independent
and are related by

- ->
- €v nev
(4) j=—= .
c c

As a result, Eq. 1 predicts no mass flow in the
direction of VP,

The paradox may be resolved by extending Eq. 1
to inciude the effects of off-diagonal elements in
the stress tensor. It is precisely these components
which produce like-particle diffusion, The proper
expression for the stress tensor has been given by
Chapman and Cowling.?2 By substituting this ex-

2s, Chapman and T. G. Cowling, The Mathematical
Theory of Non-Uniform Gases, p 338, University Press,
Cambridge, England, 1952.
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pression in Eq. 1, the following result has been
found:3

4
0

s 37 d (1 d%
O g\ )

where 7, = muc/eH, and 7= Mv is the mean free
time between collisions. Note that Fick's law is
not obeyed and that the diffusion coefficient is
proportional to 1/H4,

Equation 5 may be expected to give the proper
form for the diffusion due to like-particle collisions
even in a nonsimple gas. It has been shown by
Kruskal® that the self-diffusion rate is usually
smaller than that due to unlike particle collisions
but may sometimes dominate.

3m. Kruskal, private communication.
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