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1. Nuclear and

1.1 DEUTERON OPTICAL-MODEL ANALYSIS
WITH SPIN-ORBIT POTENTIAL'

C. M. Perey? F. G. Perey

An optical-model analysis of 19 deuteron elastic-
scattering angular distributions in the energy
range 12 to 26 MeV was performed both with and
without a spin-orbit term included in the potential.
The spin-orbit potential that was used is of the
Thomas form, which has been found to be satis-
factory for fitting the measured deuteron elastic
polarization. Including the spin-orbit term always
resulted in an improvement in the quality of the
fits. Without the spin-orbit term, various families
of potentials fitted the data equally well, but
when the spin-orbit potential was added, the
various families were no longer equivalent in
many cases. The deuteron optical-model potential
that most closely approximates the sum of the
neutron and proton optical-model potentials was
found to give the most consistently satisfactory
results for all the angular distributions.

References

IAbstract of paper submitted to The Physical
Review; also published as ORNL-TM-1529 (1966).
2Consultant.

1.2 DEPENDENCE OF PROTON OPTICAL-
MODEL PARAMETERS UPON EXPERIMENTAL
UNCERTAINTIES

J. K. Dickens

The dependence of proton optical-model param-
eters upon experimental uncertainties was studied
for four types of errors: errors in overall normali-

Reactor Physics

zation, errors affecting the shape of the angular
distribution, errors in incident energy, and errors
in scattering angle. By varying the data it was
found that the optical-model parameters are af-
fected differently by the four types of errors;
this suggests that a single, overall assigned error
is inadequate for error analysis in optical-model
studies. The minimum-y? critetion was critically
examined as a criterion for obtaining optimum
optical-model parameters. The role of the experi-
mental errors in the theoretical analysis was
studied. Because the errors associated with the
individual cross sections that form an angular
distribution are not independent, it was concluded
that these data do not make up a collection of
several independent random samples but that
collectively they resemble a single random sample.
This conclusion is statistically important in the
study of reaction mechanisms using results of
optical-model analysis.

References

!Abstract of Phys. Rev. 143, 758 (1966); also of
ORNL-TM-1267 (September 1965).

1.3 ELASTIC AND INELASTIC SCATTERING
OF 12.7-MeV PROTONS FROM °Zr, °2Zr,
AND °4Z:: TABULATED DIFFERENTIAL

CROSS SECTIONS'!

J. K. Dickens
E. Eichler?

R. J. Silva?
G. Chilosi??

Numerical values of differential cross sections
for elastic and inelastic scattering of 12.7-MeV
protons from 907¢, °2Zr, and °*Zr are reported in



Cross sections were determined at
5° intervals between laboratory angles of 20 and

tabular form.

165°% Inelastic-scattering data are reported for
20 excited states of °%°Zr (Q = —1.75, —2.18,
—-2.32, ~2.74, -3.09, -3.31, -3.45, --3.63,
-3.84, -3.97, —-4.07, -4.12, -4.23, —-4.33,
—4.50, -4.57, —4.70, - 4.82, —5.02, and —5.13

MeV); for 12 excited states of 2?Zr (Q = —0.93,
-1.37, —-1.50, -—-1.85, —-2.07, —-2.19, —-2.35,
—2.50, —2.76, —3.08, -3.28, and --3.49 MeV),
and for 11 excited states of °*Zr (Q = —0.916,
-1.30, -1.47, -~1.66, -2.06, —-2.32, —-2.36,
-2.62, —-3.16, —3.24, and —3.92 MeV).

References

LAbstract of ORNL-3934 (March 1966).

2Chemistry Division.

3Present address: INFN and Instituto di Fisica
Superiore, Universita di Napoli, Italy.

1.4 INELASTIC EFFECTS IN STRIPPING AND
OTHER DIRECT REACTIONS'

S. K. Penny

The distorted-wave theory of direct nuclear re-
actions such as deuteron stripping is generalized
to include in the distorted waves the effects of
the strong inelastic scattering which may be
present when the nuclei show collective behavior.
The possible changes in parity and angular mo-
mentum selection rules are discussed in detail.
Formulas are given for the general case, and also
for a simple model in which only one level of the
target nucleus (assumed even) can be excited.
Angular distributions calculated with the simple
model are presented for three stripping reactions
and for two cases of inelastic scattering,

References

!Presented to the Graduate Council of the Uni-
versity of Tennessee in partial fulfillment of the
requirements for the degree of Doctor of Philos-
ophy.

1.5 LEVEL STRUCTURE OF ?2Mo!

J. K. Dickens
E. Eichler?

R. J. Silva?
I. R. Williams?

Excitation energies for 34 excited states in
92Mo were determined by analyzing data from
inelastic scattering of 10-MeV protons and from
the associated gamma-ray spectrum.

References

!Abstract of paper submitted to Physics Letters.
2Chemistry Division.

1.6 LEVEL STRUCTURE OF %4Zr

J. K. Dickens
E. Eichler!

R. J. Silva®
G. Chilosi!+?

During the experiment to measure elastic and
inelastic scattering of 12.7-MeV protons from
947, it became evident that the available infor-
mation concerning the excited states of °*Zr might
not be sufficient and that the resulting theoretical
analyses of these data would be hindered. There-
fore the data were analyzed to obtain excitation
energies for levels in °*Zr which are excited by
proton scattering.  The analysis reported here
used eight pulse-height spectra for laboratory
angles of between 40 and 80°.

