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Preface

The Neutron Physics Division is again issuing
its annual progress report in two volumes, with the
papets describing research performed in the high-
energy radiation shielding program collected in
Volume II. The Division is also continuing its
policy of including only abbreviated papers in the
annual report, either summaries of work in progress
or abstracts of papers published elsewhere. As
was pointed out in last year’s preface, this policy
was instituted to give authors more time to spend
on topical reports and journal articles and its
success is evidenced by the 50% increase in the
number of papers included in the list of publica-
tions beginning on page 65 of this volume.

iii

The reader will notice that for some of the ab-
stracts included here the corresponding papers are
not yet published. This is done only for those
papers that have progressed to the point that pub-
lication is either imminent or at least considered
to be not too far in the future. Also, we are
including abstracts of papers which cover work
that was summarized in last year’s annual.
This is done to call attention to the fact that
topical papers on these particular subjects have
now been issued and to help in locating them.
As before, work that was performed during the
reporting period but not yet described in a separate
paper is summarized in this report.
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1. Nuclear and Reactor Physics

1.1 NEUTRON SCATTERING CROSS SECTIONS
FOR SILICON DETERMINED
BY TIME-OF-FLIGHT TECHNIQUE

J. A. Biggerstaff!
J. K. Dickens

M. V. Harlow, Jr.
W. E. Kinney
F. G. Perey

Absolute differential cross sections for elastic
scattering and inelastic scattering (Q = —1.78
Mev) of 5.03- and 5.6-Mev neutrons from natural
silicon have been measured at laboratory angles
of 21, 31, 41, 56, 72, 92, 112, and 132° Bursts
of deuterons, 2 nsec wide at half maximum, from
the ORNL 3-Mv Van de Graaff accelerator bom-
barded a double-foil deuterium gas target, thereby
producing, by the D(d,n)3He reaction, bursts of
monoenergetic neutrons. Samples of silicon and
carbon, the latter used as a standard, were placed
at zero degrees and at distances of from 7 to 12 cm
from the target. Both samples were right-circular
cylinders approximately 1/3 mean free path thick
to 5-Mev neutrons.
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Schematic Diagram of Scattering Geometry for Measurement at 56°.

Scattered neutrons were detected by a scintilla-
tor, which utilized neutron-gamma discrimination,
located 3 m from the sample. Figure 1.1.1 shows
a schematic diagram of a typical scattering
geometry, A long counter, placed at 65° monitored
the neutron intensity from the target., Time-of-
flight spectra of the scattered neutrons were taken
with a 4096-channel, two-dimensional pulse-height
analyzer in which input pulses were sorted
according to their height and their time-of-flight
amplitude.  Output paper tapes from this ana-
lyzer were then fed into a CDC 160-A computer,
where they were corrected for background effects
and for time walk with pulse height.? Figure
1.1.2 shows one of these corrected time spectra.

Absolute differential cross sections for silicon
were obtained by normalizing relative cross sec-
tions of silicon to those measured for the carbon
sample at each angle. Although multiple scattet-
ing corrections to the data are not yet completed,
the uncorrected 5.03-Mev cross sections are in
good qualitative agreement with 4,8-Mev data
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3 Final corrected results will

taken elsewhere.
partially satisfy a priority 1 request for silicon

cross-section data. *
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1.2 LOCAL-ENERGY APPROXIMATION
FOR FINITE RANGE IN STRIPPING
REACTIONS'

J. K. Dickens
R. M. Drisko?

F. G. Perey

G. R. Satchler®
Approximate treatments of the finite-range
effects in distorted-wave calculations of stripping
and pickup reactions are discussed. Preliminary
results which compare the local-energy approxima-
tion with exact calculations on some typical
examples are presented. The 40Ca(d,p)*!Ca and
150(n,d)!’N examples are treated. These results
indicate that the local-energy approximation is a
good one and should be used when exact calcula-

tions are not available.

References and Notes

!Abstract of published paper: Phys. Letters
15, 337 (1965).

’Electronuclear Division.
3Physics Division,

1.3 INELASTIC SCATTERING OF DEUTERONS
FROM °Ni AND '4cq!

J. K. Dickens F. G, Perey
G. R. Satchler?

Differential cross sections for inelastic scatter-
ing from the first excited states of '**Cd and ®°Ni
were measured for deuteron bombarding energies
between 8 and 15 Mev for '!%Cd, and between
9.9 and 13.6 Mev for °°Ni. The data were ana-
lyzed by the distorted-wave method using the
collective model of excitation. Good agreement
with experiment was obtained for all cases, but
only by deforming both real and imaginary parts of
the optical potential and by including Coulomb ex-
citation. Real coupling alone considerably undet-
estimates the magnitude of the cross sections,
even though for nickel it reproduces slightly
better the experimental angular distributions, At
the lower energies there are large contributions
from Coulomb excitation and its interference with
the nuclear excitation.
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!Abstract of paper submitted for publication in
Nuclear Physics and of ORNL-TM-1242 (to be pub-
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ZPhysics Division,

1.4 LEVEL STRUCTURE OF %“Zn

J. K. Dickens F. G, Perey
R. J. Silval

During the experiments to measure elastic and
inelastic scattering of 11.0- and 12.0-Mev protons
from 5%Zn it became evident that the available
. information on the excited states of ®4Zn might

not be sufficient and that the resulting theoretical
analyses of these data would be hindered. There-
fore, the experimental program was modified to
study the level structure of °*Zn. Specifically, at
angles of 45 and 80° using 12.0-Mev protons,
sufficient data were accumulated that uncertainties
in peak position due to counting statistics could
be reduced to less than 10 kev, The experimental
procedure was the same as that used to study the
excited states of 54Ni. 2

Figure 1.4.1 shows the spectrum obtained at
80°% Proton groups resulting from scattering by
zinc can definitely be distinguished from those
resulting from scattering by the contaminants by
utilizing the kinematics of the scattering as well
as the expected magnitudes of the inelastic
scattering. The proton groups can be distinguished

Table 1.4.1. %4Zn Excited States

Peak Number Ex (Mev)? Peak Number Ex(Mev)a
1 0.99 22 4.16
2 1.80 23P 4.31
1.90 24° 4.39
4 2.31 25 4.46
5 2.61 26 4.50
6 2.74 27 4.54
7 2.79 28 4.66
8 3.00 29 4.70
9 3.08 30 4.75
‘ 10 3.20 317 4,83
11 3.30 32 4.94
" 12 3.37 33 5.00
13% 3.45 34 5.06
14 3.55 35 5.14
15? 3.60 36° 5.21
16 3.71 37% 5.30
17 (3.81) 38” 5.41
18 3.86 39 5.50
19 3.93 40 5.63
20 4.03 a1 573
21 (4.12)

2An error of 110 kev is assigned to all levels.

®The proton group associated with this level has a width larger than expected for a single level and may include

. 64
scattering by more than one excited state of " Zn,



ORNL-DWG 65- 7586

v ‘ ‘ 12 Mev PROTONS + **Zn
! =80 deg }

| |
| | |
500 L _ 4[ _ ] j o  ‘ o FagTOOA “7, o 7‘
I i M
| | | |
\
|

v |
\ﬁ \ | ] | | RS D IR I R S — |
U] i R | i

o] e

1R 1t T Y ST A S S R I
il . o o |
e
| m\ \ ) h o
S R AN | R T 1 A
S L T T
T'I\ A R | |
o b A R e %J!mﬁ F\ SR (e
‘ ’ i ”.... ..::”:.T‘..L- ’s.«‘.':} : . :..\ F\ n.: (W) ‘

Fig. 1.4.1. Pulse-Height Spectrum of 12.0-Mev Protons Scattered by 647 ot 80°. Peaks corresponding to Zn excited states are numbered
and are identified in Table 1.4.1. Peaks corresponding to protons scattered by a target impurity are marked with the symbol for that nucleus
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64 61 .
the °*Zn{p,a)” Cu reaction.



from the alpha groups by the definitely different
pulse-height responses, The isotopic composi-
tion of the target was >99% of °%Zn, and it is
unlikely that any numbered proton group in Fig,
1.4.1 could result from proton scattering by nuclei
other than ©4Zn,

Energies of excitation were obtained at several
angles for both incident energies. The values
were averaged to obtain the excited states pre-
sented in Table 1.4.1. In Fig. 1.4.1, the groups
from ®*Zn are labeled with the peak numbers
corresponding to the associated excited states
given in Table 1.4.1.
the table, the associated proton groups had widths
>40 kev, and it is probable that these groups con-
sist of more than one component. In two cases,
peaks 18 and 22, smaller bulges on the high-
energy side of the larger peak suggested proton
scattering from two °%Zn levels with a difference
in excitation of ~40 kev. These occurred on all
spectra analyzed, but were never clearly resolved.
Peak-stripping techniques were applied to the two
12-Mev spectra, and the resulting excitation
energies for the less -excited states are shown in

In some cases, indicated in

parentheses.

Excitation energies for 41 levels between 0.99
and 5.73 Mev are reported, but it is unlikely that
all of the levels in this energy region were found.
In addition to levels which could not be resolved,
levels with large spins are not appreciably excited
by proton scattering; the spins of most of these
41 states will be less than 6. Angular distribu-
tions for 12.0-Mev proton scattering have been ob-
tained for 21 levels between 0.99 and 4.31 Mev;?
these data will be analyzed using a deformable
optical model to try to obtain spins and parities
for several of these levels.
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1.5 DEPENDENCE OF PROTON OPTICAL-
MODEL PARAMETERS UPON EXPERIMENTAL
ERRORS

J. K. Dickens

Optical-model analysis of the elastic scattering
of fast nucleons from medium and heavy elements
has been used extensively in recent years, Ex-
cellent fits to experimental data are usually ob-
tained if most of the parameters of the model are
allowed to vary. The fitting procedure consists
in varying several of the parameters of the model
by an automatic search code until the quantity
le given by

x?=Zilo_ (0)

exp i

- Uth(ei)] /AU

exp

02,

is a minimum.

Recent emphasis has been on the study of the
systematics of the model.’ In these studies many
angular distributions of elastic scattering from a
variety of targets and over a chosen range of
Very good fits to
many angular distributions have been obtained by
allowing most of the parameters to vary, but the
resulting ‘‘best-fit’’ parameters exhibit consider-
able variation from one angular distribution to the
A better understanding can be obtained by
fixing the geometrical parameters (e.g., radius,
diffuseness parameters) and allowing only the well
depths to vary. The data are quite adequately
reproduced by this restricted model, and the varia-
tion in well-depth parameters is substantially re-
duced. A qualitative dependence of the well-depth
variations upon target parameters has been found,
but determining the magnitude of the dependence
is difficult, For example, several groups have
investigated the magnitude of the isobaric spin
dependence [i.e., the (N — Z)/A term]; agreement
is only nominal,

incident energy are analyzed,

next.

Part of this difficulty may be associated with
the dependence of the parameters upon various
errors inherent in the experimental data being
analyzed, Usually, the experimentalist studies
these errors and arrives at an overall error that he
ascribes to each datum,
then, gives a certain weight to its associated
datum during the leastesquares search to find the
parameters that yield the minimum Xz. The
error does not in any way alter the value of the

Each assigned error,



datum. Suppose, for example, that there are two
angular distributions with exactly the same data
but that the errors associated with the data of
one distribution are twice those associated with
the data of the other, Analyses of these two dis-
tributions by minimizing X2 will yield identical
sets of model parameters; only the value of X2
will be different. However, the conclusion that
the model parameters have no dependence on ex-
perimental etror is not demonstrated by the above
test. If, instead, two angular distributions — one
made up of the experimental data plus the associ-
ated errors and the other made up of the experi-
mental data minus the associated errors — are
analyzed, the model parameters will usually be
different.
studies made on 12-Mev deuteron scattering from
60Ni, 9°Zr, and !'!'*Cd in which we found that

nomalizing the data for a particular isotope at

This has been verified by some of our

one energy changed the model parameters by a
factor much larger than the normalization factor, ?
A study similar to the above has been initiated
for the proton optical model. Results indicate
that parameter variation with normalization exists
for 12-Mev proton scattering from °*Zn (ref. 3) and
for 9.8-Mev proton scattering from !2Sn (ref, 4).

Also under study are errors associated with the
angle measurements and with the incident-energy
measurement and errors which alter the shape of
the angular distribution.

Figure 1.5.1 shows the results of analysis in
which for two different sets of geometry only the
real and imaginary well depths were varied,
(Errors which alter the shape of the angular dis-
tribution are approximated by changing the
normalization of the data for 6 > 110°) Even
though the results have similar form for the four
error types and two sets of geometry, the graphs
indicate that the functional dependence of the
parameters is not the same for all eight cases,
Therefore, a single assigned error does not yield
the correct functional dependence of the model
parameters on the actual experimental errors, In
addition, the variation of V (the real-well depth)
is small, certainly smaller than that obtained in a
similar six-parameter search. The value of AV
+10% absolute normalization error, +0.1°
error in angle, 425 kev error in incident
energy is ~500 kev, a small value compared with
that of V but fairly large compared with the as-
sumed value for the isobaric spin dependence,
~1.7 Mev.

for
and
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Fig. 1.5.1. Values of the Well-Depth Parameters and Minimum Xz as Functions of Errors for 12-Mev Protons

Scattering from 647n.
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r = 1.2 fermis, ry = 1.386 fermis, a, = 0.34 fermi, and V_ = 4,83 Mev.
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These results indicate that while meaningful
optical-model analysis may be obtained by using
data with the usual quoted errors a study of the
fine structure of the model probably requires better
data, The normalization of experimental data
should be determined without recourse to optical-
model calculations since, as shown in Fig. 1.5.1,
the value of normalization for minimum X2 is de-
pendent on the geometry.
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1.6 ELASTIC AND INELASTIC SCATTERING
OF 12.0-Mev PROTONS FROM ¢2Nj, ¢3Cy, AND
647n: TABULATED DIFFERENTIAL
CROSS SECTIONS'

J. K. Dickens R. J. Silva?
Numerical values of differential cross sections
for elastic and inelastic scattering of 12.0-Mev
protons from 9?Ni, %3Cu, and °*Zn are reported
in tabular form. Cross sections were determined
at 5° intervals between laboratory angles of 20 and
165° for °?Ni and %%Zn and between laboratory
angles of 20 and 110° for ®3Cu. Inelastic-scatter-
ing data are reported for two excited states of
62Ni (Q = —1.17 and —2.74 Mev); for seventeen
excited states of °3Cu (Q = -0.668, —0.961,
-1.327, —-1.412, —-1.547, -1.862, ~2.012, -2,080,

-2.210, -2.337, -2.405, -2.50, -2.69, -3.28,
—3.45, —3.69, and —4.11 Mev); and for twenty-one
excited states of ®*Zn (Q = -0.993, —1.804,
—-1,904, -2.31, -2.61, -2.74, -2.79, -3.00,

-3.08, —-3.20, -3.30, —-3.37, —3.45, —3.55, -3.60,
-3.71, -3.86, —3.93, —4.03, —4.16, and —4.31
Mev).
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1.7 ELASTIC SCATTERING OF 12.0- AND
14.0-Mev DEUTERONS FROM ?°Zr AND THE
REACTION °%ZKd,p)°'Zr: TABULATED
DIFFERENTIAL CROSS SECTIONS'

J. K. Dickens F. G. Perey
R. J. Silva?

Numerical values of differential cross sections
for elastic scattering of 12,0- and 14.0-Mev
deuterons from ?°Zr are reported in tabular form.
Cross sections were determined at 5° intervals
between laboratory angles of 20 and 165° Differ-
ential cross sections for proton groups from the
9071(d,p)® 1Zr reaction are reported. For E,=12.0
Mev, data are tabulated for eleven proton groups
(Q = 4,981, 3.77, 3.55, 3.09, 2.91, 2.79, 2.42,
1.93, 1.73, 1.53, and 1.33 Mev); and for Ed =
14.0 Mev, data are tabulated for nine proton
groups (Q = 4.981, 3.77, 2.91, 2.79, 2.42, 1.93,
1.73, 1.53, and 1.33 Mev).
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1.8 ANALYSIS OF ELASTIC AND INELASTIC
SCATTERING OF NEUTRONS FROM 20¢Pp,
208pp, AND 297Bj BELOW 4.5 Mev'

W. R. Smith

The Hauser-Feshbach compound-nucleus scatter-
ing theory has been applied to neutron elastic and
inelastic scattering from °®Pb, 2°%Pb, and 2°°Bi
in the energy range 0.8 to 4.5 Mev. The theory
appears to work quite well for both the compound-
elastic scattering and the inelastic scattering,



provided that the imaginary potential W has the
correct energy dependence. The results show
that for the isotopes considered W should be
constant as a function of bombarding-minus-excita-
tion energy and nearly constant as a function of
bombarding energy above 4-Mev bombarding energy,
but should be made increasingly smaller as the
bombarding energy is lowered below this amount.
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1.9 USE OF ELASTIC-SCATTERING
PARAMETERS IN (d,p) STRIPPING
CALCULATIONS'

W. R. Smith
The angular distributions of °°Zr(d,p)°'Zr,
52Cr(d,p)®3Cr, 2°°Pb(d,p)2°"Pb, and Zn(d,p)

were calculated by means of the distorted-wave
Born approximation in which various optical-model
parameter sets were obtained by fitting appro-
priate deuteron and proton elastic-scattering data.
In most cases it was found that parameter am-
biguities did not greatly affect the relative
angular distributions but did cause differences
of a factor of more than 2 between the resulting
spectroscopic factors. Potential ambiguities of
the form VR"™ = constant were shown to be of
considerably greater importance for the stripping
results than were other types of ambiguities,
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1.10 DWBA ANALYSIS OF THE
90Zd,p)? 'Zr REACTION AT
ENERGIES BETWEEN 3.5 AND 5.5 Mev'

W. R. Smith

The distorted-wave Bom approximation (DWBA)
theory was applied to °°Zt(d,p)?'Zr angular dis-
tributions corresponding to bombarding energies

of 3.5, 4.0, 4.5, 5.0, and 5.5 Mev and to levels in
the residual nucleus of 0, 1.21, 2.07, and 2,56
Mev of excitation.
differing slightly from the predictions of proton
and deuteron elastic scattering, was found that
reproduced most of the angular distributions
satisfactorily. However, the spectroscopic factors
obtained thereby were, on the average, 30%
smaller than those obtained from analysis of 12-
Mev data,

A single set of parameters,
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1.11 REGIONS OF VALIDITY OF THE (4,p)
COULOMB-STRIPPING APPROXIMATION'

W. R, Smith

The validity of the Coulomb-stripping approxi-
mation for (d,p) reactions was investigated numer-
ically for six targets, ranging from %0 to 238U,
The investigation involved finding the region in
(Ed’ Q) space where DWBA calculations that in-
clude nuclear optical-model potentials yield
agreement with calculations that include only the
Coulomb potentials. For nuclei between *®Ca
and 238U it was found that the boundary between
valid and nonvalid Coulomb stripping had an
E, dependence proportional to Z and a Q de-
pendence proportional to Z/A'/3 and could be
approximated by a straight line which for
907(d,p)° 'Zr has the intercepts E, = 4.2 Mev
and Q = 5.2 Mev.
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1.12 INTEGRAL SPECTRA AND DOSE
CONVERSION FACTORS FOR Am-Be, Po-Be,
Pu-Be, AND Am-B NEUTRON SOURCES'

S. K. Mehta? W. R. Burtus

The integral energy spectrum ®(E) (that is, the
neutron flux below an energy E) and the tissue



dose-conversion factors [the first-collision dose
(Kerma) K, the first-collision RBE dose (Kerma
equivalent) Keq, and the RBE dose (dose equiva-
lent) DE per unit neutron flux] have been measured
for Am-Be, Pu-Be, Po-Be, and Am-B neutron
sources with a modified Bonner-sphere neutron
spectrometer. Measurements were also made for
the Po-Be source at the center of 5.0- and 8.5-in.-
diam spheres of water. The spectrometer covered
the range 0.01 ev to 15.5 Mev. The dose-vs-flux
curves as a function of neutron energy were taken
from NBS Handbooks 63 (Figs. 1 and 13) and 75
(Table A.6). The method used to analyze the
data took into account the known smoothness of
the spectrum from (a,n) sources and assumed an
upper bound for the neutron flux above 5.5 Mev
taken from other measurements., The values for
the dose conversion factors, K{(ergs/g)/(neutron/
cm?)], Keql(ergs/g)/(neutron/cm?], and DE
{tems/(neutron/cm?)] for the four sources are,
respectively:

(3.79 +0.23)1078
(3.72 +0.28)1078
(3.84 £0.19)10~8
(3.75 +£0.21)1078 .

(2,70 +0.26)107°,
(2.65 +0.29)107°,
(2.82 +0.31)10~°,
(2.64 £0.23)107°,

(3.72 +0.53)1077,
(3.61 £0.57)1077,
(3.96 +0.67)1077,
(3.51 +0.42)1077,

Am-Be
Pu-Be
Po-Be
Am-B

The values of these conversion factors for the
Po-Be source surrounded by water are:

(2.85 £0.24)1078
(2,60 £0.38)107% ,

5in. H,0 (2.78 +0.51)1077, (2.06 £0.27)107°,
8.5in. H,0 (2.60 +£0.69)10~7, (1.90 +0.39)107 6,
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1.13 SIMULTANEOUS MEASUREMENTS OF THE
NEUTRON-CAPTURE AND FISSION
CROSS SECTIONS OF 235y

G. de Saussure
J. E. Russell®
R. Ingle?

L. W. Weston
R. Gwin
R. W. Hockenbury!

The program for measuting the ratio of the cap-
ture and fission cross sections (a) of 235U has

been continued with measurements conducted at
the Rensselaer Polytechnic Institute Electron
Linear Accelerator in the energy range 0.4 to 2
kev., The technique was the same as that used for
earlier measurements (see Sect. 1.14 and ref, 3)
except that a '°B-Nal detector was used to meas-
ure the neutron flux through the 233U fission
chamber, The important feature of these measure-
ments is that the capture and fission cross sec-
tions were determined simultaneously under
identical conditions with the same sample, thus
eliminating many relative errors between the cap-
ture and fission cross sections such as slight
errors in neutron energy, neutron flux, neutron
scattering effects, etc.

The analysis of the measurements is incom-
plete, but a typical, uncorrected time-of-flight
spectrum is shown in Fig. 1,13.1, where the scale
at the bottom represents a neutron energy from
10 kev at the left to 0.2 ev at the right. The
sharp breaks in the spectrum were caused by the
computer’s changing the effective time-of-flight
channel widths.

The measutements will be analyzed to obtain
resonance integrals over various neutron energy
ranges, as well as the differential cross sections.
Resonance integrals are of value in computing
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gross characteristics of reactors, whereas differ-
ential-cross-section data are used to calculate
Doppler coefficients and flux depressions.

A feasibility study on the measurement of the
capture and fission cross sections of *3*°Pu was
also performed with the RPI linac. The pulse-
height spectrum method of discriminating capture
from fission was used.?
will be continued.

Analysis of this study
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1.14 MEASUREMENT OF o, THE RATIO OF THE
NEUTRON-CAPTURE CROSS SECTION TO THE
FISSION CROSS SECTION, FOR 23°U IN THE
ENERGY REGION 3.25 ev TO 1.8 kev'

G. de Saussure J. E. Russell?
L. W. Weston R. Gwin
R. W. Hockenbury 2

The value of a, the ratio of the neutron-capture
cross section to the fission cross section, for
235U has been measured over a neutron energy

range extending from 3.25 ev to 1.8 kev. In
addition, capture and fission cross sections
have been measured from 3.25 to 25 ev. The ex-

periment was performed with the neutron time-of-
flight facilities at Rensselaer Polytechnic
Institute. A multiplate 25U fission chamber,
surrounded by a large liquid scintillator, was
placed in the neutron beam. Gamma rays emitted
when the uranium absorbed a neutron were de-
tected with high efficiency by the scintillator,
and, if the absorption resulted in a fission, the
fission fragments were detected by the fission
chamber itself. The value of o was derived from
the ratio of the count rate of the scintillator in
anticoincidence with the fission chamber to the
count rate of the scintillator in coincidence with
the fission chamber. Relative fission and capture
cross sections were obtained from these count
rates and from an auxiliary measurement of the
incident neutron beam spectrum. Results are pre-
sented in graphical and tabular form,

10
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1.15 STUDY OF RESONANCE PARAMETERS
OF Py'

J. Blons? A. Michaudon?
H. Derrien? P. Ribon?
G. de Saussure

The resonance parameters of 237Pu were deter-
mined from total-cross-section measurements up
to 200 ev and from previously reported measure-
ments of fission cross sections. The experimental
techniques and the method of analysis of the re-
sults are briefly described, and the resonance
parameters are given. It seems that up to 200 ev
few resonances are missed, though there is some
ambiguity (asymmetry explicable either by inter-
ference or by small resonances), A statistical
study is made on level spacings and reduced
neutron-, radiation-, and fission-width distribu-
tions. Several resonances have very great width
(' > 1 ev); the radiation widths I' fluctuate
quite strongly and are not consistent with a con-
stant value; the fluctuations are comparable with
the ones observed for 23°U,
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1.16 PULSED-NEUTRON MEASUREMENTS
OF DIFFUSION PARAMETERS IN ORDINARY
ICE AS A FUNCTION OF TEMPERATURE BY

THE METHOD OF TIME.DEPENDENT
NEUTRON DIFFUSION!

E. G. Silver

The parameters )\a, D, and C in the familiar
equation

A=A, +DB*1-CB?



have been measured for ice over the buckling
range 0.039 to 0.738 cm~ 2 The classical
pulsed-neutron method was used with the ice
contained in an absotber-lined cryostat at temper-
atures down to ~85°C,
developed for producing accurately shaped ice
cylinders of uniform density.

A 300-kev deuteron accelerator, both pre- and
postacceleration pulsed, was used to produce
20- to 200-usec bursts of D-D neutrons which
impinged on the ice cylinders. [D-T neutrons
could not be used, despite intensity advantages,
because they caused a high quasi-flat background
due to photoneutrons produced by the gamma rays
emitted in beta decay of 7.35-sec !°N produced
by the *°O(n,p)!°N reaction,] Each of 65 decays
was measured with at least 10° counts in an 18-
channel time analyzer, after waiting times rang-
ing from 533 psec (largest cylinder) to 140 usec
(smallest cylinder).

The results were analyzed by a nonlinear least-
squares fitting to a two-exponential decay model,
A small-amplitude accelerator-derived background
of (6.5 + 2.5) x 1073 sec™! was found and cot-
rected for. The corrected data had slopes con-
stant within 1.5% over the time observed.

The results show that the absorption cross
section has a 1/v dependence over the measured
temperature range, making A, a constant and
yielding an average value of (331.5 + 3.1) mb for
o (H). Fitting (vD) to a linear temperature rela-
tion yields

Special techniques were

{3.30 + 0.0123 TCC)] x 10* cm?/sec .

The diffusion-cooling coefficient C has large
uncertainties but fits a linear temperature de-
pendence of

C = [4.55 + 0.025 TCC)] x 10 cm*/sec .
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1.17 PHOTONEUTRON SPECTRA AND CROSS
SECTIONS FOR '2C AND 60!

V. V. Verbinski J. C. Courtney?

Partial (y,n) cross sections have been meas-
ured for two self-conjugate nuclei, '2C and '°0,
by measuring the spectral intensity of emitted
neutrons in conjunction with a determination of
the time-integrated absolute photon flux. The
maximum-energy photoneutrons which leave the
residual nuclei in their ground state were isolated
from other transitions, making it possible to study
individual excited levels in '2C and !°0. By
measuring the neutron spectra at several angles
and taking advantage of the use of self-conjugate
target nuclei, these isolated levels in !2C and
160 were found to be due to electric-dipole photo-
absorption with subsequent emission of d-wave
neutrons.
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1.18 DIFFERENTIAL NEUTRON CROSS

SECTIONS FOR SEVERAL MATERIALS

BOMBARDED BY 14-, 18-, AND 56-Mev
PROTONS

W. R, Burrus
J. C. Courtney *

M. Young®
V. V. Verbinski

Differential ‘‘net”’ (p,n) cross sections have
been determined as a function of neutron energy
and neutron emission angle for several materials
bombarded by 14-, 18-, and 56-Mev proton beams.
Targets which removed about 10 Mev from the
incident beam of Be, !'B, C, O, and Al were
bombarded by 56-Mev protons. Measurements
were made at an emission angle of 64° for each
element and at 30° for Be alone. Targets which
removed about 1 Mev from the incident beam were
bombarded by 14- and 18-Mev protons, the meas-
urements covering emission angles of from 0 to
170°. At 18 Mev the targets were Be, N, Al, Fe,
In, Ta, and 2°®Pb; and at 14 Mev they were Be



and 298Pb. The resulting net cross section is
defined by
o(p,n), . = olp,n) + 9(p,pn) + 20(p,20) + ... .

The final differential (p,n) cross sections will
be determined from the thickness of the targets,
the integrated proton current, and the absolute
neutron spectrum. The absolute spectrum from
about 0.5 Mev to the maximum neutron energy is
being unfolded by means of the FERDO general-
purpose unfolding code from pulse-height distri-
butions measured with a calibrated NE-213 liquid-
organic scintillator. The cross-section results
will be presented in the laboratory system in
terms of bams steradian™! Mev™!
of emission angle and neutron energy for each
bombarding energy. to the
center-of-mass system cannot be made because
the different reaction mechanisms leading to
neutrons were not separated.

as a function

A transformation

Notes

'Research participant from Louisiana State
University.

2Catholic University, Washington, D.C.; Grad-
uate Fellow, Oak Ridge Institute of Nuclear

Studies.
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1.19 DEUTERON POLARIZATION FROM THE
9Be(p,d)®Be REACTION AT 3 TO 5 Mev'

V. V. Verbinski M. S. Bokhari 2

The polarization of deuterons produced in the
9Be(p,d)®Be ground-state reaction was measured
at several angles in the region of the stripping
peak and for proton energies of 3, 4, and 5 Mev.
Using a carbon analyzer via the '?C(d,p)''C
ground-state reaction and the relationship € (the

asymmetry) = 3Pp + P ,, where P is the polariza-

tion, the sign of the delljxteron polarization near the
stripping peak was found to be positive at 3 and
4 Mev. This is in agreement with earlier experi-
mental findings and DWBA calculations for which
deuteron-wave distortion is assumed to predom-
inate. However, the sign was measured to be
negative at 5 Mev, which may be due tc a rela-
tively greater at this

energy.

proton-wave distortion

References and Notes

'Abstract of ORNL-TM-1233 (in preparation)
and of paper to be submitted to The Physical Re-
view.

2Now at Lahore Center, Pakistan Atomic Energy
Commission, Lahore, Pakistan.



2. Critical

2.1 DETERMINATION OF NEUTRON FLUX IN
NUCLEAR REACTORS BY THE UNCOLLIDED-
FLUX ESTIMATOR APPLIED TO
MONTE CARLO COLLISIONS'

J. W. Webster

An investigation was made of the uncollided-
flux estimator, applied to Monte Carlo collisions,
as a means of determining the neutron flux at
specified spatial points of a reactor. The uncol~
lided~flux estimator is essentially an evaluation
of the flux as given by the Boltzmann equation in
integral form. The method is applied to two sample
reactor problems: the Godiva assembly and an
8-unit interacting array of highly enriched uranium-
metal cylinders. The scalar flux in Godiva, cal-
culated by using the collisions from 15,000 neu-
trons, was found to be in excellent agreement with
the flux calculated by the Carlson S method. In
the second problem, using the collisions from about
10,000 neutrons, the distorting effect on the flux
distribution of the nearby interacting cylinder
shows up clearly, although more neutrons would
be necessary for satisfactory accuracy.

The computer time required on the CDC 1604-A
in the first problem was 215 min (36 min per space
point), and was 480 min in the second problem
(69 min per space point). The uncollided-flux
estimator is therefore concluded to be practical
only when the flux is needed at a small number of
space points or when high accuracy is not desired.

Reference

IAbstract of ORNL-TM-1175 (August 1965).

Experiments
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2.2 BOUNDARY CONDITIONS FOR THE
CYLINDRICALIZED CELL OF
REACTOR-LATTICE CALCULATIONS'

J. W. Webster

In the solution for the thermal-flux distribution
in a cylindricalized cell using the one-dimensional
spherical harmonic method of third order, several
different sets of boundary conditions at the outer
surface have been proposed in the literature. These
are reviewed, and another possible set is derived
from a consideration of an analogy between the
equations for the moments in cylindrical and plane
geometry.

The physical properties existing in actual cells,
which are necessarily triangular, square, or hex-
agonal in cross section, are reflection of neutrons,
zero current, and zero normal derivative of scalar
flux. None of the possible sets of boundary con-
ditions for the cylindricalized cell satisfy all
these physical properties, and it is shown math-
ematically why they do not,

Reference

IAbstract of ORNL-TM-1022 (Dec. 30, 1964).

2.3 ONE-VELOCITY MONTE CARLO
CALCULATIONS OF URANIUM-METAL
CRITICAL GEOMETRIES!

J. T. Mihalczo

A method is described for predicting the multi-
plication factors of geometrically complicated
configurations of bare, unmoderated, enriched



uranium metal from the results of two delayed-
critical experiments in simple geometry, one
with a nearly minimum surface-to-volume ratio
and the other with a large surface-to-volume ratio.
The method requires two one-velocity constants,
the total collision cross section (Z,) and the
number of neutrons produced per collision (vZ/Z)),
which are obtained from the two experiments by
using S, theory ‘calculations with
isotropic scattering, These constants, together
with the assumption of isotropic scattering, are
then used in OS5SR Monte Carlo neutron-transport
calculations to ptedict the multiplication factors.
The method has been tested by predicting the
multiplication factors of 21 different delayed-
critical configurations to within a standard de-
viation of 1.5%.

transport

References

IAbstract of ORNL-TM-1220 (in preparation) and
of paper to be submitted to Nuclear Science and
Engineering.

2.4 INCREASED YIELD FROM FAST BURST

REACTORS: PARTS | AND I

J. T. Mihalczo

The effect on the yield and burst shape of
increased fissile mass in superprompt critical-
burst reactors consisting of unreflected and of
thin stainless-steel-reflected enriched uranium-
molybdenum alloy cylinders has been investigated
by transport theory calculations employing the
S, method. The alloy was 10 wt % molybdenum
and the uranium was enriched to 97% in 23U,
Calculations were also performed for critical
enriched uranium-metal cylinders, for which experi-
mental data exist. The cylinders range in height-
to-diameter ratio (h/d) from 0.1 to 5.7.

Part |
The results show that the peak-to-average
powet-density ratio, the prompt-neutron decay

constant at delayed critical, and the static temper-
ature coefficient of reactivity are essentially
independent of h/d. One-velocity space-independ-
ent neutron kinetics predict the same burst shape
for reactors with equal superprompt critical reac-
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tivities and equal prompt-neutron decay constants
at delayed critical. In cases where inertial effects
become important, a cylinder of greater h/d ratio
will produce shorter bursts since a large part
(approximately one-half) of the temperature coef-
ficient is associated with vibrations in the small
dimension. The temperature coefficient of reac-
tivity of large-diameter cylinders is associated
with expansion in the large dimension and will
result in wider burst widths. The yield from a
30-in.~diam, 3.23-in.-high unreflected uranium-
molybdenum cylinder was calculated to be 7.8 x
1017 fissions; that from a 5.55-in.~diam, 32-in.-high
cylinder was 2.9 x 10'7. These yields are greater
than the maximum thus far produced by the Health
Physics Research Reactor, 1.8 x 10'7 fissions,
at the same peak temperature, by factors of 4.3
and 1.6 respectively.

Part |1

Adding a l-in.-thick stainless steel reflector to
a cylinder of large h/d ratio will result in a de-
crease of about 25% in the mass required to pro-
duce a given yield. Introducing a 2-in.-diam axial
hole in this cylinder will increase the yield per
unit peak-temperature change by as much as 40%.

Calculations of unreflected 8.47-in.-diam cyl-
inders indicate that the yield, per unit peak-
temperature change, from U(97)-Mo can be in-
creased 50% if uranium of 60% 235U content is
substituted in the inner 4,5-in.-diam region.

References

l1Combined abstract of Increased Yields from
Fast Burst Reactors. Part I: Effects of Increased
Mass on Uranium and Uranium-Molybdenum Critical
Cylinders, ORNL-TM-1125 (Apr. 30, 1965) and
Part II: Effect of Thin Stainless Steel Reflectors
of ?33%U-Enriched Central Fuel Regions, ORNL-
TM-1215 (in preparation).

2.5 CRITICALITY OF A SINGLE UNIT OF
AQUEOUS URANYL FLUORIDE SOLUTION
ENRICHED TO 5% IN 235y!

J. W. Webster E. B. Johnson

As a part of the continuing criticality program
with uranium enriched to 5% in 235U, a comparison



between theory and experiment was made with
regard to the criticality of a volume of aqueous
U(4.98)O2F2 solution (H:23%U = 496) contained
in a thin-walled stainless steel cylinder. The
solution had a height-to-diameter ratio of about
2.5, thus making the end leakage reasonably small
compared with the radial leakage. Computations
indicated that the end leakage from the finite
system corresponded to only 1.5% in reactivity.
One-dimensional calculations, with an approximate
correction for end leakage, are therefore wvalid.

The Carlson S, DTF II code with the Hansen-
Roach 16-group cross sections was used for the
calculation. The computed multiplication factor
of 1.002 for the critical system lends further
confidence to the method and to the cross-section
set.

Reference

! Abstract of ORNL-TM-1195 (in press).

2.6 CRITICAL DIMENSIONS OF ARRAYS OF
AQUEOUS URANYL FLUORIDE SOLUTION
CONTAINING URANIUM ENRICHED
TO 5% IN 235y

E. B. Johnson

The program concerned with the determination
of critical parameters of aqueous uranyl fluoride
solution containing uranium enriched to 4.98% in
235U is being continued. Experiments with cyl-
inders of solution at a concentration of 901 g of
uranium per liter (H:235U = 496) contained in
aluminum and having no hydrogenous reflector
have been reported.?

In more recent experiments critical arrays have
been assembled in which the U(4.98)0 ,F , solution
at the same concentration was contained in 10.75-
in,-diam polyethylene bottles having a capacity
of about 25 liters. Since these bottles are used
for storage and for intraplant transfer of uranium
solutions of low enrichment, the results of these
experiments form bases for safe and economic
handling criteria although the geometry of the
units is not amenable to calculation. The bottles
were molded polyethylene of varying wall thick-
nesses (0.25 in. at the bottom and 0.10 in. at the
top) with a concave upward bottom and a screw
cap. Each bottle contained about 1.1 kg of 233U
in 24 liters of solution.