Figure 1.6.1 shows the spectrum obtained at
50° Groups of protons scattered by the zirconium
target can definitely be distinguished from those
scattered by the target contaminants by utilizing
the kinematics of the scattering as well as the
expected magnitudes of the inelastic scattering.
The proton groups can be distinguished from the
alpha groups because the latter have much broader
peaks than the former. Since the isotopic com-
position of the target was 97% °*Zr, it is unlikely
that any numbered proton group in Fig. 1.6.1 could
have resulted from proton scattering by nuclei
other than %*Zr.

Energy calibration of the pulse-height system
depended upon the relative positions of the proton
peaks due to elastic scattering from °4Zr and of
those due to elastic and inelastic scattering from
the contaminant !?C. The carbon contaminant
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Fig. 1.6.1. Pulse-Height Spectrum of Protons Scattered from 247: ot 50°,

builds up on the surface of the target during the
period of bombardment. Thus, if the carbon build-
up was predominantly on one surface during the
period that these particular spectra were obtained,

an etror would have been introduced into the
calibration. The target used was ~20 keV thick
to 12.7-MeV protons and ~30 keV thick to 8-MeV
protons. The linearity of the pulse-height system
was checked by assuming that previously reported
results of excitation energies in ?*Zr were reason-
ably correct;'* the system was determined to be
linear for the region of interest. We suggest an
error of 130 keV for excitation energies of ~4
MeV, with the error decreasing with decreasing

ex’

Table 1.6.1 presents the excitation energies and
suggested spin and parity assignments, and a
comparison of our results with previous work.*+4
Several proton peaks had widths larger than our
resolution (~40 keV full width at half maximum),
suggesting proton scattering by more than one
level in *Zr. Peak-fitting techniques were used
to separate the levels; the resulting less-certain
excitation energies are given in parentheses in
Table 1.6.1. The broad proton peak at E_. 22,9
MeV was studied carefully in all eight spectra.
We obtained a good fit to the data with three peaks
(10, 11, and 12), but we cannot exclude the pos-
sibility of one ot more additional levels in this
group.



Table 1.6.1. 74Z: Excited States and Suggested Spin and Parity Assignments, ]ﬁ

12.7-MeV Protons

Pea: (Present Work) 19.4-MeV Protons” 15-MeV Deuterons©
No. E.. (Mev) 7 E,_ (MeV) 77 E,_ (MeV) 77
1 0.916 7t 0.92 2t 0.92 +
2 1.30 ot 1.31 +
3 1.47 1.47 44 1.47 -
4 1.66 + 1.66 2"t 1.68 +

5 2.06 - 2.05 3 2.06 37
6 2.16
7 (2.32) .
s 236 eh 2.34 2 2.35 +
9 2.61 (=) 2.60 (57) 2.60 +
10 (2.85) 2.84
11 (2.89) 2.89
12 (2.94) 2.92
13 3.16 ) 3.14
14 3.24 3.22 3.28
15 3.35 3.33 (3,4)
16 3.39
17 3.44 3.46
18 3.609 3.57 4,5) 3.61 -
19 3.76 3.71
20 3.92 () 3.87 3.92
21 4.02
22 4.18
23 4.25 4.21

“Corresponding to numbering in Fig. 1.6.1.

by M. Stautberg and J. J. Kraushaar, Bull. Am. Phys. Soc. 10, 527 (1965).
°R. K. Jolly, E. K. Lin, and B. L. Cohen, Phys. Rev. 128, 2292 (1962).

dThe proton group associated with this level has a peak width larger than expected for a single level and may in-

clude scattering by more than one excited state of 94Zr.

Excitation energies for 23 levels between 0.92
and 4.25 MeV are reported, but it is unlikely that
all the levels in this energy region were found.
We could not separate proton groups corresponding
to excitation of levels in °4Zr less than 30 keV
apart. In addition, levels with large spins are
not appreciably excited by proton scattering; the
spins of most of these 23 states will be 6 or
less. Angular distributions for several of these
states® are being analyzed so that nuclear re-
action and structure information can be obtained
if possible.

References

!Chemistry Division.

2present address: INFN and Instituto di Fisica
Superiore, Universita di Napoli, Italy.

SM. M. Stautberg and J. J. Krausharr, Bull. Am.
Phys. Soc. 10, 527 (1965).

“R. K. Jolly, E. K. Lin, and B. L. Cohen, Phys.
Rev. 128, 2292 (1962).

5]. K. Dickens et al., Elastic and Inelastic Scat-
tering of 12.7-McV Protons from °°Zr, *?Zr, and
947 ¢: Tabulated Differential Cross Sections,
ORNL-3934 (March 1966).



1.7 THE '9F(p,o) 140 AND '%F(p, 3He)'70
REACTIONS AT 30.5 MeV!

R. K. Cole? H. S. Sandhu?-4
R. Dittman?-3 C. N. Waddell?
J. K. Dickens

Absolute differential cross sections for the
1%%(p,a)! 0 reaction leading to the ground state
of %0, the !'9F(p,’He)!’0 reaction leading to
the ground state of 170, and the 171%(p,’He)'’0
reaction leading to the first-excited state of 170
(Eex = 0.871 MeV) have been measured for angles
of 7 to 155° 16 to 111% and 16 to 111° in the
center-of-mass systems respectively. The angular
distributions showed strong forward peaking for
all three reactions. The experimental data were
compared with theoretical angular distributions
obtained by distorted-wave methods. The calcu-
lated angular distributions fit the L = 0 data
quite well; the L = 2 data are not so well fitted.
The ratio of the experimental spectroscopic factors
for the two (p,°He) reactions agrees quite well
with the computed ratio.

References

!Abstract of paper submitted to Nuclear Physics;
work partially supported by the University of
Southern California under AEC contract AT(04-
3)-B6

2University of Southern California, l.os Angeles.