15

Planar arrays of these units in square and tri-
angular patterns were critical under the condi-
tions indicated in Fig. 2.6.1, It should be empha-
sized that although the side and bottom reflectors
were in contact with the bottle surfaces the top
reflector, when present, was about 10 in. from the
top of the solution because of the bottle caps.
Nine units in a line and in contact were subcritical
when completely surrounded with polyethylene.
The array of 32 units, surrounded on five sides
with 6-in.-thick polyethylene, shown in Fig. 2.6.2,
was critical at a surface separation of 8.33 in.
between rows. A similar array containing only 16
units, arranged in two rows of eight units each,
was critical at a separation of 6.65 in. between
rows when surrounded on five sides with 6-in.-
thick polyethylene. The effect of Plexiglas
centered between the rows of the array with the
separation between rows equal to 6 in. was deter-

mined; Fig. 2.6.3 indicates that the optimum
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2.8 CRITICALITY SAFETY TESTS FOR A
PROPOSED IRRADIATION FACILITY

E. B. Johnson

A 10-in.-long annulus of U(93.4) metal, 3 x 3 in.
in inside dimensions, containing 4.32 kg of 23%U
was found to be subcritical when submerged in
either light or heavy water. The metal was used
to simulate the fissile material in an irradiation
facility proposed for use with the Bulk Shielding
Reactor.

2.9 HIGH FLUX ISOTOPE REACTOR
CRITICAL EXPERIMENT No. 3

J. T. Thomas

Critical experiments® in support of the High
Flux Isotope Reactor were completed in April
1965. The HFIRCE-3 element was similar to the
HFIRCE-2 element used by Magnuson, and the
experiments utilized the same basic equipment
as the HFIRCE-2 series.? The 235U content of
the element was 9.4 kg, an increase of 1.4 kg over
the HFIRCE-2 element, and natural boron, contain-
ing 2.12 g of '°B, was present in the filler pieces
of the fuel plates of the inner annulus.

Relative figssion flux measurements were made
in the island, throughout the core, and in the water
reflector exterior to the beryllium reflector. The
shutdown worth as well as the sensitivity of the
Ag-Cu-Al control cylinders were determined.
Similatr measurements were conducted with the
Eu,0,-Ta-Al control cylinders intended for use
in the HFIR.

References

5. T. Thomas, Neutron Phys. Div. Ann. Progr.
Rept. Aug. 1, 1964, ORNL-3714, vol. I, p. 37.

’D. W. Magnuson, Neutron Phys. Div. Ann. Progr.
Rept. Sept. 1, 1961, ORNL-3193, p. 136.

2,10 EXPERIMENTAL EVALUATION OF
HANDLING PROCEDURES FOR HIGH
FLUX ISOTOPE REACTOR FUEL

ELEMENTS OUTSIDE THE REACTOR
J. T. Thomas S. J. Raffety

A series of experiments have been petformed
with the High Flux Isotope Reactor Critical Ex-

17

periment No. 3 (HFIRCE-3) fuel element, which
was the same as that described in ref. 1 except
that the '°B content was 2.12 g, in order to
establish safe conditions for the routine handling,
shipping, and storage of HFIR fuel.

The reactivity of the element was —1.15 % 0.09
dollars, measured by the pulsed-neutron method,
when submerged and with an effectively infinite
water reflector. However, this fuel element may
be made critical when submerged by displacing
approximately 15% of the water from the target
region; with optimum water displacement, ~69%,
the reactivity was maximum, +2.90 1 0.10 dollars.

When stored in a water-filled pool, the elements
will be mounted on a hollow water-filled post,
4.5 in. in outside diameter and consisting of
0.058~in.-thick cadmium sandwiched between
0.109-in.-thick stainless steel cylinders. Under
these conditions the element was observed to be
approximately 9 dollars subcritical, Displacement
of the optimum amount of water from within this
post made the element 3 dollars subcritical.

A 0.024-in.-thick sheet of cadmium placed around
the element, extending 2 in. above and below the
fuel and enclosing a 1/8-in.-thick water annulus
adjacent to the element, was worth about —15.8
dollars when the optimum amount of water was
displaced from the target region.

Stainless steel strips, 0.62 x 29 x 0.031 in, and
containing 1.66 wt % boron enriched to 92.15% in
1B were found to be worth —47.93 cents each
when inserted between the fuel plates in the inner
fuel annulus and to be worth —26.66 cents each
when inserted in the outer annulus of the water-
moderated and -reflected element. In both cases
the strips were separated sufficiently to prevent
interaction between them.

To evaluate the feasibility of moving a complete
element through the hatch of the massive steel
reactor vessel and of shipping an element in a
steel-lined lead container, the effects of these
materials as reflectors on the reactivity of the
submerged element were measured. The results
are given in Fig. 2.10.,1, in which the observed
change in reactivity of the element is plotted as
a function of the thickness of the reflector material,
The curves show the effects of the metal reflectors
extending only half-way around the element. The
lead was separated from the element by 0.75-in.-
thick steel. A single point on the figure gives the
teactivity resulting from the lateral surfaces of
the element being completely surrounded with
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0.75-in.-thick steel followed by 4 in. of lead.
Shown also is the result of one measurement
made with the element reflected as though it
were located in a comer of the fuel storage pool.
It is to be noted that in every measurement the
test material displaced water from the infinitely
thick reflector.

In an investigation of the conditions whereby
two elements may be adjacent, it was observed
that a system composed of two submerged water-
reflected subcritical the
surface separation between the elements was
greater than 4 in. and that this distance was
reduced to 2 in, when one of the steel and cadmium
water-filled posts was located in the target region
of each element.

elements was when

Reference

1, T. Binford and E. N. Cramer, The High Flux
Isotope Reactor: A Functional Description, vol. 1,
ORNL-3572, p. 5—-3 (May 1964).

18

2.11 EXPERIMENTS FOR THE DEVELOPMENT
OF A REACTIVITY ACCEPTANCE TEST OF
HIGH FLUX ISOTOPE REACTOR
FUEL ELEMENTS

J. T. Thomas S. J. Raffety

The design requirements for High Flux Isotope
Reactor (HFIR) fuel elements, with respect both
to burnable poison content and to 235U content
and distribution, are expected to change as a result
of altered reactivity conditions in the HFIR itself.
Therefore the neutron multiplication factor of each
new HFIR fuel element will have to be established
Conformity of
the element to its specified reactivity will thereby
be established also. A method has been developed
for determining the change in reactivity necessary
to make an element critical when it is submerged
in an infinitely thick water reflector in the absence
of beryllium.
and to generate the required reference data have
been performed with the element fabricated for
some of the critical experiments, HFIRCE-3,
supporting the reactor design. This element is
the same as that described in ref. 1 except that
the boron content was 2.12 g of °B.

Since the HFIRCE-3 element was subcritical
when submerged, reactivity was added by placing
plates containing #35U or cylinders of Styrofoam
in the target region. Each plate was 0.060 x
2.704 x 25.125 in., and contained 14 g of ?3°U
as U(93.2)-Al alloy clad with aluminum. The
Styrofoam (expanded polystyrene with noninter-
connecting air bubbles and a density of 0.024
g/cm?®) reduced the hydrogen content of the target
region. Fine reactivity adjustments were made
by placing strips of stainless steel and/or strips

prior to installation in the reactor,.

Experiments to develop the method

of stainless steel containing boron between the
fuel plates in the outer annulus of the element.
The reactivity contribution of various amounts
of fuel in plates, of different voids introduced by
the Styrofoam, and of various numbers of steel
strips was established in order that the subcritical
reactivity of elements could be determined. It was
observed, for example, that two plates, separated
2.5 and symmetrically mounted about the
element axis, added 2.4 dollars of reactivity. The
steel strips used for fine adjustment introduced
as little as —1.3 cents each.

Since both increases and reductions in reactivity
can be evaluated by this method, it can, of course,

in.



be applied to elements which are supercritical
when submerged.

Reference

IF. T. Binford and E. N. Cramer, The High Flux
Isotope Reactor: A Functional Description, vol. 1,

ORNL-3572, p. 5-3 (May 1964).

2.12 POTASSIUM REACTIVITY COEFFICIENT
IN SMALL REFLECTED UO, ASSEMBLIES'

J. T. Mihalczo

Three small critical assemblies of 235U-enriched
UO, reflected by beryllium and graphite have
provided measurements of the potassium reactivity
coefficient to verify methods of calculation.

Reference

Unclassified abstract of ORNL-TM-1222 (classi-
fied) (in preparation).

2.13 EXPERIMENTS AND CALCULATIONS ON
URANIUM-MOLYBDENUM ALLOY
CRITICAL ASSEMBLIES'

J. T. Mihalczo W. E. Kinney

A series of clean critical experiments with ura-
nium-molybdenum alloy were petformed and com-
pared with reactor physics calculations. The criti-
cal heights of three configurations of the alloy were
measured; an unreflected solid cylinder 20.32 cm
in diameter; an unreflected cylindrical annulus hav-
ing an inside diameter of 5.08 cm and an outside
diameter of 20.32 cm, both filled with stainless
steel and left empty; and a Plexiglas-reflected
annulus in which the upper 12.7 cm of the hole was
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enlarged to an 8.89-cm diameter, both with and
without cadmium between the core and reflector. In
addition, fission density distributions and void co~
efficients of reactivity were measured for the unre-
flected assemblies. Transport calculations with
Hansen and Roach cross sections successfully
predicted the critical heights and fission density
distributions for the unreflected assemblies and for
assemblies reflected by 2.5 cm of Plexiglas. The
calculated void coefficients are from 5 to 20%
lower than those measured.

Reference

!Abstract of ORNL-TM-1277 (in preparation).

2.14 STATIC AND DYNAMIC TRANSPORT
CALCULATIONS FOR PULSED-NEUTRON
EXPERIMENTS WITH SPHERES OF
URANYL NITRATE SOLUTION'

D. W. Magnuson

In static reactor calculations the neutron balance
between production by fission and loss by leakage
and absorption is artificially maintained by adjust-
ing the value of v, which is equivalent to adding
neutrons at fission energies. In dynamic reactor
calculations the neutron balance between produc-
tion and loss is effectively maintained by the
neutrons added by the changing neutron population.
These added neutrons are proportional to the fluxes
and inversely proportional to the neutron velocity.
Since the neutrons added by the two methods have
unequal importances, the corresponding static and
determined by these two
methods are unequal. Calculations on some simple
systems were made for application to pulsed-neutron
experiments on spheres of uranyl nitrate solution.

dynamic reactivities

Reference

!Abstract of ORNL-TM-1213 (in preparation).



3. Reactor Shielding

3.1 MEASUREMENT
OF THE THERMAL-NEUTRON FLUX
DOWN A RECTANGULAR CONCRETE DUCT’

F. J. Muckenthaler K. M. Henry
J. J. Manning L. B. Holland
J. L. Hull D. R. Ward

As part of the experimental study of the trans-
mission of neutrons down a rectangular duct with
concrete walls, measurements were made of the
thermal-neutron flux distribution along the axis
of a straight duct and ducts with one and two bends
of 90 deg. The detector used for the measurements
was a spherically shaped BF , proportional counter.
For this experiment, the Tower Shielding Reactor
II (TSR-II) was placed inside a spherical lead-
water shield from which a neutron beam emerged
through a 3-in.-diam air-filled collimator. The
beam of neutrons impinged on the inside surface
of one of the walls (source wall) of the duct,
whose axis was placed at an angle of 45° to the
incident beam center line, For the background
measurements, the source wall was removed and
a piece of cadmium was inserted in its place to
simulate the attenuation of the source wall to
air-scattered thermal neutrons. In order to deter-
mine the distribution of the thermal-neutron flux
incident on the duct wall, BF, counter measure-
ments were made with the source wall of the
duct removed (Fig. 3.2.2 of Sect. 3.2). Twenty-two
traverses were made horizontally along the plane
of the wall, 11 with the counter bare and 11 with
the counter cadmium-covered. The integral under
these curves gives the total number of thermal
neutrons incident on the wall and indicates that
the majority strike the wall within 5 ft of the
mouth of the duct.

The experiment was designed to determine sepa-
rately two components of the thermal-neutron flux

in the duct, one from slowing down of epithermal
neutrons in the duct walls and the other from the
incident thermal neutrons on the duct source wall.
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results for concrete, obtained analytically and
described in Sect. 3.8.

The TSR-II? was placed inside a spherical lead-
water shield, from which a collimated beam of
neutrons emerged. The beam was collimated by
placing a 3-in.-diam by 30-in.-long collimator in a
beam port of the shield.

The concrete ducts were made of the same steel-
reinforced, low silicon content, normal-grade
concrete (density = 2.35 g/cm®) that was used in
previous albedo studies with a concrete slab.3
The experimental setup is shown in Fig. 3.2.1.
The ducts were made in various lengths, having an
inside cross section 3 ft square with 9-in.-thick
walls. A maximum length of ~65 ft could be obtained
for the straight duct. Corner sections were built
for conversion of the straight duct to a duct con-
taining one or two bends for future experiments.

The fast-neutron dose rate incident on the inside
wall of the duct was mapped with a fast-neutron
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dosimeter, with the wall of the duct removed (Fig.
3.2.2). Measurements were made horizontally along
the plane of the wall every 6 in. from the floor of
the duct to the ceiling. The data were cross-plotted
to give a mapping of the source in the vertical
direction; and the area under both the vertical and
horizontal curves was found by integration, was
converted to number of neutrons, and was multiplied
by the cosine of 45° to give the total number of
fast neutrons incident on the wall of the duct. The
neutron distribution indicates that the source of
the scattered neutrons reflected down the duct was
contained in the first 5-ft length of the duct wall.



Measurements were made along the axis of the
straight duct with the fast-neutron dosimeter mounted
vertically, with and without the duct wall in the
reactor beam. The difference between these meas-
utements gives the scattered-fast-neutron dose
rate as a function of duct length. A beam catcher
was used to reduce the background from air-scat-
tered neutrons which penetrated the duct walls.

Typical results of the measurements are given
in Fig. 3.2.3. Measurements down the second leg
of a duct with a single 90° bend have been com-
pleted.
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3.3 MONTE CARLO CALCULATION
OF THE FAST-NEUTRON DOSE RATE
ALONG THE CENTER LINE OF A STRAIGHT
RECTANGULAR DUCT USING THE ALBEDO
CONCEPT, AND COMPARISON
WITH EXPERIMENT!

R. E. Maerker

The fast-neutron, doubly differential albedo data
for concrete previously reported? have been incor-
porated into the flexible duct code of Cain.3
Calculations have been made of the fast-neutton
dose rate at some 16 locations between the mouth
and 40 ft down the center line of a 3- by 3-ft
rectangular duct. The incident fast-neutron spec-
trum was assumed to be the same as that reported
previously for a similar TSR-II geometry,* and
the incident beam was assumed to be monodirec-
tional, striking a side wall of the duct at an angle
of 45° Results of the calculation were normalized
to the total neutrons from the TSR-II incident
on the wall, the latter being obtained by nu-
merical of the measured
dose rate over the wall surface.

integration incident

From the source

Table 3.3.1 Comparison of Calculated and Measured Center Line Dose Rates
Center Line Distance <Sing1y Scattered Dose Rate> Dose Rate (ergs g—l hro ! wl Error (%)
from Mouth (ft) Total Dose Rate Cale. Measured Calculated
3 0.73 6.6 x 107* 6.23x 1074 —6
4 3.70 x 1074 3.24 x 1074 -13
5 2,08 x 107% 1.84 x 107* -12
6 0.44 1.27 x 107* 1.21x 107* -5
8 5.35 x 107° 5.92x 107% +11
10 0.35 2.75 x 107° 2.80 x 1075 +3
12 0.38 1.50 x 10™° 1.42 x 1075 =5
15 0.43 7.1 x 1076 6.15 x 107° —~14
20 0.47 2.85 x 1078 2.30x 1070 ~20
25 1.30 x 1076 1.02x 1078 -22
30 0.61 6.7 x 1077 5.37 x 1077 21
35 3.9 x 1077 3.19 x 1077 19
40 0.65 2.45 x 1077 2.05 x 1077 —17




mapping measurements, the plane source for the
calculation was determined to be centered at
the mouth at a point 1.45 ft from the floor and
1.45 ft from the wall nearest the reactor, and
was 0.90 ft in height and 1.34 ft in width measured
in the plane of the mouth. Eight thousand his-
tories were run for this problem.

Table 3.3.1 shows a comparison of the calcu-
lated and measured dose rates along the duct center
line, the measured values being taken from the
foreground less the background smoothed curve
reported in Sect. 3.1.
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3.4 A MONTE CARLO DETERMINATION
OF INTERMEDIATE-ENERGY DIFFERENTIAL
NEUTRON ALBEDOS FOR CONCRETE'

W. A. Coleman R. E. Maerker

The problem of radiation streaming through multi-
bend air-concrete ducts may be treated by deter-
mining the reflected energy-angle spectra for a
particular concrete composition and utilizing these
data in an albedo random walk for a particular
geometry. The authors have calculated differential
energy-angle albedo data for a semi-infinite steel-
reinforced concrete medium, using a series of
incident angle and energy conditions. The energy
range from 0.5 ev to 200 kev was divided into
ten groups, AE;, equally spaced in lethargy. The
incident angles were 0, 45, 60, 75, and 85° A
general-purpose Monte Carlo neutron-transport
code, OS5SR, was used to obtain a collision dis-
tribution for each incident energy band AE; and
angle Og. The distribution of reflected neutrons
in energy and angle was determined by computing,
at each collision, the probability of escape along
each of 54 directions (defined by angles 6, and
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¢,)- This scheme has been used recently to
generate fast-neutron differential dose albedos
which agree well with experimental dose measure-
ments. ?

In addition to the doubly differential energy-
angle albedo, the following studies were made
for intermediate energies:

1. the radial dispersion of reflected neutrons from
the point of incidence,

2. the distribution in depth and energy of inter-
mediate-energy captures,

3. the distribution in polar angle ¢, and depth of

those neutrons which were degraded below 0.5
ev before escaping.

The reflected singly scattered spectra calculated
analytically agreed (within statistics) with the
Monte Carlo estimate of the singly scattered spec-
tra. A comparison study showed the Monte Carlo
results to be in good agreement with those obtained
in a 30-group S
dimensional S, code developed by General Atomic:

calculation using DTF, a one-
3
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3.5 MONTE CARLO DETERMINATION
OF THE DIFFERENTIAL THERMAL-NEUTRON
ANGULAR ALBEDOS AND CAPTURE-GAMMA
DOSE RATES FOR CONCRETE ARISING
FROM THE SLOWING DOWN OF INCIDENT
INTERMEDIATE-ENERGY NEUTRONS'

R. E. Maerker

To complete the determination of the differential
neutron albedos of concrete for incident interme-
diate-energy (200-kev to 0.5-ev) monodirectional
neutron beams (Sect. 3.4), one-velocity Monte
Carlo calculations were carried out for the diffu-
sion of the neutrons degraded below 0.5 ev.

A series of one-velocity diffusion problems were
run to calculate the differential angular reflected



current, the total transmitted current, and the
spatial distribution of captures within a semi-
infinite 9-in.-thick slab. Each problem was chat-
acterized by selecting the location of a point
isotropic source of thermal neuttons uniformly
within a given depth band inside the slab. Each of
the nine depth bands coincided with those used
to determine the spatial distribution of neutrons
slowing down below 0.5 ev from the intermediate-
energy calculations (Sect. 3.4). Six hundred his-
tories were run for each problem, and a doubly
correlated sampling technique was used to obtain
results as functions of the number of scatterings
allowed (50, 100, 200, 400) and the thickness of
the slab (9 and 16.75 in.). Isotropic scattering
was assumed, and the one-velocity (0.025-ev)
parameters X /% . used were 0.987 and 0.978 for
the three concrete and two reinforced-concrete
regions respectively. Confidence limits on the
differential angular reflected currents average
less than *10%. A technique of estimating the
differential angular current through each of nine
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space-fixed reflected polar angles at each scatter-
ing was employed, using the estimation

2. Z/\u.
W ES e T /Ip‘l‘t
2. 477 ’

where the p, = —(1 +0.5)/9, i =0, 1, ..., 8, are
the cosines of the reflected polar angles with
respect to an inwardly drawn slab normal and W
is the neutron weight before the collision. The

captures were calculated by adding

by
W1l - Ei(z)]

T

at each collision into the proper depth band. The
resulting gamma-ray differential angular current
dose rate shape as a function of p is assumed to
be that of the uncollided gamma rays, since the
scattered-gamma-ray contribution is less than

Table 3.5.1. Curve-Fitted Values of Thermal-Neutron Albedos Produced by Slowing Down of

Incident Intermediate-Energy Neutrons

AE

0 (source neutron)_l]

dath/dQ [thermal neutrons steradian™?

ath (thermal neutrons per source neutron)

55.1-200 kev

15.2-—-55.1 kev

4.2-15.2 kev

1.15-4.2 kev

0.32-1.15 kev

0.087-0.32 kev

2487 ev il [(0.0185 + 0.0150p)

+ |ul 0.0177 +0.02351 )]
6.6—24 ev lul [0.0332 +0.00851,)

+ |y (0.0220 +0.02684 )]
1.8-6.6 ev |} [0.0595

* lul (0.0290 +0.0305p )]
0.5-1.8 ev |l [(0.124 - 0.03541,)

+{ul (0.020 +0.053p:)]

lul @ +1.73 lu]) (0.0043 +0.0058)
i (@ +1.73 |u]) (0.0052 +0.0059p)
ul (@ +1.73 |u]) ©.0062 +0.0071p)
|l @ +1.73 |ul) 0.0077 + 0.00731.)
|ul (@ +1.73 |u]) (0.0090 +0.00994)

|ul (@ +1.73 |u]) 0.011 +0.012p)

0.029 + 0,039,
0.035 +0.040p,
0.042 +0.048p,
0.052 +0.049p,
0.061 +0.067p,
0.074 +0.081p,

0.095 + 0.096#0

0.150 +0.084p,

0.248 +0.064p,

0.431 +0.001p,
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half the total. The uncollided secondary gamma-
ray angular current dose rate was thus multiplied
by a buildup factor averaged over the capture-
gamma-ray spectrum and depth.

The results of all these calculations are sum-
marized in Tables 3.5.1, 2, and 3. Table 3.5.1
gives curve-fitted values of the reflected differen-
tial angular current albedo of thermal (i.e., sub-
cadmium) neutrons in neutrons per steradian per
incident neutron of energy within AE , as well
as values of the total thermal albedo. The highest
six incident-energy groups produce a reflected-
thermal-neutron distribution having a shape inde-
pendent of p , the cosine of the incident polar
angle, and identical to the shape calculated by
Fermi? and Placzek.® The curve-fitted values

reproduce the Monte Carlo values to within +15%
for the differential thermal albedos and to within
+10% for the total thermal albedos.

Table 3.5.2 gives curve-fitted values of the sec-
ondary capture gamma-ray differential angular cur-
rent dose rate albedo and values of the total
current dose rate albedo. The departure of the
quantity in parentheses on the extreme right of
the first expression from unity represents the dose
rate due to epicadmium (0.5 ev to 200 kev) cap-
tures; the remainder is due to subcadmium (<0.5
ev) captures. The curve fits reproduce the cal-
culated values to within £15% for the differential
dose rates and to within 110% for the total dose
rates.

Table 3.5.2. Curve-Fitted Values of Secondary-Gamma-Ray Dose Rates Arising from the

Slowing Down of Incident Intermediate-Energy Neutrons

AE

dD,y /d€} [rads hr— ! steradian™!

c s -1
[¢] per incident source neutron sec ]

D,), [rads hr—!

per incident neutron sec™ ']

55.1-200 kev
(0.40 + 0.60/10) (1.10)

15.2-55.1 kev
(0.55 + 0.75[1.0) (1.11)

4.2-15.2 kev 1077 |ul (0.70 +2.53 || —2.07p%)
(0.42 +0.52p1) (1.12 — 0.01f1)
1.15-4.2 kev 1077 || (0.68 +2.59 |p| — 2.08p%)

(0.45 + 0.60#0) (1.12 - 0.01;10)

0.32-1.15 kev
(0.48 + 0.57;1.0) 1.14 — O.OZ;LO)

. + 7 1 —_—
(0 48 0. 0{1 )( .18 0.06[,( )

1077 || (0.43 +2.17 [y — 1.67p%)

1077 1y} 0.39 +1.78 |u| — 1.394%)

1077 |l (0.66 +3.18 || — 2.604%)

1077 || 0.97 +2.39 |u| — 2.08u)

1077(¢1.30 + 1.964,)
1077 (1.52 +2.07p)
1077 .77 +2.190)
10~ 7(1.93 +2.574)
1077 (2.23 +2.651)

107°(2.30 3.35#0)

24-87 ev 1077 |p] (1.07 +1.96 Iy — 1.83p?) 1077 (2.43 +3.950)
(0.53 +0.8641) (1.30 — 0.1541,)

6.6-24 ev 1077 | (1.75 +2.258 || - 2.32p%) 1077(3.28 +3.5441)
(0.50 +0.54y) (1.11 — 0.04u)

1.8-6.6 ev 1077 |y [1.51 +0.6341, + |u} (0.15 +2.30u) — 4 (0.60 1077 (4.08 +3.5241 )
+2.11p)1(1.09 — 0.034.)

0.5-1.8 ev 1077 [u} [2.23 +0.76p1) + |p| (~1.54 +3.07p)) 1077 (4,46 +4.40p )

+u?0.42 — 2.82p) | (1.07 — 0.0241)
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Table 3.5.3. Curve-Fitted Parameters for the Differential Angular Current Albedos
Summed Over All Reflected Energies

Ae, &y % By B, Yy Y2 a b ¢ o, 5,
55.1-200 kev 0.190 -0.020 0.020 0.300 0.11 0.91 0.20 0.56 0 0.880 —~0.208
15.2--55.1 kev 0.190 -0.025 0.025 0.295 0.11 0.91 0.225 0.69 0 0.865 —0.177

4.2-15.2 kev 0.216 —-0.047 —~0.004 0.307 0.12 0.91 0.24 0.70 0 0.875 ~0.200
1.15-4.2 kev 0.210 -—0.046 -0.005 0.310 0.12 0.91 0.24 0.70 0 0.875 -0.232
0.32-1.15 kev 0.208 —-0.042 -—-0.005 0.305 0.12 0.91 0.24 0.70 ) 0.860 —-0.205
0.087-0.32 kev 0.210 -0.061 ~0.003 0.296 0.125 0.865 0.28 0.72 0 0.845 -0.210
24—-87 ev 0.205 —0.068 -~0.003 0.283 0.13 0.845 0.30 0.73 0 0.830 —0.228
6.6—-24 ev 0.202 —-0.075 -0.002 0.270 0.13 0.82 0.32 0.74 0 0.815 -0.230
1.8—6.6 ev 0.172 -0.059 0.021 0.218 0.105 0.65 0.40 0.77 0 0.817 —0.244
0.5-1.8 ev 0.105 --0.036 0.115 0.125 0.080 0.48 0.255 —-0.072 0.765 0.792 -0.232

Table 3.5.3 presents values of the curve-fitted
parameters for the differential angular current
albedos summed over all reflected energies from
the source energy down to and including thermal
and for the total-current albedos. The curve fits
reproduce neatly all the Monte Carlo values to
within t15% for the differential albedos and to
within t3% for the total-current albedos. The
general curve-fitted expressions are

do a1 _ | el [(OH + aype) + |p[(B + 62“0)]
dQ el + ¥, + 7o

x {1+ = A = p a2 cos? ¢ — 1)
+ bcos ¢+ ccos® pl}

and

Yotal = 8y + 0y -
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3.6 INVESTIGATION OF THE ACCURACY
OF THE MONTE CARLO METHOD FOR
CALCULATING DIFFERENTIAL ANGULAR
THERMAL-NEUTRON ALBEDOS AND
THERMAL-NEUTRON CAPTURES FOR
A WEAKLY ABSORBING MEDIUM
SUCH AS CONCRETE!

R. E. Maerker

An investigation was made of the accuracy of
the Monte Carlo technique using a single-velocity
model for calculating differential angular thermal-
neutron albedos from, and thermal-neutron captures
within, a medium of relatively small absorption.
In particular, the thermal albedos, capture sources,
and capture-gamma doses were calculated as a
function of both the number of scatterings allowed
and the thickness of the medium. The validity of
using a single-velocity treatment in representing
the true physical situation in the thermal region
is discussed in Sect. 3.7.

Table 3.6.1 shows a comparison of the differen-
tial angular albedos (i.e., reflected number current
per steradian per incident source neutron) for the
case of X /X, = 0.975, an infinite slab, isotropic
scattering in the laboratory system, and a normally
incident beam of neutrons, with the theoretical
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Table 3.6.1 Comparison of Monte Carlo Results with Exact Results of Chandrasekhar

da/df) per Steradian

| 1 5 10 20 50 100 200
Scattering Scatterings  Scatterings Scatterings Scatterings Scatterings Scatterings Exact

1.0 3.92x107% 1.10x107! 1.46 x 107! 1.73x10™! 1.93x 107! 1.97x10~! 1.98x 10! 2.00 x 10~}
0.9 3.72x107% 1.03x 107! 1.35x107! 1.50x10~! 1.76 x 10~! 1.79x10~! 1.80x10~! 1.82 x 10!
0.8 3.50x1072 9.47x107% 1.22x107! 1.43x 107! 1.58x10~! 1.61 x10~! 1.61 x 10~ 1.63 x 10—!
0.7 3.24x107% 859x107% 1.10x 10™! 1.27x 107! 1.30x 20"} 1.42x10~! 1.42x10~! 1.44 x 10~}
0.6 2.96x107% 7.63x107% 9.63x107% 1.11x107! 1.20x10-' 1.22x10~! 1.23x10-% 1.24x 10~}
0.4 2.27x107% 5.46x1077 6.67x1072 7.53x 1072 8.09x10-2 8.19x10~2 8.21 x10—2 8.26 % 10—2
0.3 1.85x107% 4.24x107% 508x1072 567x1072 6.06x10~2 6.13x10~2 6.14x 102 6.15 x 10—2 )
0.2 1.34x107% 2.92x107% 3.43x1072 3.79%x 1072 4.02x10"2 4.06 x10~2 4.07x10~2 4.02 x 10—2
0.1 7.35x107% 1.51x107%2 1.73x107% 1.80x 10™2 1.99x 1072 2.01 x10~2 2.01 x 10=2 1.94 x 10— 2 -
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and ES/ET = 0.987.

DTF
— —— MC, 200 SCATTERS + RESIDUAL
-——— ——%—— MC, 200 SCATTERS

S

NEUTRONS ABSORBED PER c¢cm PER SOURCE NEUTRON

MEAN FREE PATHS FROM SOURCE PLANE

Fig. 3.6.1. Comparison of Capture Sources Calculated by Monte Carlo and DTF for the Case of Normal Incidence



curve of Chandrasekhar,? calculated from the ex-
pression

da

0.975 ||

o #(0.975, 1) #(0.975, |u]) -
T 1y(+1%0( ) H( 1)

A cornelated sampling technique on 2000 histo-
ries was used to obtain the results as a function
of the number of scatterings, and a statistical-
estimation technique was used at each scattering.

Figure 3.6.1 shows a comparison of the Monte
Carlo results for the capture sources with those
of an S , DTF-II one-group calculation for the
case of isotropic scattering, normal incidence,
infinite slab, and ES/ET = 0.987. The residual
Monte Carlo results presented represent the capture
sources due to 200 scatterings or less plus the
weight remaining after the 200th scattering. Thus
the two Monte Carlo curves should bracket the
correct result.

From the above comparisons it is clear that
simple Monte Carlo techniques are adequate to
treat one-velocity diffusion and can be used in
cases where other methods may be inadequate,
such as the case of anisotropic scattering in the
laboratory system or in heterogeneous media.
Azimuthal dependence of the differential angulat
albedo may also be calculated with these same
simple Monte Carlo techniques.

From an analysis of the results of many Monte
Carlo problems run for various angles of incidence,
it may be concluded that, for weakly absorbing
media such as ordinary concrete (ZS/ET x 0.987),
the number of scatterings needed to reach conver-
gence is at least 50 for the thermal albedo, 150
for the capture sources (the number increases as
one goes deeper into the slab), and 100 for the
capture-gamma dose on the surface. A slab approx-
imately 7 mean free paths thick essentially sat-
urates the differential angular thermal albedo,
and one 12 mean free paths thick essentially
saturates the capture-gamma dose on the surface.
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3.7 SINGLE-VELOCITY CALCULATION
AND MEASUREMENT OF DIFFERENTIAL
ANGULAR THERMAL-NEUTRON
ALBEDOS FOR CONCRETE!

R. E. Maerker F. J. Muckenthaler

In Sect. 3.6 the Monte Carlo method was con-
cluded to be adequate for describing thermal neu-
trons diffusing in weakly absorbing media if a
sufficient number of scatterings were followed for
each neutron. In this section, results from a
single-velocity Monte Catlo treatment are compared
with experiment for the case of monodirectional
neutrons incident on concrete. The extent to
which agreement is established indicates the
errors involved in representing the properties of
subcadmium neutrons by single-velocity parameters.

The statistical-estimation technique used in the
calculations is identical to that described for
fast neutrons.? The composition of the slab
assumed for the calculations was identical to that
of the low-silicon, steel-reinforced concrete slab
employed in the experiment. It was 9 in. thick
and was divided into five regions, two of which
were 1-in.-thick steel-reinforced regions positioned
1.75 and 7.25 in. from the front face of the slab.
These two regions were assumed to be homogene-
ous and to have a % /¥ = 0.978 for a neutron
energy of 0.025 ev. For the three remaining regions
(no steel), ES/ZT was taken to be 0.987.

Two scattering laws were assumed: (1) isotropic
scattering in the laboratory system for all elements;
that is, the hydrogen is completely bound to the
oxygen in the case of water, and the small anisot-
ropy in the scattering cross sections of the other
elements is neglected; (2) anisotropic water scat-
tering, using a scattering law deduced from the
results of experiments by Greenspan and Baksys,?
at an energy of 0.0358 ev, together with isotropic
laboratory scattering for nonwater oxygen, calcium,
etc. In both cases, the total thermal-neutron cross
section (0.025 ev) for water was taken* as 105
barns.

Absorptions within 20 depth regions of the slab
were also calculated, and the resulting capture-
gamma dose on the surface was obtained by inte-
gration. The capture spectra of each element
were taken from the Reactor Handbook.® In each
of the ten problems run (angles of incidence of 0,
45, 60, 75, and 90° for each of the two assumed
scattering laws), 2000 histories were followed,
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urement of the angular albedo. Cadmium-covered and L. S. Abbott, Interscience, New York, 1962.
and bare-detector readings were taken for the cases

of cadmium over the slab, cadmium over the reactor
collimator, cadmium over both simultaneously, and

both slab and collimator bare for both foreground 3.8 CALCULATION AND MEASUREMENT
and background geometries. By a series of sub- OF THE FAST-NEUTRON DIFFERENTIAL
tractions, the thermal differential angular albedo DOSE ALBEDO FOR CONCRETE'
was one of the quantities that could be obtained.
Measured values were corrected for air attenuation R. E. Maerker F. J. Muckenthaler
and the inverse square effect, and then divided by .
the incident subcadmium current integrated over Monte Carlo calculations have. been carried out
the surface of the slab to determine the thermal in great detail on the reflection properties of
differential angular albedos. concrete for fast neutrons. This report presents

A surprising measured azimuthal variation was the results for the differential angular dose albedo
closely approximated by the anisotropic-water- for various incident-beam conditions and touches
scattering calculation, which agreed within a root- upon some of the other distributions calculated.
mean-square deviation of 5.1% for 72 measured The following formula represents the calculated
differential angular albedos. Therefore, the one- differential angular dose albedo to better than 10%
velocity treatment seemed to be quite adequate for for about 95% of the values obtained and can be
concrete. used to extend the results to the entire hemispherical

A simple expression for the thermal differential range for both incident- and reflected-neutron
angular current albedo for this concrete is velocity vectors:

da(0¢6 AE) [ |cos 6]
da 0.0875 + P Yoy o/ =
B Lo b Ly — 0 [cos 0} + K,(AE) cosd,

dQ ful o,

L
A E)P
< [1+ (1= )1 = |u]X=0.10 + 0.43 2408 Peos 0|

cos ¢ *+0.20 cos? &),

. [ |cos 4

6l +K(AE , 0.6
in which p and p, are the polar angle cosines, jeos 6] {8 Eq 00, 0)

with regard to the inwardly drawn slab normal, of
the reflected and incident beams, respectively, and
¢ is the conventional azimuth.

K
2 BAE) Pycos @)},



where

0,, 0 = the incident and reflected polar angles
with respect to the inwardly drawn slab
normal, respectively,

¢ = the reflected azimuthal angle,

doa
— = |cos 0| -(angular flux) in dose units per
steradian per incident particle dose,

cos @ =cos 0, cos § t sin @ sin 6 cos ¢, —1
<cos 50,

and
K2(AE01 00! 6)
I . ,
= 2 (jcos 0))' ¥ a . (AE,) cos’ 0.
i=0 j=o Y

A comparison of the fast-neutron angular dose
albedo calculations weighted by an incident spec-
trum previously measured at the Tower Shielding
Facility with the results of a series of dose albedo
measurements performed at the TSF shows that
from 147 combinations of the incident and reflected
angles there is a root-mean-square deviation of
3.1%, with the largest single deviation being 9%.
This
cross sections are adequate to calculate differential
albedos to a high precision.

excellent agreement shows that existing
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3.9 A CALCULATION OF THE NEUTRON
DOSE IN ORDINARY CONCRETE DUE
TO AIR-SCATTERED NEUTRONS
FROM A POINT FISSION SOURCE'

D. K. Trubey

A calculation of the fast-neutron dose in concrete
due to a point fission source located in air at a
distance of 100 g/cm? has been performed. The
moments-method code RENUPAK was used succes-
sively to produce the energy spectrum in air from
the point source and the energy spectrum in con-
crete from the air-scattered source.  Angular

distribution conversion factors and data for con-
version to other amounts of air attenuation are
given.

Reference

lAbstract of ORNL-TM-973 (Mar. 15, 1965).