3Present address: California State College,
Fullerton.

*Present address: San Fernando Valley State
College, Northridge, Calif.

1.8 SIMULTANEOUS MEASUREMENTS OF THE
NEUTRON CAPTURE AND FISSION CROSS
SECTIONS OF 235y AND 233y

R. Ingle!?
R. W. Hockenbury 2
R. R. Fullwood?

G. de Saussure
L. W. Weston
R. Gwin

The simultaneous measurements of the capture
and fission cross sections of 23°U performed in
October 1964 and described previously® have now
been analyzed. Examples of the results are given
in Fig. 1.8.1 and Table 1.8.1, the figure showing
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Fig. 1.8.1. Fission Cross Section, Capture Cross

Section, ond @ far 235U from 1 to 10 eV (ORMNL-RP!
1964 Measurements).

the fission and capture cross sections and their
ratio O’/Uf in the energy range 1 to 10 eV, and
the table giving the fission and capture reso-
nance integrals over /4 lethargy intervals. For
the fission resonance integrals ob-
tained from the data of Michaudon and Ribon? are
included in the table.

Since October 1964 many improvements have
been made in the technique and instrumentation
used in measuring capture and fission cross
sections at the Rensselaer Polytechnic Institute
linac. A cousiderable reduction in background
was achieved by various modifications in the
beam collimation system and in the target mod-
erator assembly. A new BF3 ionization chamber
was constructed to measure the neutron-flux
spectrum with more accuracy, and an jonization
chamber containing about 1 g of 233U was added

comparison,



Table 1.8.1. 235U Capture and Fission Resonance Integrals

[o dE/E
Energy Interval (bcarne) fg{ dE/E (barns)

(eV) ORNL-RPL 1964 ORNL-RPI, 1964 Michaudon and Ribon?
0.683-0.876 1.562 13.653 14.282
0.876-1.125 3.096 18.896 18.051
1.125-1.445 3.676 10.193 11.035
1.445-1.855 0.958 3.586 3.903
1.855-2.382 3.659 3.504 3.684
2.382~3.059 1.116 3.284 3.292
3.059-3.928 3.687 7.598 7.829
3.928-5.043 4.964 1.160 1.326
5.043—6.476 11.290 6.780 6.551
6.476—8.315 4.745 3.676 3.885
8.315-10.677 8.529 25.613 23.446/24.857

10.677—13.710 18.142 11.858 11.109
13.710-17.603 4.245 8.092 8.150
17.603-22.603 11.646 16.733 15,193
22.603-29.023 4.876 10.827 10.174
29.023-37.267 9.160 14.120 12.006
37.267-~47.851 4.580 9.033 8.028
47.851—61.442 5.367 14.147 12.562
61.442.-78,893 2.769 5.842 5.501
78.893~101 3.852 5.327 5.745

101—-130 3.165 5.233 5.307

130-167 3.475 5.494 5.269

167214 3.193 5.209 4,757

214-275 3.059 6.275 5.627

275-354 2.651 4,185

354454 2.206 3.385

454-583 1.712 4.423

583—749 1.818 3,510

749-961 1.643 2.701

9611234 1.776 2.675

?A. Michaudon and P. Ribon, J. Phys. Radium 22, 712 (1961); also private communication.
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Fig. 1.8.2. Comparison of ORNL-RP] 1966 235y Fission Cross-Section Measurements from 0.4 to 15 eV with

Those of Bowmen ef al.

to the equipment.® This new fission chamber was
used to simultaneously measure the fission and
capture cross sections of 33U in April 1966. At
the same time the ?3°U measurements were re-
peated to take advantage of the improvements in
the technique to decrease the uncertainties in the
data.

The analysis of the new measurements is in-
complete. Some preliminary results are shown in
Figs. 1.8.2 and 1.8.3 and in Tables 1.8.2 and
1.8.3. In Fig. 1.8.2 the 235U fission cross section
from the 1966 measurements is compared in the
neuatron energy range from 0.4 to 15 eV with data
recently obtained by Bowman ef al.® Table 1.8.2
is a comparison between the two same sets of
data in terms of resonance integrals over 1/4
lethargy intervals. The average discrepancy be-
tween the resonance integrals: obtained from the
two sets of data is smaller than 3% and smaller

than 0,25 barn. Since the two experiments are
independent, the probable error of the fission
resonance integral over a 1/4 lethargy interval
from either measurement must be smaller than 3%
and 0.25 barn,

In Fig. 1.8.3 the 235U fission cross section from
the 1966 measurements is compared in the neutron
energy range from 20 to 50 eV with data obtained
by Brown er al.” using neutrons generated by an
underground nuclear explosion. The agreement be-
tween the two sets of data is very good except
below 22 eV, where the flux from the nuclear
explosion was not well determined, and in the
“valleys’ below 35 eV, where the value of the
cross section measured by Brown et al. is lower
by as much as a factor of 2 than our value. This
discrepancy is not well understood. Table 1.8.3
compares the integrated fission cross-section data
from this measurement with those from three other



Table 1.8.2. 2354 Fission Resonance Integrals

[, dE/E (barns)