3.10 MEASURED NEUTRON SOURCE SPECTRA
FOR ANGULAR SCATTERING EXPERIMENTS
WITH SMALL CYLINDERS'

J. C. Courtney? V. V. Verbinski

In a series of experiments in which the scattering
of fast neutrons from small cylinders of various
materials was investigated, a pulsed source of
bremsstrahlung-produced neutrons was obtained by
irradiating a lead target with 14-nsec bursts of
34-Mev electrons from the General Atomic electron
linear accelerator. The differential energy spectra
of the source neutrons for the three angles of
incidence used are presented.
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1Abstract of ORNL-TM-1087 (Apr. 9, 1965); work
partially funded by the U.S. Army Nuclear Defense
Laboratory, Edgewood Arsenal, Maryland, under
Order NDL-23-63.

?Catholic University, Washington, D.C.; Graduate
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3.11 FAST-NEUTRON SCATTERING

FROM SMALL CYLINDERS OF STEEL,

ALUMINUM, GRAPHITE, CONCRETE,
AND LITHIUM HYDRIDE'

V. V. Verbinski J. C. Courtney?
Time-of-flight methods were used to measure the
spectra of fast neutrons scattered at angles 20,
45, 70, 110, 135, and 160° from an incident beam
by small cylinders of steel, aluminum, graphite,
concrete, and lithium hydride. The lithium hydride
cylinders were 1% and 3 in. in diameter, the
concrete cylinders were 13’/4 in. in diameter, and
The

measurements were made at the General Atomic

all other samples were 2 in. in diameter.



electron linear accelerator, where a pulsed source
of bremsstrahlung-produced neutrons was obtained
by irradiating a lead target with 14-nsec bursts
of 34-Mev electrons. The energy spectrum of the
neutrons approximated a fission spectrum. Some
of the neutrons struck the scattering sample, which
was placed 13 in. from the source, and then passed
through a system of collimators, down a drift
tube, and into a liquid-scintillator fast-neutron
detector.
was used to eliminate pulses due to any gamma-
ray background.

Measured source spectra were used as input for
Monte Carlo calculations of the scattered neutrons,
and the results were compared with measured
scattered spectral intensities. The calculations
and experiments, integrated over energy, agreed
within 16%.
factorily reproduced, it is believed that the uncer-
tainty in the measurement of the integrated fast-
neutron flux by foil activation accounts for any
discrepancies. These comparisons indicate that
the ORNL cross-section library (see Sect. 5.21)
for these elements is adequate for neutron-scatter-
ing calculations.

Pulse-shape discrimination circuitry

Since the spectral shape was satis-
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ration) and of Fast-Neutron Scattering from Small
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J. C. Courtney, ORNL-TM-1156 (July 1965); work
partially funded by the U.S. Army Nuclear Defense
Laboratory, Edgewood, Md., under Order NDL-23-63.

2Catholic University, Washington, D.C.; Graduate
Fellow, Oak Ridge Institute of Nuclear Studies.

3.12 MEASUREMENT
OF THE NEUTRON-SOURCE
DISTRIBUTION IN A POOL-TYPE
RESEARCH REACTOR!'

M. S. Bokhari? V. V. Verbinski

An absolute-power calibration of a swimming
pool type of research reactor was performed in
order to obtain the precise source term for some
earlier measurements of neutron spectral intensity
in the water shield of the reactor (see Sect. 3.13).
A straightforward method of flux mapping was used:
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the relative flux was measured with copper-wire-
activation techniques, and the copper wires were
calibrated against thin samples of the reactor fuel.
The thin uranium foils were activated in both the
reactor and the thermal column of the ORNL stand-
ard pile, and the activation ratios gave the equiv-
alent thermal-neutron flux for producing fission
events in the uranium fuel. The absolute neutron-
source density was determined from the flux and
the known uranium density. The copper-wire
activity was found to be proportional to the fission
rate within about 2% over the entire length of the
reactor fuel elements. Thus in this type of reactor
the copper activation is proportional to power
density within 1 to 2% because of averaging over
the entire reactor volume.
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3.13 MEASUREMENTS AND CALCULATIONS
OF SPECTRAL AND SPATIAL DETAILS
OF FAST-NEUTRON FLUX
IN WATER SHIELDS'

V. V. Verbinski M. S. Bokhari?
J. C. Courtney?

Measurements have been made of the spectral
and spatial details of neutron flux in the water
shield surrounding the BSR-1 swimming pool
reactor. For these measurements the absolute
spectral intensity was obtained for a reactor con-
figuration in which the absolute neutron-source
distribution was measured. Using the latter as an
input to the NIOBE and DTK neutron-transport
codes, both the neutron spectra of angular flux
and the absolute intensity were predicted with
reasonably good accuracy by the calculations.

Another set of measurements was made for neu-
trons from a pulsed linac source, using slabs of
water and measuring neutron-leakage spectra at
0 and 30° to the slab normal by high-resolution
time-of-flight spectroscopy.
uation

Sulfur-pellet atten-
ratios were also obtained for each slab
thickness. The small, 5-cm-diam, linac source



was surrounded by a 7.5-cm-thick lead housing.
A DTK transport calculation that could handle the
5-cm  source configuration without divergence
difficulties reproduced the main features of both
the 0 and 30° experimental spectra fairly well,
except that it predicted too low a flux in the 4.5-
to 7.5-Mev energy region. Updating the oxygen
4 corrected this disagreement.
The sulfur-activation ratios, as measured with
sulfur pills placed on each side of the water slab,
agree with the ratio calculated by the DTK code
for a 40-cm slab, All the 0° calculations yielded
neutron spectra that were too low in the region of
the high, broad transmission peak between 5.5
and 7.5 Mev.

total cross sections

References and Notes

IAbstract of paper to be submitted to Nuclear
Science and Engineering.

®Now at Lahore Center, Pakistan Atomic Energy
Commission, Lahore, Pakistan.

3Catholic University, Washington, D.C.; Graduate
Fellow, Oak Ridge Institute of Nuclear Studies.

4]. R. Stehn, M. D. Goldberg, B. A. Magurno,
and R. Weiner-Chasman, Neutron Cross Sections,
BNIL.-325, Suppl. 2, vol. I (May 1964).

3.14 PROPAGATION OF NEUTRON WAVES
THROUGH HETEROGENEOUS MULTIPLYING
AND NONMULTIPLYING MEDIA'

V. R. Cain

The behavior of neutron waves in heterogeneous
media was predicted by use of the one-group diffusion
theory and the age-diffusion theory. The one-group
theory was used in two different finite geometries
which allowed reduction to a one-dimensional and
a two-dimensional problem. These cases resulted
in diffusion kernels, or Green’s functions, for the
two finite configurations. The theory was then
extended to include Fermi-age, or continuous
slowing-down, theory for higher-energy neutrons,
an approach which is similar to the Feinberg-
Galanin heterogeneous-reactor theory except for
being applied to a finite geometry and including
time dependence. A finite diffusion kernel was
obtained which is similar to the results of the
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simpler calculations, and a finite-medium, Fermi-
age kernel which describes the behavior of the
slowing-down neutrons in the finite geometry.

Both the one-group and the age-diffusion develop-
ments were used to calculate numerically sample
configurations which are suitable for experimental
verification. These include rectangular assemblies
of graphite and heavy water which have poison or
fuel rods inserted.

In order to demonstrate better the improvements
of this work over the Feinberg-Galanin theory, an
extension was made to critical assemblies. This
offers the possibility of doing criticality calcu-
lations for physically small assemblies which are
not amenable to homogenization techniques.

Using the age-diffusion-theory results, it was
also shown that data from neutron-wave experiments
may be processed in such a way as to give exper-
imental measurements of both the diffusion and
the slowing-down kernel.
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!Abstract of ORNL-TM-1184 (August 1965).

3.15 DIFFERENTIAL DOSE ALBEDOS
FOR CALCULATION OF GAMMA-RAY
REFLECTION FROM CONCRETE!

M. B. Wells
Radiation Research Associates, Inc.

Differential dose albedos for gamma-ray reflection
from concrete were derived from Monte Carlo calcu-
lations of gamma-ray scattering in air and concrete
for source energies of 0.6, 1, 2, 4, and 7 Mev.
Curves showing the albedo for reflection in the
plane of incidence are presented for angles of
incidence of 00 =0, 30, 45, 60, and 75°. At inci-
dent energies greater than 2 Mev, the computed
dose albedos are smaller than those reported by
Raso? (also based on Monte Carlo) and those given
by the Chilton-Huddleston® formula. However,
comparisons with experimental data for '3’Cs and
69%Co gamma rays reported by Jones et al.,* Clif-
ford,> and Barrett and Waldman® indicate that the
calculated albedos for these sources agree as well
with the experimental data as do calculations
based either on the Chilton-Huddleston formula or
Raso’s Monte Carlo calculations.
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TO-B-64-68 (July 1964).

3.16 NEUTRON AND GAMMA RADIATION
PENETRATION INTO CONCRETE-SHIELDED
UNDERGROUND STRUCTURES'

R. L. French M. B. Wells
N. M. Schaeffer
Radiation Research Associates, Inc.

The fast-neutron and gamma-ray dose rates in
concrete-shielded and concrete-lined cylindrical
holes and bunkers located 100 to 700 ft from the
ORNL Tower Shielding Reactor (TSR-II) were
computed and compared with measured dose rates.
The calculations, which in most cases agree with
the measurements within 25%, show the relative
importance of the various radiation components,
including direct-beam, shield-scattered, and wall-
scattered radiation and secondary gamma rays.
Wall-scattered neutrons were found to contribute
up to 40% of the fast-neutron dose rate at positions
deep inside the structures. Thermal-neutron capture
in the concrete shields accounted for as much as
90% of the gamma-ray dose rates for thick shields.
Capture gamma rays produced in the walls of the
cylindrical holes and bunkers were also important
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in many cases. Simplified methods were developed
for computing most of the radiation components.
An appendix gives the application of these methods
to a cylindrical hole with laminated iron and
concrete shields.
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!Abstract of RRA-T51 (May 31, 1965); work
performed by Radiation Research Associates, Iac.,
for ORNL under subcontract No. 2267; work funded
by the Defense Atomic Support Agency under DASA
Order EO-802-65.

3.17 STRUCTURAL AND SHIELDING
CONSIDERATIONS IN THE DESIGN
OF HARDENED FACILITIES'

R. H. Karcher J. H. Wilson
Holmes and Narver, Inc.

Structural requirements and initial radiation
shielding requirements have been calculated as
a function of weapon yield and separation distance
for fully buried domes, arches, and rectangular
structures. The two criteria have been super-
imposed to determine the range and magnitude of
the shielding problems attendant to the design of
hardened structures. The single-degree-of-freedom
spring-mass system was used to describe the
response of structures to blast loading. Neutron
penetration of structures was calculated by means
of removal-diffusion theory, while gamma-ray pen-
etration was calculated by use of point kernel
techniques. The interaction of structural and
shielding criteria is analyzed in considerable
detail, and initial radiation shielding requirements
are given as a function of weapon yield for a
number of discrete overpressure levels.
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subcontract No. 2461; work funded by the Defense
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3.18 PENETRATION OF NEUTRON

AND GAMMA RADIATION THROUGH

THE OPENINGS OF UNDERGROUND
STRUCTURES!

R. L. French M. B. Wells
N. M. Schaeffer
Radiation Research Associates, Inc.

Calculations were performed of the radiation
intensities in open concrete-lined cylindrical holes
and in open concrete bunkers due to a fission
source suspended in air at distances of 100 to
700 ft away. The calculations are part of an anal-
ysis of experiments performed with the Tower
Shielding Reactor II (TSR-II) at ORNL; included
the
underground structures with and without shields
over the openings. The approach followed in the
was to determine, from geometric
considerations, the portion of the incident radiation
intensities which could enter the structures. Meth-
ods were developed to account for effects of the
interface,

were numerous radiation measurements in

calculations

air-ground and albedo models were
devised to simplify calculation of wall-scattered
radiation and production of secondary gamma radi-
ation in the walls. In general, the calculated and

measured data agree within approximately 25%.
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performed by Radiation Research Associates, Inc.,
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3.19 GAMMA-RAY ATTENUATION
COEFFICIENT FOR GERMANIUM!

G. T. Chapman

The increasing use of lithium-drifted germanium
diodes for the detection of gamma rays necessitates
knowing the attenuation coefficients as a function
of gamma-ray energy to make even approximate
calculations of the efficiency for a given diode.
Since these coefficients could not be found in the
literature, an interpretative method was used to
derive them. The method is explained in detail,
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and the resulting coefficients are given for gamma-
ray energies from 0.05 to 15 Mev.

Reference

TAbstract of ORNL-TM-1237 (in preparation).

3.20 GAMMA.RAY SPECTRUM EMITTED
BY A STAINLESS-STEEL-CLAD
REACTOR (BSR-11)!

G. T. Chapman W. R. Burrus

The data taken to determine the spectrum of
gamma rays emitted by the BSR-II reactor operating
at a 2-w power level were reported elsewhere? as
pulse-height distributions. The pulse-height dis-
tributions were not a satisfactory approximation to
the desired gamma-ray spectrum because of the
“‘tails’’ introduced by the spectrometer and because
of the changing efficiency due to the detector
crystal and the changing acceptance angle of the
collimator.  Therefore, a program was written to
remove the tails and to correct for the changing
effects as a function of energy. The final gamma-
retains the
resolution of the spectrometer.

The final results show the gamma-ray differential
spectrum and the integral spectrum as a function of
distance from the reactor surface (1 to 60 cm), and
as a function of angle about two points 10 and 25

ray spectrum still inherent energy

cm from the surface. The integral spectrum (which
is the integral of the differential spectrum from
E to «~) may prove useful in shielding calculations
in which it is desired to know how much gamma
flux there is between two energy limits. Confidence
intervals for the differential and integral spectra
are included which consider the counting statistics
and the power-measurement uncertainty.

This report includes a FORTRAN analysis code
which. with minor changes, is also applicable to
other types of spectrometers.
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3.21 SNAP REACTOR INSTALLATION
AT THE TOWER SHIELDING FACILITY

C. E. Clifford F. J. Muckenthaler

J. Lewin

It is proposed to install a SNAP 2/10A (Space
Nuclear Auxiliary Power) reactor at the Tower
Shielding Facility in 1966 for the purpose of pro-
viding experimental results for comparison with
Monte Carlo calculations of the radiation intensities
transmitted through shadow shields. The reactor
and the detector collimator configurations that will
be used to make the measurements are shown in
Fig. 3.21.1.

The reactor is to be a modification of SNAP-10A
(described in ref. 1) and will be designed and
fabricated by Atomics International, Division of
North American Aviation, Inc. The principal modi-
fications required are the following: a decrease in
the reactivity of the core, replacement of two of
the four control drives by pneumatically actuated
drives which can be scrammed by the action of
springs, and installation of a NaK-to-air heat ex-
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changer above the reactor. The heat exchanger is
designed to be wholly within the conical shadow
cone of the shield. Existing reflector assemblies
and fuel elements will be utilized to minimize the
cost of the new installation. The 5- to 10-kw
power level is established by the maximum allow-
able temperature of components near the heat-
rejection system.

The Tower Shielding Facility will be modified to
receive the new reactor. A shelter consisting of
three thick concrete walls for shielding and a
roof will be constructed adjacent to the existing
reactor storage pool. A shielding window and
manipulators will be located in one wall of the
shelter. The pool itself will be converted to a dry
chamber for containing the detectors and their
shields. The reactor will be suspended rigidly at
the end of a lead screw, which will in turn be part
of a rotating and elevating mechanism suspended
at the end of a 10-ft boom extending from a vertical
column. Thus the reactor can be swung out over
the chamber or into the shelter. Both positions
will be used for measurements. A collimated
detector within the shelter will be used for mapping

ORNL-DWG 65-7616
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Fig. 3.21.1. Arrangement for SNAP Shielding Experiments.



ORNL-DWG 65-723C

| B I

S S S S S R B R N S S R A A A S I AN Y S S TS S S TS TR IR

Fig. 3.21.2. Arrangement for Transmitted-Dose Mapping.
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ORNL~DWG 65-7231

Fig. 3.21.3. Arrangement for Evaluation of Neutron Scattering from Structural Components.



the core leakage spectrum, while the converted
10-ft-diam collimator? located in the chamber will
be used for mapping the dose transmitted through a
LiH shield. The arrangement for the latter meas-
urement is shown in Fig. 3.21.2,

The role of structural components in scattering
neutrons will be assessed in an arrangement of
equipment as shown in Fig. 3.21.3,
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7. Susnir and T. Harmon, SNAP-104 Reactor
Design Summary, NAA-SR-Memo 8679 (S-RD) (clas-
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3.22 CALCULATIONS FOR THE SCATTERING
OF NEUTRONS BY AIR, GROUND,
AND STRUCTURES FOR SNAP
SHIELDING EXPERIMENTS!

F. B. K. Kam

Tables of neutron air-, ground-, and structure-
scattering calculations have been compiled for use
of the experimenter who wishes some quantitative
estimates of these effects in designing his experi-
ment. In all calculations the source was assumed
to be a point isotropic fission source. The tables
containing calculations of the flux and dose scat-
tering effects in air as a function of the solid
angle subtended at the detector and the source-
detector
using single-scattering theory in which material
attenuation was neglected and the scattering cross

separation distance were computed by

section was assumed to be isotropic in the laboratory
system.  The air-scattering results obtained by
this method were in good agreement with those
obtained by the Monte Carlo method. Tables of the
dose ground-scattering effect (assumed to be con-
crete) as a function of the distance of the source
above the ground and the solid angle of the ground
seen from the source and of the structure-scattering
effects (dose units) from different sections of the
wall and ceiling for the Plumbrook Facility were
calculated by using differential angular dose
albedos computed by the Monte Carlo method.?
The equations for the structure-scattering effect
can be applied to any building having cylindrical
walls and capped by a hemispherical dome.
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3.23 SECONDARY GAMMA-RAY PROBLEM
IN MAN-RATED SHIELDS

F. B. K. Kam E. Whitesides!

Shielding calculations for manned vehicles con-
taining reactor power sources are much more dif-
ficult than those for instrumented vehicles in that
much larger neutron attenuations must be consid-
ered; also, the doses from secondary (n,y) gamma
rays must be predicted for the man-rated shields.
In order to calculate the source strength of second-
ary gamma rays produced within the shield, the
low-energy neutron flux distribution must be deter-
mined.

The basic approach which is being investigated
uses the Carlson S = technique. Considerable
attention is being given to developing an operational
two-dimensional S,, transport code which will allow
a higher-order polynomial expansion of the cross
sections than do the existing P approximations.
A STRETCH, FORTRAN IV program, 2 DF, has
been chosen as the code to which modifications
will be made to obtain a code compatible with the
IBM 360-75 and having such features as angular-
flux printout and options to use the step-function
S, equations whenever a negative flux is produced.
Many of the changes have been completed, but
considerable testing remains to be done.

In addition, two-dimensional coupling of the
OS5R Neutron Monte Carlo code to S codes is
being investigated for use with cases which require
a three-dimensional geometrical representation in
some spatial regions. Coupling of O5R to DTF-
ANISO, a one-dimensional S, code, has been com-
pleted and a test problem run. Checks against
experimental results have not yet been made.

If the coupling of Monte Carlo codes to S, codes
is successful, attention will be directed to running
the codes separately and/or in combination with
each other to determine an efficient procedure of
getting the secondary gammas in a realistic con-
figuration.
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ICentral Data Processing Facility, Oak Ridge
Gaseous Diffusion Plant.

3.24 MONTE CARLO CALCULATIONS
OF NEUTRON PENETRATION THROUGH
SHAPED SNAP SHIELDS'

F. B. K. Kam

The Monte Carlo method was used to investigate
neutron penetration through a realistic SNAP
shield (LiH) from a bare cylindrical homogeneous
reactor source. Although the reactor is not typical
of SNAP reactor designs, it was felt that such a
model for the reactor was the most practical source
which could be used at the time the calculations
were done. Results were obtained with several
parabolic outer surfaces (the shield surface nearest
the detector) in order to determine the surface that
produces the desired
weight.

Using this model with the SNAP-10A shield, the
calculations indicated that the 10-A design is
close to optimum for the neutron dose on the center
line of the system.

Later calculations will include a better reactor
description and will give parametric data, for
several points on the dose plane, to be used in
determining optimum shield shapes.

shielding with minimum

Note

'The technical memorandums covering this study
will also include more basic LiH neutron penetration
calculations. The calculations will consist of the
dose rate from a point isotropic fission source in
an infinite medium and of the dose rate at a colli-
mated detector from a collimated source through
slab shields. Comparisons will be made with
experimental data taken at the Tower Shielding
Facility.

3.25 SLOWING-DOWN SPECTRA
OF NEUTRONS IN LITHIUM HYDRIDE'

V. V. Verbinski

The spectra of neutrons moderated in lithium
hydride were measured over the energy range from
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about 0.01 to 1000 ev, and the results were com-
pared with calculated spectra obtained with the
NIOBE, OS5R, and SPECTRUM codes and with the
moments method. The measurements were performed
at the General Atomic linear accelerator facility,
where a source with a near-fission neutron spectrum
was obtained by placing a lead target in the elec-
tron beam. Spectra of the leakage flux, forward-
directed flux, and scalar flux were obtained at
depths from 2.5 to 10 cm. In each case the spectrum
attained an asymptotic shape at <5 c¢m. The
shapes of the calculated spectra agree with the
shapes of the measured spectra for all energy
regions in which each calculation is valid. A large
discrepancy between the NIOBE results and the
measurements below 0.08 ev is caused by upscat-
tering and molecular-binding effects, which are
neglected by NIOBE. These effects were included
in a SPECTRUM calculation for an infinite medium
with a constant source density; however, agreement
with measurement was obtained only for the case
in which the measurement had been made in a
nearly gradient-free region. The scalar-flux spec-
trum and the forward-directed-flux spectrum at
several depths in LiH were found to be properly
related by the energy-dependent transformation of
Purohit. 2
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3.26 ANGULAR DISTRIBUTIONS
OF LOW-ENERGY NEUTRONS LEAKING
FROM VARIOUS SCATTERING MATERIALS'

V. V. Verbinski

Experiments in which a wide range of scattering
materials in the form of slabs were bombarded by
reactor neutrons showed that the angular distribution
of low-energy (<5-ev) neutrons leaking from the
side of each slab opposite to the source is inde-
pendent of the source term and of the slab thick-
ness for thicknesses greater than some minimum
thickness z_; . In the cases of pure lead, pure

water, and mildly poisoned water, the resulting



distributions are in agreement with the Fermi
expression ®(y) =1+ /3y The results for pure
lead are also in excellent agreement with one-
velocity calculations. An imperfect experiment with
poisoned lead is in qualitative agreement with
one-velocity calculations. The angular distribution
for lithium hydride is described by ®(u) =1 + Ay,
where A is less than /3 at 1.5 and 5 ev.

Numerical calculations describing the angular
distributions for water and LiH were only partially
successful. The DTK code was nearly correct for
water, while the NIOBE code predicted a value for
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A that was much too high everywhere. Neither of
these two codes appears to be correct for LiH at
all energies, but a Monte Carlo calculation seems
to give reasonable values of A above 5 ev, its
low-energy cutoff.
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4. Radiation Shielding Information Center

4.1 PROGRAM OF THE RADIATION SHIELDING
INFORMATION CENTER

S. K. Penny D. K. Trubey
B. F. Maskewitz

The program of the Radiation Shielding Infor-
mation Center (RSIC) has been expanded to include
information on shielding of manned space vehicles
and high-energy accelerators.!’? No major changes
have been made in the library functions of the
Center, but the technical functions have increased
to the point of now comprising the most important
part of the Center’s work. Since January 1965 the
international shielding community has been in-
formed through monthly newsletters of the activities
of RSIC and other organizations oriented toward
shielding and of the literature and computer codes
acquired by the Center.

Library Functions

Through the Center’s information retrieval sys-
tem,®* bibliographic information continues to be
stored, retrieved, and printed; as the system is up-
dated,’ the information is automatically and
selectively disseminated to the individual scientist.
The third cumulative bibliography of reactor and
weapons shielding literature was published, and a
loose-leaf volume of abstracts (ORNL-RSIC-6,
Vol. I) of the references contained in the bibli-
ography was included with those bibliographies
issued to the scientists on the Center’s mailing
list. The abstracts will be updated and issued
with the fourth bibliography, which is now in
preparation (to be published as ORNL-RSIC-15).

A bibliography (ORNL-RSIC-11) and a loose-leaf
volume of abstracts (ORNL-RSIC-12) containing
teferences on the shielding of manned space
vehicles and high-energy accelerators are being
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prepared by techniques similar to those used for
the bibliographies and abstracts on reactor and
weapons shielding.® In general, only work on
space-vehicle shielding done after 1962 is in-
cluded, but, because of its much less voluminous
nature, all pertinent work on accelerator shielding
is included. Shielding pet se will be emphasized,
and in the important areas of space radiation
sources and particle-particle interactions only
review articles will be included.

Also in preparation is a loose-leaf notebook
(ORNL-RSIC-13) of abstracts of the complete code
packages assembled by RSIC. A collection of the
literature on shielding codes, which
disseminated only through the monthly newsletters,
is continuing and will probably be published within

is now

the next year. Upon request, the computer code
packages which have been assembled by RSIC are
now distributed by the Center’s staff. Cooperation
along the lines of standardization and exchange of
codes has been established with the Argonne Code
Center and the European Nuclear Energy Agency
(ENEA) Computer Programme Library. An example
of such cooperation is the joint paper that was
recently presented at an international meeting.’
The Center has taken on the responsibility of
distributing spectral data from the Monte Carlo
intranuclear cascade calculations for nucleon-
nucleus collisions in the energy range 50 to 400
Mev. These data are distributed on microfilm, on
reels of magnetic tape, and, more rarely, as printed

listings.

Technical Functions

The technical work of RSIC has increased con-
siderably in the past year. Three reports have
been written which review or survey certain topics
in shielding (see Sects. 4.3, 4.5, and 4.10). An
additional report is being prepared which surveys



the methods used to calculate neutron heating in
shields. Three reports have been written in which
calculational methods are compared with each
other, as well as with some experimental results
(see Sects. 4.4, 4.7, and 4.9). In addition, two
reports have been published which tabulate data
in scattered gamma-ray fluxes in iron and on the
fast-neutron distribution in ordinary concrete (see
Sects, 4.6 and 4.8).

The Center continues to fill requests for specific
advice and information, either by letter or tele-
phone; this constitutes one of the most important
services provided. In this area, the information
retrieval system was used to produce many special
literature searches, and advice was given on the
implementation of computer codes.

The computer code section has assembled 36
complete code packages.?
tain all the computer-oriented media necessary
(punched cards, magnetic tapes, etc.); the auxiliary
codes for data prepatation, etc.; sample input and
output; and all relevant documentation. Some 30
other codes have been collected which will be
complete code packages when they contain the one
or more items now lacking.

These packages con-
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Computing Methods to Reactor Problems, May

" 17-19, 1965, Argonne National Laboratory.
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the RSIC computer code operations, as well as
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4.2 LITERATURE EXAMINED BY THE
RADIATION SHIELDING INFORMATION CENTER

S. K. Penny D. K. Trubey
M. B. Emmett'

The third cumulative bibliography of the literature
examined by the Radiation Shielding Information
Center was published? along with a collection of
abstracts of the literature.® This bibliography
supersedes the second one and differs from it in
several important ways. Documents of a definitely
preliminary nature have been replaced, and subject
categories have been revised, The latter change
was primarily made to include literature relating to
the shielding of radiation from nuclear weapons,
which RSIC is now providing.* Also, the List of
Subject Categories has been arranged in outline
form so that differences between related categories
would be immediately obvious. In addition, a Key
Word Index has been included which should serve
as an aid in locating bibliographic references to a
given subject. The pages associated with a word
in the index will contain a list of documents that
might be relevant to the word. The accompanying
abstracts are in a loose-leaf binder so that, as new
bibliographies are issued, abstracts corresponding
to additions or replacements in the system can be
included in the binder.
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3Abstracts of the Literature Examined by the
Radiation Shielding Information Center, ORNL-
RSIC-6 (vol, I).

*The work related to weapons is funded by the
Defense Atomic Support Agency under DASA Otrder
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4.3 A SURVEY OF EMPIRICAL FUNCTIONS
USED TO FIT GAMMA-RAY BUILDUP FACTORS'

D. K. Trubey

The use of simple functions for estimating gamma-
ray buildup factors is reviewed on the basis of
simplicity and accuracy. Analysis shows that the
most accurate form is four-term-polynomial fit with
coefficients published by Capo.? For most pur-
poses, however, a function proposed by Berger® is
recommended since it is as simple to use as the
linear form and is essentially as accurate as the
more complicated forms.

Tables of the coefficients are given for the
Berger, and Taylor fitting
Some typical graphs of the functions

linear,
functions.
are also given,

Use of the Berger and quadratic functions is
demonstrated for the case of exponential source
distributions in slab geometry.

quadratic,
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4.4 COMPARISON OF THREE METHODS USED
TO CALCULATE GAMMA-RAY TRANSPORT
IN IRON'

D. K. Trubey S. K. Penny
K. D. Lathrop?

Three methods for determining the gamma-ray
energy spectra, dose rate, and heating in a sphere
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of iron were compared: the Monte Carlo method,
the S, method, and integration of moments-method
data (Goldstein-Wilkins). The source was taken
to be isotropic and to be distributed uniformly
a sphere with an energy distribution
proportional to e~ !-'E  where E is the energy in
Mev. The results of all calculations were in very
good agreement.

within
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4.5 SURVEY OF METHODS FOR CALCULATING
GAMMA-RAY HEATING'

H. C. Claiborne?

The engineering design of nuclear reactors is
largely governed by the heat liberated in the
fission process and the subsequent absorption of
the associated radiation. External to the fuel
region, the main contribution to the heat generation
rate usually results from energy degradation and
absorption of gamma photons escaping from the
fuel region. For some design conditions, gamma
radiation arising from neutron capture can contrib-
ute significantly to the heat generation rate.

This survey is concerned only with heat gener-
ation due to gamma rays, regardless of the source,
interacting with the usual reactor materials, The
purpose is to examine the various methods used in
calculating gamma-ray heating for reactor design
purposes. Comparisons of experiments with calcu-
lations are made where possible, and recommen-
dations are made as to the applicability of each
method to reactor design.

The methods discussed that are adaptable to
hand calculations include the buildup-factor method
and the straightahead-scattering method. Other
methods require a high-speed digital computer.
These include the differential-energy-spectrum
method and the same methods used in neutron
attenuation: Monte Carlo, direct integration of the
Boltzmann equation, moments method, Sn and Pn
approximations to the Boltzmann equation, and
theory. A listing of the available
machine codes is made for each method.

diffusion
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!Abstract of ORNL-RSIC-8 (June 1965).
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4.6 TABULATED VALUES OF SCATTERED
GAMMA-RAY FLUXES IN IRON INTERPOLATED
FROM MOMENTS-METHOD CALCULATIONS'

D. K. Trubey

Tables of scattered gamma-ray fluxes in iron
that are suitable for integration over source spectra
have been generated on the IBM 7090 computer by
Lagrangian interpolation of Goldstein-Wilkins
moments-method results for point isotropic gamma-
ray sources. Values of the fluxes were obtained
for a consistent of scattered gamma-ray
energies taken in steps of 0.1 Mev from 0.2 to 1.0
Mev and in steps of 0.25 Mev from 0.25 to 10 Mev,
One table was obtained for each scattered energy
for various values of the source energy and of the
distance from the source in mean free paths.
Tables were then generated in which the distance
from the source was converted from mean free
paths to centimeters. The latter set may be inte-
grated over any source spectrum to obtain the flux
of scattered gamma rays in iron and, with small
error, in any material for which the cross section

set

is similar.

Reference

IAbstract of ORNL-RSIC-7 (May 1965).

4.7 A COMPARISON OF FIRST- AND LAST-
FLIGHT EXPECTATION VALUES USED

IN AN O5R MONTE CARLO CALCULATION OF
NEUTRON DISTRIBUTIONS IN WATER'

D. K. Trubey M. B. Emmett?

The distributions in water of fast neutrons from
isotropic fission and 14-Mev point sources have
been calculated with the O5R Code. Two methods
of scoring the same case histories were used to
estimate the energy distribution and the dose rate.
The estimators employed were the first- and last-
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flight expectation, or statistical estimation,
values. The first-flight estimator was found to be
somewhat better, due to the importance of the first
flight in the total transport of the neutrons. The
results are in good agreement with RENUPAK
moments-method results and with experimental
results.
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! Abstract of ORNL-RSIC-3 (May 1965).
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4.8 SOME CALCULATIONS OF THE FAST-
NEUTRON DISTRIBUTION IN ORDINARY
CONCRETE FROM POINT AND PLANE
ISOTROPIC FISSION SOURCES'

D. K. Trubey M. B. Emmett?
Fast-neutron dose rates and energy distributions
due to point and plane isotropic fission sources in
an infinite medium of ordinary concrete have been
calculated by the moments-method code RENUPAK.
As a check on the method, one Monte Carlo calcu-
lation was performed which yielded results that
are in good agreement with those for the corre-
sponding RENUPAK case. The effects of varying
the concrete composition, especially the hydrogen
content, and the lower energy cutoff were examined
for several cases and found to be significant,
Detailed tables of the energy spectra are given at
lethargy steps of 0.1 from 0,001 to 18 Mev.
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!Abstract of ORNL-RSIC-4 (June 1965).
?Mathematics Division.

4.9 SOME CONCLUSIONS REGARDING THE USE
OF THE S_ METHOD IN SHIELDING
CALCULATIONS'

J. W. Webster

In order to gain further numerical experience
with the S, method as a tool for shielding analysis,



a study was made of the fundamental problems of
neutron penetration from a point fission source into
hydrogen and water.

Some of the results and conclusions are as
follows:

The S method, as applied by means of the
DTF-II code, gives excellent agreement with the
moments method for fast-neutron penetration over
the distances from the point source studied here up
to 90 cm in hydrogen and 120 cm in water. It
seems reasonable to conclude that satisfactory
agreement would be obtained at even greater
penetration.

An angular segmentation of flux of at least
n =12 should be used for fast-neutron penetration,
and even greater segmentation is necessary for
accurate computation of the spatial distribution of
slow neutrons.

Taking into account the terms of the Legendre
expansion of the scattering cross section up to
order 2 gives good results. However, the effect of
including higher terms was not quantitatively
evaluated.

A spatial mesh (Ar)of 5 cm or less is necessary
for fast-neutron penetration problems and of 2 cm
or less if the distribution of slow neutrons is of
interest.

A 28-group structure, with a lethargy width per
group of 0.2 for E > 1 Mev, was used in all the
calculations, and it is concluded that this is a
quite satisfactory energy mesh.
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4,10 THE EXPONENTIAL TRANSFORM AS AN
IMPORTANCE SAMPLING DEVICE - A
REVIEW!'

F., H. S. Clark

The exponential transform is reviewed with
emphasis on its use as a guide to effective im-
portance sampling in the solution of the Boltzmann
equation by Monte Carlo methods. Contributions
of various workers are assembled, along with
numerical results. Special consideration is given
to approximate forms and to effective practical
methods. Problems related to negative effective
cross sections, tracking across discontinuities,
directional biasing in inhomogeneous media, and
high variance in back-scattered components are

specifically treated.
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5. Mathematics and Computer Programs

5.1 JTMS1(O5R:SOURCE), A NEUTRON
DISTRIBUTION SUBROUTINE FOR
THE O5R MONTE CARLO CODE!

J. T. Mihalczo G. W. Morrison?
D. C. Irving

The FORTRAN subroutine JTMSI{OSR:SOURCE)
has been written for determining the energy, the
speed, and the initial spatial distribution of neu-
trons arising from fission. The energy distribution
within the batch of neutrons is obtained by sam-
pling a Maxwellian fission spectrum which depends
upon the energy of the neutrons producing fission.
The program locates the neutrons at a point or
distributes them spatially, either uniformly or
according to a cosine function. Two isotopes
producing fission neutrons having slightly different
energy distributions can be treated in this program
by an approximation (using an average temperature)
giving the correct first moment of the resulting
overall energy distribution.
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tAbstract of ORNL-TM-1192 (Aug. 12, 1965).
ICentral Data Processing Facility, Oak Ridge
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5.2 OGRE-P3, AN OGRE SYSTEM MONTE CARLO
CODE FOR THE CALCULATION OF GAMMA-RAY
DOSE RATE AT ARBITRARY POINTS
FROM POINT SOURCES IN LAMINATED
SLAB GEOMETRY'!

D. K. Trubey M. B. Emmett?

An OGRE system gamma-ray Monte Carlo code
has been written for the calculation of dose rate

by statistical estimation at arbitrary points out-
side a laminated slab. The monoenergetic point
source is also located outside the slab. It may
be monodirectional (gun barrel) or have an iso-
tropic or cosine angular distribution. Options
also allow the simultaneous calculation of one-
dimensional reflection and/or transmission.
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IAbstract of ORNL-TM-1211 (in preparation).
’Mathematics Division.

5.3 OGRE-G, AN OGRE SYSTEM MONTE CARLO
CODE FOR THE CALCULATION OF GAMMA-RAY
DOSE RATE AT ARBITRARY POINTS
IN AN ARBITRARY GEOMETRY!'

D. K. Trubey M. B. Emmett?

An OGRE system gamma-ray Monte Carlo code
has been written for the calculation of dose rate
at arbitrary points by statistical estimation. The
general geometry routine GEOM of D. C. Irving
has been utilized to provide almost completely
arbitrary material and statistical weight geom-
etries. Input source parameters may be read to
specify point source configurations, or binary tapes
may be read to provide the initial particle param-
eters for arbitrary source configurations.
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1Abstract of ORNL-TM-1212 (in preparation).
?Mathematics Division.



5.4 O5R MONTE CARLO ANALYSIS ROUTINES
OF USE IN REACTOR PROBLEMS

J. T. Mihalczo G. W. Morrison!
D. C. Irving

Various FORTRAN programs which analyze the
neutron-history tapes produced by the O5R Monte
Carlo neutron-transport code and calculate quanti-
ties of interest to reactor problems have been
developed.

SPCTRM? is a program which obtains the energy
spectra of neutrons crossing a boundary, of neu-
Up
to 100 equal energy intervals or equal logarithmic
energy intervals can be used. It also computes
the total fraction of neutrons leaking from the
system and the average number of collisions before
loss by absorption, leakage, or reduction in energy
to a value below which the neutrons are not fol-
lowed. The standard deviation of a neutron leak-
age spectrum is also computed.