Energy Interval Difference
V) ORNL-RPI, 1966 Powman ef 2’ barns %
! UCRI.-14606
0.414-0,532 22.140 22,127 0.013 0.1
0.532--0.683 16.436 16.274 0.162 1.0
0.683-0.876 13.859 13.755 0.104 0.8
0.876-1.13 18.098 17.980 0.118 0.7
1.13--1.44 10.457 10.467 --0.010 0.1
1.44-1.86 3.758 3.704 0.054 1.5
1.86-2.38 3.689 3.666 0.023 0.6
2.38~3.00 3.407 3.261 0.146 4.5
3.06-3.93 7.971 8.002 —0.031 0.4
3.93—5.04 1.331 1.227 0.104 8.5
5.04--6.48 7.017 7.010 0.007 0.1
6.48-8.32 3.511 3.601 - 0,090 2.5
8.32--10.7 25.943 26.549 - 0,606 2.3
10.7-13.7 11.822 11.863° —0.041 0.35
13.7--17.6 8.313 8.382 -~ 0.069 0.8
17.6~22.6 16.861 17.319 —0.458 2.6
22.6-29.0 11.228° 11.346 ~0.118 1.1
206.0-37.3 13.763 14.090 —0.327 2.3
37.3-47.9 8.618 8.950 —0.332 3.7
47.9-61.4 13.954 14.174 —0.220 1.6
4Corrected for an instrumental error in this set of data at 13.1 eV; see Fig. 8 on p. 14 of UCRL-14606.
bThis set of data has been corrected for a small flux depression near 28 eV.
Table 1.8.3. Integiated 235 Fission Cross Sections from 20 to 60 eV
Energy fo(E) dE (barn-eV)
Interval 2 5 -

(eV) Brooks et al. Bowman et al. Brown et al. ORNL-RPI, 1966
20.5-33.0 418 450 4159 446
33.0--41.0 415 499 489 507
41.0-60.0 834 932 950 929

Total 1667 1881 1854 1882

2F. D. Brooks ef al., Eta and Neutron Cross Sections of U-235 from 0.04 to 200 eV, AERE-M-1670 (1966).

bC. D. Bowman et al., The Epithermal Fission Cross Section of U=235, UCRL-14606 (1966); paper FF-15 in Con-

fererice on Neutron Cross Section Technology, Washington, D.C., March 22-24, 1966.

‘W. K. Brown, D. W. Bergen, and J. D. Cramer, Fission Cross Section of U=235, 20 eV—2 MeV,1.ADC-7618; paper

FF-11 in Conference on Neutron Cross Section Technology, Washington, D.C., March 2224, 1966.
9Elux not well determined below 22 eV.
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1.9 POINT-SET REPRESENTATION OF 238y
CROSS SECTIONS; VALUES AND A FORTRAN
PROGRAM FOR COMPUTATION'

J. Wallace Webster

As part of the current effort in reactor analysis
to obtain representations of cross sections as
sets of values at discrete energy points rather
than as sets of averaged values over broad in-
tervals of the energy domain, a FORTRAN pro-
gram has been prepared which computes total and
capture cross sections of 233U at specified energy
points over a resonance. The resonance param-
eters and the temperature are used as input data.
Using the resonance parameters given in BNL-
325,? 862 point representations were computed for
the cross sections of %330 for neutron energies
of less than 1000 eV and a temperature of 300°K.
The results are presented as machine printouts
and as Calcomp plots. They have also been
recorded on punched cards in the format

(Energy, Cross Section) = (E£15.5, E15.5),

and duplicate decks may be obtained by contacting
the author.
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1.10 MEASUREMENT OF A PORTION OF THE
NEUTRON SPECTRUM OF THE BULK
SHIELDING REACTOR'!

R. M. Freestone, ]Jr. T. V. Blosser

In collaboration with the Army Nuclear Defense
Laboratory (ANDL) a series of measurements were
initiated for calibration of several solid-state and
fission-type neutron detectors used by ANDL. For
this purpose a neutron beam was extracted from
the water surrounding the Bulk Shielding Reactor
(BSR) through a temporary beam tube. The beam
tube consisted of a 6-in.-diam air-filled aluminum
pipe hung from the BSR instrument bridge and
extending vertically downward to the midplane of
the reactor, approximately 20 cm from its north
face. The upper 7-ft-long portion of the tube was
diminished to a l-in. diameter by a water col-
The device thus served as a convenient
source of thermal and
The ANDL work required
that the intensity and spectrum of this source be
known. These parameters were measured by using
the 22 '°B filters and the isotropically respond-
ing spherical BF  proportional counter which are
the principal components of the epithermal neu-
tron spectrometer described in Sect. 6.1, this

limator.
well-collimated beam
epithermal neutrons.

report.

The experimental procedure was simple and
straightforward. Each of the 22 filters was placed
in succession over the 1l-in.-diam opening of the
collimator, and a set of at least three Y- or 1-min
counts was made with the BE counter suspended
at a fixed distance of a few centimeters above the
filter. Counts were also made with the counter in
the unobstructed beam and with a 20-mil-thick
cadmium disk as a filter. Additionally, indium and
gold foils, bare and cadmium-covered, were ex-
posed at the counter position in the beam.

Though obtaining the experimental data was
essentially routine, its analysis was not. Ini-
tially, much time was lost in a futile attempt to
utilize the rather elegant FERD methods of
Burrus et al. The FERD system produces
reasonably reliable estimate of error in the un-
scrambled spectrum, but, unfortunately, the re-
sponse functions associated with a !'°B filter
(a 1/v absorber) combined with a BF3 counter (a
1/V detector) possess a long, slowly decreasing
tail, with which FERD could not readily cope

a
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without being modified by suitable a priori as-
sumptions.

The analysis method finally adopted consisted
basically in making a first guess at the probable
shape of the spectrum, using the previously
measured transmission functions of the filters to
calculate the counts to be expected from such a
spectrum, and iterating by successive guesses
until a count-rate curve which matched the experi-
In the
present case, iteration was concluded when all

mental count-rate curve was obtained.

calculated counts were within 5% of experimental
values.

The analyzed spectrumn, not surprisingly, con-
sists of a Maxwellian distribution of thermals with
a neutron temperature of 336°K, plus a tail de-
scribed by 1.967 x 1073/E extending to ~8 x
10 eV. Beyond this point the data appear to
demand a flatter spectrum, falling roughly as
E~172, but they may not be reliable. The spec-
trum was normalized to absolute values by com-
pelling the integral from 0.001 to 0.4 eV to agree
with the experimentally determined subcadmium
flux value of 1.56117 x 10° neutrons cm™? sec™!
at 1 MW, measured with indium foils. A plot of
the spectrum, which appears to be consistent in
shape with published spectra for reactor neutrons
in water, is shown in Fig. 1.10.1.
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1.11 OPERATIONAL PROBLEMS WiTH THE
HEALTH PHYSICS RESEARCH REACTOR

L. W. Gilley L. B. Holland
J. W. Poston’ D. R. Ward

In the operation of the Health Physics Research
Reactor (HPRR),? a pulse-generating reactor having
an unmoderated uranium-molybdenum core (10 wt %
Mo), two major difficulties have been encountered:
electrical noise in the instrument channels, and
scatter in the bwst size (variations as large
as 140%). (Previous difficulties with the plating
on the U-Mo fuel pieces have been minimized,
and further improvements have been recommended.)
It was necessary to identify and eliminate the
sources of these problems not only to permit
orderly operation of the HPRR but also because
the Aberdeen Pulse Reactor,? being very similar
in design to the HPRR, may suffer from similar
difficulties.

Electrical noise in the instrument channels fre-
quently interrupted operation due to spurious
signals, which resulted in a reactor shutdown.
The source of the trouble was isolated in the
ionization chambers, and examination revealed
that tighter quality control during their assembly
will eliminate this problem. One reassembled
chamber was placed back in operation, and no
difficulty has been observed over a three-month
period.

The problem related to our inability to achieve
a target burst with better than 40% accuracy was
more troublesome, not only because it
annoyance to experimenters but also because it
is inherently more dangerous than the first prob-
lem. Because of the danger, therefore, the target
burst size was arbitrarily limited to 0.8 x 101!7
fissions. (The largest burst during preliminary
testing was 1.8 x 10'7 fissions.) Several steps
were taken to identify the cause for the scatter
in the burst size. The first step was to examine
the core mounting framework and to periodically
check the dimensions of the core and the in-

is an
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dividual fuel pieces. No anomalies or changes
were noted. The bolts holding the core together
were checked for tightness after each series of
three bursts, and they appeared to be loosening.
It was feared that this might be due to the bolts
stretching, but it was later attributed to a peening
action on the plating on the core bolts and fuel
pieces. The torque on the bolts was increased
in several steps to 50 ft-1b, at which value it was
shown that after 100 bursts the torque did not
change and that over a period of a year the bolt
dimensions did not vary. For the same operating
conditions the measurements of the safety block,
the individual fuel disks, and the assembled core
did not change.

Tests were also made to determine to what de-
gree of accuracy we could measure the various
parameters that can affect the burst size, that is,
the core temperature, the reactivity in the core
prior to the burst, the reproducibility of the posi-
tion of the safety block in the core, and the posi-
tion of the burst rod prior to insertion. The re-
sults showed that the combined errors should
permit a burst to be within 5% of the target size.

Next, attention was focused on the position
of the burst rod at the time of the burst.
film of the burst rod action revealed that the
effectiveness of the shock absorber was in-
adequate, allowing the rod to bounce for as much
as 3/4 in. and as long as 110 msec. Since the
mean time for a burst of 8 x 101° fissions was of
the order of 100 msec, it was obvious that the dis-
placement of the rod from its fully inserted posi-
tion at the time of burst could introduce some
error, but not, however, enough to account for the
spread in the data.

Mechanical checkout of the action of the burst
rod without the core present revealed that the
poorly damped impact of the bursi rod caused an
oscillation of the safety block and its associated
supporting magnet through the action of the over-
travel spring on the safety-block drive-motor
system. Tests showed that the burst rod had to
be critically damped to completely eliminate the
safety-block oscillation.

A program was initiated to design a better shock
absorber system.

Fastax

Since it was realized that such
a program would require a fair amount of time, a
longer burst rod was fabricated so that the burst
rod would extend through the core when it was in
the fully inserted position. Thus the reactivity
change associated with any bounce would be



minimized, hopefully making it easier to isolate
other sources of reactivity change. With the re-
actor reassembled, investigations were continued,
and for each burst the following information was
obtained: the insertion time of the burst rod, its
position (either fully inserted or not) at the time
of burst, the time lapse between initial insertion
of the burst rod and the time of the burst, the
initial period or initial rate of power rise during
a burst, the shape of the fission-rate curve as a
function of time during a burst, and the position
of the safety block as a fuanction of time for its
first ¥ in. of movement from its inserted position.

The last measurement also showed the move-
ment of the safety block when the burst rod was
inserted, which, together with a knowledge of the
reactivity worth of the safety block as a function of
position, indicated that motion of the safety block
when the burst rod was inserted was the major
cause of scatter in the burst size. A temporary
change in the burst-rod pneumatic system made it
possible for data to be accumulated in the range
of 1 to 9 x 10!® fissions per burst with only a
+4% variation. This success was achieved with a
fairly long burst-rod insertion time, which results
in a fair number of bursts being initiated before
the burst rod is completely inserted, especially
at the higher burst levels; these preinitiated
bursts are not included in the +4% variation. A
program has been initiated to reduce the burst-rod
ingertion time while still maintaining critical
damping when the rod is inserted.