TIMDIE, TIMBTH, TIMDIELK, and VOIDTIME
are programs® which calculate, respectively, the
mean time from fission birth to loss, from birth
to fission production, and from birth to loss minus
the time since the last real collision and the
mean time spent in internal voids. The standard
deviations for these quantities are also calculated.

REACT is a program for calculating the proba-
bility that a neutron born in one region will produce

trons in the medium, or of source neutrons.

a neutron in another region.

CONVRG is a program for forming a matrix of
the probabilities calculated by REACT and for
iterating on the initial source distribution with
this matrix until convergence is obtained. The
number of iterations required for convergence is
the average number of batches that must be calcu-
lated before spatial convergence. CONVRG also
calculates the largest eigenvalue of this matrix,
which is the neutron multiplication factor.

FISRATE is a program which calculates the num-
ber of neutron reactions of a particular type in a
specified region. These reactions may be with
the nuclei used in the O5R Monte Carlo calculation
or with nuclei introduced only for the purpose of
analysis.
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2. T. Mihalczo, G. W. Morrison, and D. C. Irving,
SPCTRM, An O5R Monte Carlo Analysis Routine
for Calculating the Neutron Energy Spectrum, ORNL-
TM-1245 (in preparation).

3J. T. Mihalczo, G. W. Morrison, and D. C. Irving,
O5R Monte Carlo Analysis Routines for Calculating
Various Mean Times in Reactor Problems, ORNL-
TM-1246 (in preparation).

5.5 ACTI-FK(O5R:ANALYSIS),
A GENERAL-PURPOSE CODE TO ANALYZE O5R
COLLISION TAPES!

F. B. K. Kam K. D. Franz’

ACTI-FK(O5R:ANALYSIS) has been written to
facilitate the analysis of the collision tapes gener-
ated by the OSR code.® The code has been suc-
cessfully applied to a wide range of problems and
has reduced considerably the time requited to
achieve an operational program. ACTI-FK requires
that subroutines be written before it can be used.
However, this disadvantage is minor when the user
considers the following advantages: (1) one of the
methods of analysis already written can be used,
or the user can devise his own method; (2) any
nonelastic event can be treated through the use of
a nonelastic scattering package incorporated in
the code; (3) most of the bookkeeping tasks, such
as tape reading and writing, initialization of param-
eters, finding the proper cross sections, checking
for any overlapping of data and programs, etc.,
have been built into the code; (4) an optional
statistical analysis code is included which the
authors have found important in determining the
significance of the Monte Carlo results; and (5)
very little coding effort is required, as has been
evidenced by all the problems solved to date, many
of which have been complicated.
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5.6 A CYLINDRICAL VOLUME SOURCE ROUTINE
FOR THE O5R MONTE CARLO CODE'

L. G. Mooney
Radiation Research Associates, Inc.

A computer subroutine entitled SOURCE? has
been coded in FORTRAN-63 to generate the initial
neutron starting parameters required to perform
reactor shielding calculations with the ORNL O5R
Monte Carlo code. These parameters include the
neutron energy, weight, direction, and spatial
location within the reactor core. While coded
primarily for calculations involving the SNAP-10A
reactor, subroutine SOURCE is applicable to all
cylindrical source geometries in which the radial
distribution of the source strength is symmetrical.
Reactor information required by SOURCE includes
the axial and radial power distributions and the
reactor core dimensions. The sampling schemes
included in subroutine SOURCE permit biased
sampling to emphasize those core regions and
energy and angular groups which make particularly
important contributions to the leakage from the
reactor surface. Included with the description of
subroutine SOURCE is a program utilization. Test
ptoblems and a listing of the FORTRAN statements
are given in appendices to the report.
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2Editor’s note: The name SOURCE is generic for
all OSR neutron generator subroutines, but at the
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5.7 THE FORTRAN CODE FANLFR2
TO CALCULATE NONLOCALITY AND FINITE
RANGE EFFECTS IN STRIPPING AND PICKUP
REACTIONS USING THE LOCAL-ENERGY
APPROXIMATION

J. K. Dickens F. G. Perey

All distorted-wave theories of direct reactions
have the same structure. In the usual formulation

49

the transition amplitude for, say, A(d,p)B stripping
has the form

T=ff dr, dry X{gﬂ*(kp, r,) ¥ )

xD(r, ) Xk v, (D

where ‘I‘: is the wave function for the captured
neutron, the scalar function D = Vnp Y, is the
product of the (n,p) interaction and the internal
state of the deuteron, and the y’s are the incoming
and outgoing distorted waves. Considerable suc-
cess in reproducing experimental data has been
obtained by generating the distorted waves using
local optical potentials which reproduce the elastic
scattering for the input and output channels and by
using the ‘‘zero-range’’ approximation, which con-
sists of replacing D by a delta function in Tnp
Although exact calculations can be performed to
obtain nonlocal wave functions! and to incorporate
finite range exactly? in Eq. (1). very good approxi-
mations for both effects have been obtained which
reduce considerably the complexity of these cal-
culations.

The approximated nonlocal wave function is
obtained by multiplying the local wave function
li.e., that obtained using the appropriate local
optical-model potential, U(r)] by the factor F:

[ 52U(r)J—‘é
F-Cc |12 701 %,
4(h%/2m)

where 3 is the range of the nonlocality;3 C = 1 for
scattering, or C 2 1 for the bound state and is
chosen to give the correct wave-function normaliza-

(2)

tion.

The approximation to the exact finite-range cal-
culation consists of multiplying the bound-state
wave function in Eq. (1) by the factor A:*

A =1 -y,
y(@ =0 0) = U, (&) — U (M, /M)
= B)/2*/ mR*) (M /M M) . (3)

Here n is the captured particle, U (r) is the (complex)
optical potential for particle 7, M, is the mass of
particle i, m is an atomic mass unit, Bd is the
separation energy of n from d leaving p, and the
““range’’ is R.

The program FANLFR2 computes the local bound-
state wave function,® multiplies this wave function



by the appropriate form of F, and renormalizes the
resulting wave function. This nonlocal bound-
state wave function is then multiplied by suitable
forms of F to simulate the nonlocal effects in the
input and output distorted waves. Lastly, the wave
function is multiplied by the finite-range approxima-
tion factor A. The resulting radial wave function
is punched on cards suitable for input for the
distorted-wave code JULIE.®

FANLFR2 is programmed in the FORTRAN-63
language to make use of the complex-arithmetic
routines, simplifying the coding of the factors F
and A,
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5.8 THE FORTRAN CODE XBACK3: AN AID
IN THE ANALYSIS AND DATA REDUCTION
OF PULSE-HEIGHT SPECTRA

J. K. Dickens

To experimentally measure the elastic and inelas-
tic scattering of protons from some target for every
5° between laboratoty angles of 20 and 165° re-
quires obtaining ~35 pulse-height spectra. In
our case these 35 spectra will be stored on a
magnetic tape. The ideal data-reduction computer
routine will digest each spectrum, locate and
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classify peaks, ascertain background if necessary,
determine a detector response for the particles
being studied, and apply this response function
(or use some other technique) to the peaks of
interest to obtain the numbers of counts in each
of these peaks. Any further input to aid in these
calculations should be applicable to all the spectra
and should not require more than a cursory inspec-
tion of all the spectra nor entail a detailed study
of more than one spectrum.

At present, XBACKS3 reads in a spectrum; obtains
and subtracts an exponential background from
valley to valley; finds and classifies peaks accord-
ing to position, maximum counts, and number of
channels peak to valley; finds a standard peak,
usually the one corresponding to elastic scattering;
determines trial parameters and then fits this
peak by least squares using a skewed-Gaussian
response function;® determines which of the remain-
ing peaks satisfy minimum requirements of peak
height and peak to valley;, uses the elastic re-
sponse-function parameters as trial parameters
in order to obtain the areas of the peaks chosen
for further analysis; and finally, prints out all
this information plus diagnostic messages which
aid in judging the wvalidity of the calculations.
This routine is repeated for all spectra of interest.
Input data include two background parameters,
two parameters to reduce the search for the elastic
peak, one peak-choosing criterion, two least-
squares fitting criteria, the four skew parameters
of the seven-parameter skewed-Gaussian response
function, several control integers, and the identi-
fication numbers of the spectra to be reduced.

The routine has several drawbacks: The criteria
for choosing peaks to be analyzed depend upon
the relative size and isolation of the peak and are
not related to the Q value or to the type of reaction.
Peaks corresponding to two or more unresolved
groups are not correctly reduced; however, a diag-
nostic message indicates this difficulty. The
full width at half maximum (FWHM) of the standard
peak is limited to be between 2 and 5 channels
for optimum operation. The quality of calculation
decreases for FWHM <2 or >5 channels.

Another flaw is the inability to satisfactorily
fit the standard peak while searching on any of
the skew parameters. The response function is
given by

y(x) =Z y (%)
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and
2T o 2 -
P_(Xx—X,) —(1/2)(x=X,/0P_) B
A,‘P4eS "Il —e i ﬁ}fOYX<Xi
: 3
0 for xz;‘(

where X,, 0, and A; are the usual Gaussian param-
eters and P, P, P, and a are the skew param-
eters. For the time being only X,, o, and A4, are
allowed to vary. Good trial parameters for %, 0,
and A; are determined by the routine, reducing
the time used in the search for a best fit. The
code satisfactorily analyzes two or more closely
spaced but resolved groups, handling up to an

eleven-parameter search made up of five values
of x and of A and one value of o.

Although the code is continually being modified,
it is being used, and reduces the amount of drudg-
ery associated with data reduction by a factor of
at least 3. Recently obtained data for the scatter-
ing of 11-Mev protons from 52Cr have been reduced
using XBACK3; an example is shown in Fig. 5.8.1.
The time required to obtain the results shown in
this figure was ~1 min on the CDC 1604-A com-
puter.

Note

‘Grateful appreciation is extended to A. G. Blair
and W. S. Hall of Los Alamos Scientific Laboratory
for providing their data-reduction routine SKEWED
and several very useful references.
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5.9 JTMI1(O5R:INELAS), A FORTRAN
SUBROUTINE FOR DESCRIBING INELASTIC
AND (n,2n) REACTIONS'

J. T. Mihalczo G. W. Morrison?
D. C. Irving

JTMII(O5R:INELAS) is a FORTRAN subroutine
which determines for the O5R Monte Carlo neutron-
transport code the energy and scattering angle of
neutrons inelastically scattered or produced in
(n,2n) Both evaporation and level-
excitation theory are used for inelastic scattering.
In evaporation theory the scattering is isotropic
in the center-of-mass system, and in level excita-
tion theory the scattering from each level can be
anisotropic or isotropic.  The subroutine uses
evaporation theory to describe both the neutrons
emitted isotropically in (n,2n) reactions.

reactions,

References and Notes

IAbstract of ORNL-TM-1221 (in preparation).
’Central Data Processing Facility, Oak Ridge
Gaseous Diffusion Plant.

5.10 TECHTRAN - A LOAD-AND-GO COMPILER
FOR PROGRAMS WRITTEN IN DATA-SHEET
FORMAT

J. W. Wachter R. T. Santoro

The TECHTRAN program provides a method of
computation in which the numerical data and the
mathematical steps to be performed are presented
to a computer in a data-sheet form nearly identical
to that used when a desk calculator or slide rule
is employed. TECHTRAN input can be prepared
by persons without computer experience after they
have been briefly instructed in the conversion
of conventional data-sheet notation to a form suit-

able for punched-card input to the computer.
TECHTRAN, moreover, introduces considerable
time saving into routine calculations normally

performed on the desk calculator and has the
added advantage of rapid evaluation of such func-
tions as sin, log, square root, etc.
Also gained are the inherent accuracy of the
computer, options for plotting the results, produc-
tion of data cards for input to other computer
programs, and an orderly display of results.

cos, exp,
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TECHTRAN input is designed to utilize existing
conventions of data-sheet layout. Figures 5.10.1a
and b show the similarities in appearance of a
data sheet prepared for desk-calculator computa-
tion and for TECHTRAN. Each TECHTRAN col-
umn is ten characters wide. The first data-sheet
column identifies the line as containing column
designators (*COLS), constant designators (*CON-
STANTS), column headings (xHEAD), etc. The
conventional data-sheet forms have been changed
somewhat to comform to existing computer sym-
bols: Thus, column designators 1, 2, and 3 become
Cl, C2, C3, etc., and 1 x 2 becomes Cl * C2,
3 + 2 becomes C3/C2, etc. Program steps may
utilize most standard FORTRAN library functions
(EXP, ABS, LOG, SIN, COS, etc.) as well as
certain special functions which perform such oper-
ations as summing a column, squaring and summing
sequential row elements, generating a column of
evenly spaced values, and the like. The designa-
tion “*XEQ’’ indicates the end of the program
and data and the point at which computation of
the missing elements of the data sheet can be
performed.

Each line of TECHTRAN is transferred to a
single punch card, and the resultant card deck
forms the data of a program written in FORTRAN
II. The program operates as a load-and-go com-
piler in reducing columnar program steps to equiv-
alent arrays of address indices and numerical
operation codes. All program steps are compiled,
and improperly written steps are flagged. All
columns of the data sheet are executed up to the
last column entered or to the first erroneous pro-
gram Step. Following execution, all original
and derived data columns are published in data-
sheet form (Fig. 5.10.1c¢).

Since TECHTRAN is intended for programs which
may be executed only once, attention has been
focused on simplification of data entry to prevent
errors and on maximum retrieval of information
when errors occur. For example, within a data-
sheet column, all blanks are ignored and characters
may be left-adjusted, including exponents of
numerical constants. A key-punching error in a
numeric data field does not prevent compilation
or
but affects only the number in which it appears,
which is set to zero. Many computational types
of error (e.g., the square root of a negative num-
ber) are guarded against and are flagged. Execu-
tion, however, continues at the start of the next

execution of preceding and following data,
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Fig. 5.10.1. (a) Conventional Handwritten Data Sheet; (b)) TECHTRAN Coding Sheet; (¢) TECHTRAN Computer
Sheet.



data-sheet row. More subtle computational errors
cause termination of execution, a printout (in the
usual data-sheet form) of the results obtained up
to that point, and a skip to the next TECHTRAN
job.

In its simplest and most easily learned form,
TECHTRAN involves one operation per column,
using constant or column designators; however,
more sophisticated forms are possible and addi-
tional flexibility can be obtained by special control
cards. For example, the statement *CALL PGPLOT
(1,7) causes a print-plot of the values of column
7 vs those of column 1, as shown in Fig. 5.10.2,
where column headings serve as axis labels.
Additional statements produce internal tables of
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the columnar data so that succeeding program steps
may use values obtained by a forward or backward
interpolation of the table. Derivatives or integrals
of the tabulated values are also made available.
Other options cause generation of tape input to a
Benson-Lehner plotter, punching of data in stand-
ard formats, and read-in of data cards using rou-
tines common to other computer programs.

In order to simplify the use of TECHTRAN,
special data sheets are in preparation which can
be submitted directly to the Central Data Process-
ing Facility at the Oak Ridge Gaseous Diffusion
Plant for processing. Also, a manual describing
TECHTRAN programming and its capabilities and
options will be published.
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Fig. 5.10.2. Print-Plot Damped-Oscillation Problem.



5.11 DWB DEUTERON STRIPPING
COMPUTER PROGRAM!'

W. R. Smith

The DWB program described here calculates
(d,p) and (d,n) stripping angular cross sections
with the inclusion of nuclear optical-model poten-
tials and Coulomb interactions. The Q value is
restricted to values greater than —2.226 Mev.
Provision is also made for approximating the
finite-range n-p interaction, the deuteron polar-
izability, and the nonlocality of the nuclear forces.
The program is set up to run on a CDC 1604-A
computer, but should be easily adaptable to other
computers using FORTRAN.

Reference

IAbstract of ORNL-TM-1151 (June 10, 1965).

5.12 GENERALIZED HAUSER-FESHBACH
NUCLEAR-SCATTERING COMPUTER
PROGRAMS'

W. R. Smith

Two programs, one (ORNL-TM-1117) written in
CDC 1604 symbolic machine language and the
other (ORNL-TM-1234) written in FORTRAN, are
available which compute the scattering angular
distribution and integrated cross section for any
two-particle nuclear reaction by making use of
the Hauser-Feshbach theory modified to include
spin-orbit coupling. The first code is limited by
the mathematical methods employed to a maximum
of 16 partial waves in any one channel. The
second code is presently set up to include a
maximum spin of 5 and up to 31 partial waves,
but the methods employed are general and these
restrictions can be relaxed by allotting larger
storage blocks to certain variables in the program.
This latter program also contains as options a
Porter-Thomas width-fluctuation correction and an
approximate nonlocal potential. The input required
by the programs is the charge, mass, spins, parity,
and optical-model parameters for all channels
through which the compound nucleus can decay.

References

ICombined abstract of ORNL-TM-1117 (May
1965) and ORNL-TM-1234 (in preparation).
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5.13 DATA-REDUCTION PROGRAMS
FOR THE CDC 160-A COMPUTER!

W. E. Kinney

A series of programs have been written for proc-
essing the data from the neutron-scattering cross-
section experiment (Sect. 1.1), which are accumu-
lated in an ND-160 4096-channel analyzer and
punched on paper tape. The programs are written
in FORTRAN for the CDC 160-A computer to
correct for walk and to report the corrected data,
and are linked by a simple chain routine written
for this problem. The first link reads the ND-160
paper tapes and normalizes and subtracts back-
ground. The second link selects the case to be
walk-corrected from a library of cases and also
allows the insertion of comments for identification.
Link 3 computes the amount by which each channel
is to be shifted in correcting for walk, while
link 4 performs the correction itself and prints
the resulting spectrum. The fifth link condenses
the channel shifts and corrected spectrum, prints
it, and then computes and prints the position, the
maximum count, and the full width at half maximum
of selected peaks., Link 6 punches on paper tape
the corrected spectrum, if desired.

A typical running time to correct and report a
sample-in less background, a standard-in less
background, and the background alone is 30 min.

Reference

!Abstract of ORNL-TM-1208 (in preparation).

5.14 FOURIER ANALYSIS OF UNIFORM
RANDOM-NUMBER GENERATORS'

R. R. Coveyou R. D. MacPherson?

A requisite for the success of Monte Carlo cal-
culations is a quick method for the generation of
a sequence of numbers which are essentially
uniformly and independently distributed on the
unit interval. Many methods are known for pro-
ducing these sequences of requisite uniformity.
Whether output sequences produced by such meth-
ods have satisfactory independence properties
has not been known. This question can be reduced
to that of determining the degree of uniformity of
the distribution of n-triples of successive members



of the output sequences within its n-dimensional
unit cube. We have developed a measure of inde-
pendence for such sequences. The tool used is
the theory of finite Fourier series, the form of the
Fourier transform appropriate to the discrete range
and finite cycle length imposed by digital compu-
tation.

Number theoretic methods are used for a priori
calculation of figures of merit for specific genet-
ators taken from widely used classes of such
generators.

In many instances, unsatisfactory statistical
performance had been observed for certain methods
of generation. In each case, the method used
here has predicted (or explained) such abnormal
performance. The random-number generators cut-
rently used in ORNL Monte Carlo codes are found
to be reasonably satisfactory, although improve-
ment is possible,

References and Notes

!Abstract of ORNL-3866 (in preparation).
2Summer employee.