The original nickel plating on the fixed U-Mo
fuel pieces and the chromium flash over nickel
plating on the movable fuel pieces are still in
service except for the bottom fuel disk and some
of the core bolts, The original plating on these
items was stripped, since it was not satisfactory,
and the items were carefully replated with nickel
and the bolts were given an additional flash coat-
ing of gold. Inspection of all pieces after a year
of operation, which included 136 bursts, revealed
that there was still essentially no change in the
original plating (some minor flaws that were ap-
parent a year ago had changed no further), that
the overall condition of the plating on the bolt
threads was fair, but that there were some cracks
in the plating at the crown of the threads, indi-
cating poor adhesion in this area. It is recom-
mended therefore that a Whitworth thread with
rounded crown and thread be used in the future
for pieces that require plating,
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1.12 OAK RIDGE ELECTRON LINEAR
ACCELERATOR (ORELA)

F. C. Maienschein
During the past year, construction was ap-
proved for an electron linear accelerator to be
used as a source of short intense pulses of neu-
trons. The pulsed neutrons will, for the main
part, be used for making cross-section measure-
ments by the time-of-flight technique, with em-
phasis given to the energy region (™1 keV to
~1 MeV) which is most important for fast-breeder
reactor design.

Pirogress to date includes signing a contract
with an accelerator Varian As-
sociates of Palo Alto, California, for delivery of
the accelerator components by the fall of 1967.
The performance specified in the contract in-
cludes 15-A pulses of 2140-MeV elections with
beam powers up to 50 kW for pulse widths as
narrow as 2.3 nsec. This electron current should
produce neutrons at a peak rate of a few times
10'® per second when it is incident on the water-
cooled tauntalum target which is now being de-
signed by the General Engineering and Con-
struction Division.

manufacturer,

The accelemator and neutron target room will
be placed under ~20 ft of earth shielding just
south of Swan Lake and west of the Qak Ridge
Isochronous Cyclotron. Ten neutron flight paths
of various lengths will radiate from the neutron
target room, which will be 12 ft in diameter and
10 ft high and will be evacuated to eliminate the
production of radiation-induced noxious gases.
The title I design of the facility was started in
January 1966 by Charles 'T. Main of Boston,
Massachusetts, the architect-engineer, and was
completed in May 1966. Title Il or final design
was started for portions of the facility in March
1966, and it should be completed during 1966.



Since ORELA will be a versatile source of
electrons, photons, and neutrons, it will be po-

tentially useful in many ORNL programs,  in-
cluding studies of electron scattering, photo-
nuclear reactions, and radiation effects. The

facility design includes experimental areas which
can be later adapted for such research. ORELA
will be operated jointly by the Neutron Physics
and Physics Divisions. ORNL participants in the
design of ORELA include W. R. Burrus, G. de
Saussure, R. Gwin, F. C. Maienschein,! V. V.
Verbinski, and L. W. Weston from the Neutron
Physics Division; R. C. Block, J. A. Harvey, !
R. L. Macklin, P. D. Miller, and G. G. Slaughter
from the Physics Division; A. L. Boch? from the
Directors Division; and J. A. Murray from the
General Engineering and Construction Division.
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1.13 RATIO OF CAPTURE TO FISSION IN
239py AT keV NEUTRON ENERGIES

A. Lottin®
L. W. Weston

G. de Saussure
J. H. Todd?

The ratio of the neutron capture cross section
to the fission cross section (a) for 2%°Pu has
been measured for incident neutron energies from
about 20 to 600 keV. The technique was very
similar to that used for earlier measurements on
235U.3 The results are not yet fully analyzed.
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2. Critical Experiments

2.1 CRITICALITY OF A SPHERE
OF U(4.98)0,F, SOLUTION

E. B. Johnson

An extensive program of critical experiments
with an aqueous solution of UOZF in which the
uranium is enriched to?4.98% in 235U has been
under way for some time. Earlier measurements
described the critical spacing of a number of
cylinders of the solution contained in aluminum
and polyethylene vessels!’? to provide guidance
in storage and transport of low-enriched uranium.
More recent measures have attempted to define the
critical quantity of the solution, essentially un-
reflected, in single units of simple geometry. The
results of guide the

application of analytical methods and the selection

these experiments will

of nuclear properties, particularly neutron cross
sections, necessary to satisfactorily calculate the
effective neutron multiplication factor.

The first of the more recent experiments con-
sisted of a cylinder of solution contained in thin
stainless steel.® The experimentally observed
value of k_; was 1.000, which is to be compared
with 1.002 calculated® by S, transport theory and
with 0.99 calculated (Sect. 2.3) with the OSR
Monte Carlo code.

For the second experiment of this type a
spherical container®19.99 + 0.01 in. in inside
diameter was constructed of *0.02-in.-thick stain-
less steel. The dimensions and shape were
preserved by the installation of ‘‘ribs” as shown
in Fig. 2.1.1. The sphere was suspended by
cables to reduce the effect of support structures.
The UO,F, solution contained in this sphere was
critical at 19°C. The 233U content of the uranium
was 4.98%, and the chemical concentration at this
temperature was 910.18 g of uranium per liter at a
density of *2.0298 g/cm?®, corresponding to an
H:235U atomic ratio of"490. The reactivity con-
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Fig. 2.1.1.

Experiments with Uranyl Fluoride Solutions.

Stainless Steel Sphere Used in Critical

tributed by the container
members, and the column of solution in the filling

wall, the supporting

connection was determined experimentally to be
16.8 cents. On the basis of Bese = 0.0075, keff of
the solution was 0.999. The calculated value was
0.99 (Sect. 2.3).

An indication of the neutron spectrum within the
sphere and on the surface of its container was ob-
tained from irradiated U(93) foils with and without
cadmium covers. The cadmium fraction had a
constant value of 0.929 across a diameter; the
value on the surface of the container was 0.855.
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2.2 CRITICAL PARAMETERS OF U(1.95)
METAL CYLINDRICAL ANNULI'

E. B. Johnson

Experiments have been performed to determine
the critical parameters of lattices of cylindrical
annuli of uranium enriched to 1.95% in 235U.

In the first series of experiments the dimensions
of the units were a 7.2-in. outside diameter, a
2.6-in. inside diameter, and a 40-in. length; the
units had an average mass of 442 kg, of which 8.6
kg was 235U. A total of 25 units was available.
For the next series the outside diameter was re-
duced to 6.2 in., which decreased the mass of a
unit to 308 kg (6.0 kg of 23%U); the other di-
mensions were unchanged.

-
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The units were latticed in water in both square
and triangular patterns to determine the critical
number as a function of spacing. With the units
which were 7.2 in. in outside diameter, it was
found that the minimum critical number for each
pattern occurred at a water-to-uranium volume ratio
of 0.65 and that the critical number of units
arranged in a triangular pattern was half that re-
quired for a square pattern, as shown in Fig. 2.2.1.
For the 6.2-in.-OD units the minimum was found at
a water-to-uranium volume ratio of 0.8, and the
difference between the critical number of units
arranged in square and triangular patterns was
appreciably reduced.

In several critical lattices, water was excluded
from the central region of each annulus by in-

serting coaxial Styrofoam cylinders (density
0.024 g/cm?) of three different diameters. In all
cases exclusion of water from the central region
decreased the reactivity. For example, the
presence of 1.55-in.-diam Styrofoam cylinders in
lattice of 7.2-in.-OD annuli increased the
critical number of units from 10 to 12.5 and
shifted the volume ratio for minimum mass from
0.65 to 0.60. This minimum occurred at a surface
separation of 1 in. in a triangular pattern.
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2.3 SOME COMPARISONS OF MONTE CARLO
CALCULATIONS (O5R) OF LOW-ENRICHED
URANIUM ASSEMBLIES WITH CRITICAL
EXPERIMENTS

J. Wallace Webster

A comparison with experiments has been made
of the values of k .
assemblies of low-enriched uranium calculated by
a Monte Carlo method using the O5R code. This is
part of the continuing program of correlation of
theory with experiment at the Critical Experiments
Facility.

The cross sections of 238U used in the calcu-
lations were those recently expressed (Sect. 1.9,
this report) in the form of point-set representations
using the latest data. The cross sections for
235[J below 1000 eV were taken from the recently
updated UK nuclear data library;! those above
1000 eV were a selection from cross sections
assembled and evaluated by Mihalczo? for the
O5R library. The cross sections for the remaining
elements needed in the calculations were taken
directly from the O5R library without any updating.
In the case of fluorine, only the total cross-
section set was in the library; so the elastic cross
sections were equated to the total cross section,
and the inelastic and other high-energy interactions
with fluorine were neglected. Scattering by fluo-
rine was taken to be isotropic in the center-of-
mass system since the angular distribution has not
yet been expressed in the form necessary for the
O5R code. The above-thermal interactions with
all other elements were treated correctly with the
best available data.

of various hydrogen-moderated

Thermal-neutron (E < 0.625 eV) interactions

were represented by the one-group option. For the
computation of water-moderated experiments the
cross sections, averaged over a Wigner-Wilkins
spectrum for thermal neutrons, were taken from the
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compendium prepared by Amster.® For the compu-

tation of the paraffin-moderated experiments the
cross sections as a function of energy below
0.625 eV were averaged over a measured spectrum
obtained by Beyster* for a mixture in which the
H:235U atomic ratio was 195. The transport cross
section of hydrogen, averaged over the meas-
ured spectrum, was obtained by the method of
Radkowsky® which utilizes (1) a simple relation,
due to Bethe,® between the measured scattering
cross section and the “‘effective mass’ of
the bound hydrogen and (2) measurements by
Melkonian”? of the scattering cross section of
hydrogen bound in hydrocarbons,

A variety of critical assemblies have been
calculated by the O5R Monte Carlo code utilizing
the values of the cross sections described above.
Included were a single cylindrical and spherical
volume of an aqueous solution of U(5)0,F, (Sect.
2.1), arrays of seven and nine cylindrical units
of this same solution,® and parallelepipeds of a
mixture of U2)F, and paraffin at two concen-
trations.?

The computed values of k ¢ for the U(5)O,F,
solution were, on the average, lower than experi-
mental values by about 1%; those computed for the
U(2)F4—paraffin assemblies were low by about
31/2%. Inadequacies in the data for the fluorine
cross sections necessitating neglect of inelastic
scattering and the assumption of isotropic elastic
scattering are believed to be the principal causes
of the discrepancies in the values of k .