5.15 NUMERICAL SOLUTION
OF THE LAGRANGE-MULTIPLIER
FORMULATION WITH SEVERAL CONSTRAINTS!

F. B. K. Kam F. H. S. Clark

A program has been written in FORTRAN for the
CDC 1604-A computer for numerical solution of
the Lagrange-multiplier method with several con-
straints. The program, XTREME, is an extension
of MAX (ref. 2) and can deal with up to 25 inde-
pendent variables. It finds an extreme value for
an object function subject to a number of equality
constraints, at most one less than the number of
independent variables. All second derivatives of
the object function and the constraining functions
must exist everywhere in the domain of compu-
tation.

References

!Abstract of ORNL-3846 (in preparation).

2F. H. S. Clatk and F. B. K. Kam, A Generalized
One-Constraint Lagrange Multiplier Numerical For-
mulation, ORNL-3742 (June 1965).
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5.16 NONNORMAL DISTRIBUTIONS
OF THE MEAN COMPUTED
FROM SAMPLE CHARACTERISTICS!

F. H. S. Clark N. A. Betz?

It is assumed, for distributions of the mean only,
that two distributions are equivalent provided that
their first moments and the absolute values of
their second, third, and fourth central moments
are equal. (This assumption makes no distinction
between distributions which are mirror images
of each other about the mean.) Subject to this
assumption, a method is given for computing the
distribution of the mean in units of the estimated
standard deviation when the coefficients of skew-
ness and kurtosis of the population are known,.
The coefficients of skewness and kurtosis of the
sample are taken as estimates of these quantities
for the population. References are given to assess
the confidence limits associated with such esti-
mates.

Computed distributions of the mean, in estimated
standard-deviation units, are given for a represen-
tative set of sample characteristics.

References and Notes

IAbstract of a paper to be submitted to Nuclear
Science and Engineering.
*Mathematics Division.

5.17 SIGNIFICANCE ARITHMETIC
FOR FORTRAN!

W. R. Burrus B. W. Rust?

The FORTRAN statement X # 193,/71. — 272./
1001. has a true value of 0.0000284093.. , but a
single-precision FORTRAN computation (27 bit
fraction) yields 0.2813339-04 (using an E13.7
output FORMAT) due to loss of significance when
subtracting. When the number of significant digits
is questionable, the same problem may be run in
both single and double precision. This is incon-
venient because programs must be modified and
because double precision requires twice as much
storage space. We have implemented a simple
alternative due to Goldstein® for keeping track of
the amount of significance in floating-point num-
bers by representing them in unnormalized form.



Programs may be written in ordinary FORTRAN IV,
and the significance operations implemented by use
of the ALTER feature of the loader. Some problems
and applications of significance arithmetic are
discussed.

References and Notes

lAbstract of ORNL-TM-1249 (in preparation).

2Central Data Processing Facility, Oak Ridge
Gaseous Diffusion Plant.

3M. Goldstein, Significance Arithmetic on the
IBM 7090, NYO-9190 (May 1, 1962).

5.18 THE USE OF MATHEMATICAL
PROGRAMMING FOR SOLVING SINGULAR AND
POORLY CONDITIONED SYSTEMS
OF EQUATIONS'

J. Replogle? B. D. Holcomb?
W. R. Burrus

It is well known that Fredholm integral equations
of the first kind frequently lead to systems of
singular or poorly conditioned equations. Then
there are many solutions which satisfy the system
of equations Ax =5 within a specified nonzero
error. Many ad hoc techniques have been used to
obtain useful solutions. In this paper, we obtain
ri'gorous upper and lower bounds for the solutions
(or linear functions of the solutions) by making use
of additional information which may be available
about the solution. The effect of this information
is to reduce the size of the possible solution space.
We show how the use of monotonicity, smoothness,
or nonnegativity restricts the solution of a problem
introduced by R. Bellman.?

References and Notes

!Abstract of paper to be submitted to the Journal
of Mathematical Analysis and Applications.

2Central Data Processing Facility, Oak Ridge
Gaseous Diffusion Plant.

’R. Bellman, R. Kalaba, and J. Lochett, Dynamic
Programming and [11-Conditioned Linear Systems,
Memorandum RM3815PR (December 1963).
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5.19 A SIMPLE ALGORITHM FOR COMPUTING
THE GENERALIZED INVERSE OF A MATRIX'

B. W. Rust? W. R. Burrus

The generalized inverse of a matrix is important
in analysis because it provides an extension of the
concept of an inverse which applies to all matrices.
It also has many applications in numerical analysis,
but is not widely used because the existing algorithms
are fairly complicated and require considerable
storage space. We have found a simple extension
of the conventional orthogonalization method for
inverting nonsingular matrices which gives the
generalized inverse with little extra effort and
with no additional storage requirements. The
algorithm gives the generalized inverse for any
m by n matrix A, including the special case
when m n and A is nonsingular as well as
the case when m > n and rank (4) = n. In the
first case the algorithm gives the ordinary in-
verse of A. In the second case the algorithm
yields the ordinary least-squares transformation
matrix (ATA)~'A 7T and has the advantage of avoiding
the loss of significance which results in forming
the product ATA explicitly.

References and Notes

IAbstract of paper submitted to the Journal of the
Association for Computing Machinery.

2Central Data Processing Facility, Oak Ridge
Gaseous Diffusion Plant.

5.20 A FORTRAN SUBROUTINE PACKAGE
FOR LINEAR PROGRAMMING'

C. Schneeberger W. R. Burrus

A FORTRAN program has been written for linear
programming using the symmetric algorithm of
Talacko.? It is compatible with FORTRAN II, IV,
or FORTRAN-63 without any changes. The main
regime consists of two subroutines, TALAKO and
DIFF. TALAKO performs the major linear pro-
gramming computation, and DIFF is a subroutine
used to carry out the elimination step efficiently,
yet independently of the language. Included are
several auxiliary routines which make it easy to
unscramble the transformation matrix, the solution,
and the slacks.



References

IAbstract of ORNL-TM-1250 (in preparation).
2J. V. Talacko, Tabaios de Estadistica 24,
17, 159 (1963).

5.21 NEUTRON-CROSS-SECTION LIBRARY

D. C. Irving F. H. S. Clark
J. Gillen?

In view of the frequent use of the OS5R Monte
Carlo code? for neutron calculations, it is desir-
able to have a library of neutron-cross-section
data available for use with O5R. A single, central
library would avoid the duplication of effort inher-
ent in the maintenance of separate libraries by
the various users of O5R. A continuing effort
will be necessary to keep the library up to date.

A library has been compiled consisting of pub-
lished neutron cross sections for the following

58

elements: H, Li, Be, B, C, N, O, F, Na, Mg, Al,
Si, S, K, Ca, Cr, Fe, Ni, Cu, Zr, U, and Pu. A
small amount of evaluation work has been done
when published evaluations did not adequately
cover the region of interest. The library consists
of point cross-section data in the format used by
O5R. It is maintained on magnetic tape at both
the CDC 1604-A and the IBM 7090 computer instal-
lations. The OS5SR cross-section-handling sub-
routines have been modified to make use of a
library cross-section tape. Memorandums concern-
ing the contents of the library and any revisions
or updating are sent to all users of O5R at Oak
Ridge.

References and Notes

ICentral Data Processing Facility, Oak Ridge
Gaseous Diffusion Plant.

’R. R. Coveyou, D. C. Irving et al.,, O5R, A
General-Purpose Monte Carlo Neutron Transport

Code, ORNL-3622 (1965).
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Fig. 6.2.2. Cutaway Diagram of the Spectrometer.

and mechanical linkages permit scanning through
large polar and azimuthal angles.

The basic principle of the design is that, as the
thickness of the filter is increased, various incre-
ments of a neutron energy spectrum are attenuated
at different rates. Analysis of the counting rates
obtained at all 24 positions should then result in a
description of the incident neutron spectrum.

Probably the most unique feature of the spec-
trometer is its isotropic BF , proportional counter.
As presently constituted,* the counter consists of
a 3-in.-OD thin-walled copper sphere filled to a
pressure of 7 atm with enriched (96% '°B) BF,.
(Copper spheres were used simply because they
were readily available at the time of construction.)
Ion collection within the sphere is by a double
l/Z-in.-diam loop of 2-mil-diam tungsten wire, with

the two loops at right angles to each other. By
using a double-loop collector, so-called ‘‘end
effects’’ common to straight-wire collectors are
effectively eliminated.

The counter has a calculated efficiency of 0.233
for thermal neutrons, a high-voltage plateau with a
slope of not more than 2 to 3% over 200 v, and,
based upon tests with an Am-Be source embedded
in polyethylene, a response that is isotropic to
within 5%.

The twenty-three !°B filters were calibrated by
transmission measurements made at the ORNL Fast
Choppet Facility.® The transmission data were
fitted by the method of least squares to functions
of the form

transmission = exp {—[2(E)¢t + K]},



where
3(E) = macroscopic !B total cross section,

t = filter thickness (obtained from the curve
fit as the effective thickness of the filter
and therefore taking into account all errors
in the experimental determination of '°B
thickness and density),

k = a constant lumping together the effects of
the aluminum cladding of each filter, the
118 content, and any contamination not
identified.

The fit was excellent over the entire energy
range, and encourages confidence in the accuracy
of the calibrations.

In connection with the development of the spec-
trometer a series of Monte Carlo calculations uti-
lizing the O5R neutron transport code® were carried
out. These calculations were principally directed
toward estimating the effect upon the detector of
neutrons that are scattered back into the detector
from the !°B shield at the rear of the instrument,
but several other quantities were also estimated.
The most recent results of these calculations indi-
cate that for monoenergetic neutrons of 10-ev
energy approximately 4% of the counts from the
detector will come from backscattered neutrons,
but for 100-ev neutrons this value increases to
5%; for 1000-ev neutrons, however, the value does
not increase further. From these results it may be
concluded that in most applications the effect of
backscattering will be effectively lost within the
counting statistics. This conclusion is in agree-
ment with experiments conducted with the spec-
trometer viewing an apptoximately 1/E spectrum
emanating from a temporary beam tube at the Bulk
Shielding Facility. In these experiments counts
taken with the back shield alternately in place and
removed showed no differences greater than count-
ing errors.

The transmission predicted for the '°B filters by
the calculations was in excellent agreement with
the experimental calibrations described earlier.

The epithermal-neutron spectrometer is now at
the stage of final adjustment and checkout and is
expected to shortly be put to practical test in con-
nection with neutron-scattering experiments at the
Tower Shielding Facility.
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6.3 1ISOTROPICALLY RESPONDING FAST-
NEUTRON DOSIMETER!

T. V. Blosser

The development of a highly sensitive, isotrop-
ically responding fast-neutron dosimeter was out-
lined in a previous report.? Briefly, the goal of
this development is the production of an instrument
which will have a lower limit of sensitivity of the
order of 0.02 millirad/hr, which will have an iso-
tropic response proportional to the Snyder-Neufeld
multicollision dose curve,® and which will be usable
over an energy range from the epithermal region to
~15 Mev.

The basic scheme of the dosimeter is that of a
relatively small, sensitive thermal-neutron detector
(a BF, proportional counter) centrally embedded in
a sphere of moderating material, Experiments to
date have used moderating spheres of 8-, 10-, and
12-in. diameters, consisting either of pure poly-
ethylene or, in a few experiments, of polyethylene
with a thin boron-loaded plastic shell around the
detector.

The detector used within the spheres consists of
a 2-in.-diam spherical BF, proportional counter
containing a double-loop ion collector and filled
to a pressure of 1/2 atm with BF ,, enriched to 96%
in the 1°B isotope. In arriving at this choice, 1-,
11/2-, and 2-in.-diam counters, single- and double-
loop ion collectors, and pressures of 1/2 and 1 atm
were studied. The preferred ion collector is formed
as a double circular loop, % or *

7 in. in diameter,
of 2-mil-diam tungsten, with the loops perpendicular

2



to each other and concentric with the thin-walled
copper sphere which forms the body of the counter.

Thus far the simple configuration of counter and
polyethylene sphere have been studied with ~3-
and ~14-Mev accelerator-produced neutrons, and
some tests and calibrations have been made using
an approximately 1/E neutron beam from the Bulk
Shielding Reactor. In the latter tests the beam
was attenuated by a series of the °B filters which
are part of the epithermal-neutron spectrometer de-
scribed in Sect. 6.2.

The optimum diameter for the moderating sphere
appears to be about 10 in. The use of boron shells
around the detector did not seem to have any effect
other than a straightforward lowering of all count-
ing rates. However, it is more or less expected
that some addition to the material of the moderating
sphere will eventually be desirable in order to im-
prove (increase) the response of the dosimeter in
the energy region between 10 and 15 Mev. Ma-
terials undergoing (n,n”) or (n,2n) reactions will
be investigated for this purpose.
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6.4 NEW METHOD FOR THE EVALUATION OF
NEUTRON EMISSION, KERMA, KERMA
EQUIVALENT, DOSE EQUIVALENT, AND THE
SPECTRUM BELOW 1 Mev FOR (a,n) SOURCES,
USING BONNER SPHERES'

S. K. Mehta?

Neutron emission (F), kerma (K), kerma equivalent
(Keq), dose equivalent (DE), the ratios K/F,
Keq/F, and DE/F, and an upper bound to the neu-
tron spectrum below 1 Mev have been obtained for
Am-Be, Pu-Be, Po-Be, and Am-B neutron sources
by using a modified Bonner-sphere neutron spec-
trometer. The spectrometer consisted of 0- to 12-
in.-diam Bonner spheres and 0- to 3-in.-diam spheres
modified by the addition of boron and cadmium
covers. The results were computed by the OPTIMO
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linear programming code, which synthesizes optimal
combinations of the response of the various spheres.
The known smoothness of the neutron spectrum
from each source was utilized, and an upper bound
to the spectrum above 5.5 Mev was taken from other
measurements, since the response of the Bonner
spheres does not have enough variation above 5.5
Mev. The response of the modified spheres to
monoenergetic neutrons was calculated by assuming
exponential absorption below 1 kev and by S,
transport calculations above 1 kev. The values of
DE/F in units of rems neutron™! cm~? for the Am-
Be, Pu-Be, Po-Be, and Am-B sources are (3.79 *
0.23)1078, (3.72 * 0.28)10~%, (3.84 1 0.19)10~¢8,
and (3.75 * 0.21)10~8 respectively. The errors
given refer to the 68% confidence intervals and in-
clude all known sources of error.
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6.5 DIGITAL FILTER FOR UNFOLDING
PULSE-HEIGHT DISTRIBUTIONS'

H. Young? W. R. Burrus

A digital ‘“filter” computer program has been
developed which removes undesired spurious fea-
tures (such as Compton tails, escape peaks, etc.)
from the response of a scintillation spectrometer.
The input to the filter is the digital representation
of the pulse-height distribution, and the output
consists of a digital representation of the desired
unfolded spectrum. A relatively clean Gaussian
line is obtained from the filter. The filtering pro-
cedure is simple enough that small computers or
built-in circuitry can be used on-line to give rapid
unscrambled results. Thus far we have simulated
the filter off-line and, by using the respective
pulse-height data of R. Heath and of G. Chapman,
have demonstrated its capabilities with a 3- by 3-
in. Nal(Tl) gamma spectrometer and an 8- by 12-in.
Nal(Tl) total-absorption gamma spectrometer. A
QUIKTRAN?® version of the filter is given which
includes nonlinearity corrections and rigorous error
estimates. The execution time of the QUIKTRAN
program off-line is about 1 sec on the IBM 7090
computer.
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6.6 FAST-NEUTRON SPECTROSCOPY WITH
ORGANIC SCINTILLATORS!

V. V. Verbinski
W. R. Burrus

J. C. Courtney?
R. Textor?

Part |

The proton-recoil scintillator technique for meas-
uring neutron spectra has been extended to larger
scintillators than those used previously; this was
made possible by taking into account multiple
scattering, charged-particle reactions, and carbon
recoils. The main features are high efficiency,
moderately good resolution, simple circuitry, and
gamma-ray pulse rejection. The code used to
analyze the data was the recently developed
FERDO code, which is based on quadratic pro-
gtamming and utilizes the known nonnegativity of
the neutron spectrum. This code requires accurate
responses to monoenergetic neutrons for the scin-
tillator. These responses were obtained by a com-
bination of calculations and experimental measure-
ments as described in Part II of this series. The
code forms combinations of the counting efficiency
functions for each channel of the analyzer, so that
the resulting combinations approximate an idealized
spectrometer with the desired response function.

Part 11

The response of a 2- by 2-in. and a 5- by 5-in.
cylindrical organic scintillator has been obtained
with Monte Carlo calculations that utilized meas-
ured light-response functions of the scintillator
material to recoil protons, alpha particles, and re-
coil carbon nuclei. Several precision experiments
utilizing the associated-particle technique were
employed to check the absolute pulse-height dis-
tribution for a unit flux and also to provide data on
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the response of the scintillators to carbon recoils
and alpha particles. The 2- by 2-in. scintillator is
especially suitable for neutron spectroscopy by
the method of unfolding pulse-height distributions
described in Part I of this series, but either scin-
tillator can be used in time-of-flight spectroscopy.
For the latter application, the scintillators can be
used directly or as standards of calibration for
scintillators of arbitrary size and shape.
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6.7 USE OF A DIGITAL COMPUTER IN
TIME-OF-FLIGHT EXPERIMENTS'

R. Gwin L. W. Weston R. Ingle?

A general-purpose digital computer has been in-
corporated as an integral part of a data acquisition
and processing system for use in neutron time-of-
flight experiments. The experiments are designed
to measure the neutron-capture and fission cross
sections of 23%U, 233U, and %3°Pu as a function
of neutron energy.

3 was chosen for the time-of-

A digital computer
flight experiments because its data-handling ca-
pacity was greater than that of a conventional
analyzer. In the application of conventional an-
alyzer systems to time-of-flight spectroscopy, the
channel width, At, is chosen to meet the energy
resolution required by the experiment. The com-
puter was programmed to simulate a series of
analyzers, each having a channel width appropriate
for the energy region covered. Eight regions were
used, with the channel width changing by a factor
of 2 in successive regions.* The recording of data
in this manner greatly increases the time range
which can be covered without sacrificing energy
resolution.

Other advantages of the digital computer are the
increased flexibility in the control of the experi-



ments and the scope display, which permits a de-
tailed visual inspection of the data during the ex-
periment and programmed operations on memory
regions displayed by the scope.
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6.8 FAST-NEUTRON SPECTROMETER FOR

REACTOR ENVIRONMENTS!
V. V. Verbinski M. S. Bokhari?

A SLi diode sandwich fast-neutron spectrometer
has been designed and applied to spectral meas-
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urements in the water shield of a pool-type research
reactor where the gamma flux was as high as 10°
r/ht. By using the °®Li(n,a)T reaction having a
Q value of 4.78 Mev, demanding a coincidence
count between the alpha particle and the triton,
and selectively shielding the diodes, backgrounds
from gammas and fast neutrons striking the diodes
are reduced. In addition, these reduced back-
grounds ate accurately determined by substituting
a 'Li foil for the SLi sensitive element. The
spectral intensity of angular flux, (g, r, E), was
mapped at points near the reactor and compared
with the results of a neutron transport calculation,
with both measurement and calculation normalized
to the same absolute neutron source intensity.
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