The times for the computations on the CDC
1604-A computer ranged between 118 and 204 min
for 6000 neutron batches. These times are rather
long, partly because no special effort was made to
minimize them other than by the various reduction
techniques of (1) not letting neutrons be absorbed
but simply reducing their weight and (2) playing
Russian roulette with neutrons of weight less than
0.2 and boosting to 0.4 the weight of those
surviving. By use of the IBM 360 computer and by
further attempts at variance reduction, these times
may be reduced by an order of magnitude.
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A Compendium

2.4 ROSSl-o MEASUREMENTS IN SUBCRITICAL
URANIUM METAL CYLINDERS'

J. T. Mihalczo

Prompt-neutron decay constants were measured
by the Rossi-a technique? in subcritical 7-, 11-,
and 15-in.-diam cylinders of enriched uranium
metal (93.15% 235U) of heights varying in l/g'in'
from slightly subcritical to half
Using the measured values of S/I for
delayed critical cylinders® of the same diameter
and calculated changes in /I due to the decrease

dectements
critical.

in height, multiplication factors were obtained.
Two detectors were used in these measurements,
and the time distribution of pulses from detector B
relative to a pulse from detector A was observed.
A PDP-4 digital computer processed binary infor-
a timing device which measured
intervals down to 5 nsec. The probability of a
fission-chain correlated event in detector B at a
time At after an event in detector A is exp (—a Af),

mation from

since the probability that a prompt neutron exists
in the assembly is also exponential (a is the
prompt-neutron decay constant). The pulses from
detector B were delayed with respect to those
from detector A so that events occurring in de-
tector B prior to those occurring in detector A
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could also be measured. These events in detector
B have the distribution exp (+ a At).

The generators of the fission chains in sub-
critical assemblies are external source neutrons,
whereas in delayed-critical assemblies they are
delayed neutrons emitted in the fundamental mode,
Although there was concern with the establishment
of a fundamental mode in the subcritical measure-
ments, Monte Carlo calculations showed that the
spatial distribution converges to within a few
percent in about three generations, which in this
case is less than 20 nsec.

A set of Rossi-a data for an 11-in.-diam 2.125-
in.-high subcritical cylinder is shown in Fig. 2.4.1
and is representative of all the results from about
25 cylinders studied, A least-squares fit of the
data to the function A(exp t aAf) + B by an IBM
7090 gave the same value of a for both expo-

nentials. The expected symmetrical distribution
was observed. The reactivity of this cylinder as
obtained from the expression al/8 = p ~ 1 was
s ORNL-DWG 65-12089R
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Rossi-a Measurements in 1l-in.~-diem, 2,125-in.-thick

Uranium Metal Cylinder.



—33 dollars. The measured delayed-critical value,
B/1, in a cylinder of the same diameter was re-
duced 26.6% by Monte Carlo calculations for the
change in neutron lifetime with height. 'The
multiplication factor, based on 3 = 0.0068, was
0.785, which compares very well with 0777 &
0.005 computed directly by a Monte Carlo method.*
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2.5 SENSITIVITY OF NEUTRON-SPECTRUM-
DEPENDENT QUANTITIES IN URANIUM
(93.2% 235U) METAL ASSEMBLIES TO
INELASTIC SCATTERING MODELS
FOR 235U

J. T. Mihalczo

The existing discrepancy between the measured
and the calculated neutron lifetime in fast critical
assemblies has motivated a study of the sensi-

Table 2.5.1. Average Energy of Neutrons Inelastically Scattered from
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tivity of this and other guantities dependent on the
neutron energy spectrum to the inelastic scattering
properties of 235U, The energy distributions of
neutrons after one, two, and three successive
inelastic collisions with the 235U nucleus were
determined by using the evaporation model at all
energies and by using a combination of the
evaporation model and the level excitation model.
In one variation of the latter, the calculated cross
sections of Yiftah, Okrent, and Moldauer! were
used in the excitation level model up to 2.3 MeV;
in another variation the cross sections of Parker?
were used in level excitation up to 2.0 MeV. The
evaporation model was used for higher energies in
both The source neutrons for these

scattering studies

cases,

were  assumed to have a
Maxwellian spectrum with a mean temperature
corresponding to that resulting from fissions
produced by neutrons having an energy of 1 MeV,
The results of these three calculations are
summarized in Table 2,5.1,

The effects of these variations on a number of
characteristics of the Godiva I critical assembly
were calculated by a Monte Carlo code and are
summarized in Table 2.5.2. The effect of a 30%
decrease in the nuclear temperature used in the
evaporation model was also investigated, The
results are expressed as differences, in percent,
the values

evaporation model at all energies at the higher

between obtained from using the

temperature and the values obtained by each of the
other variations.

235U

Energy (MeV) Energy of Source

Niéthod After First After Second? After Third? Neutrons
Collision Collision Collision MeV)
Evaporation model at all energies 0.461 0.184 0.089 1.975
Level excitation model with cross 0.689 0.486 0.357 1.968
sections of ref, 1 below 2.3 MeV;
evaporation model above
Level excitation model with cross 1.418 1.068 0.810 1.964

sections of ref. 2 below 2.0 MeV;

evaporation model above

a - ; . . \ .
The values here refer to the distribution after two or three successive inelastic collisions.



Table 2.5.2. Sensitivity of Neutron-Spectrum-Dependent Quantities in Godiva | to Inelastic

Scattering Models for

235U

Percentage Change from Value Calculated by the

Evaporation Model?

Quantity
Reference 1 Reference 2 Evaporation Theory with
Cross Sectionsb Cross Sectionsb Temperature Reduced 30%
Time to loss by absorption and leakage -5.7 -10.2 +6.7
Time to loss minus escape flight time --7.4 —-12.3 +8.2
Generation time ~9.0 ~13.6 +10.6
Number of collisions before loss -1.9 —4,2 +1.8
Average energy of neutrons in core +7.9 +12.2 ~14.0
Average energy of the leakage flux +1.4 0.3 ~0
distribution
Multiplication factor -0.13 —1.8 +0.7
Central spectral indices
of(zssu)/gf(zssu) 4.3 ~2.7
af(237Np)/a[(238U) +3.0 +8.3
Probahility of leakage of fission +2.8 +2.4 -0.9

neutrons

4The nuclear temperature of 235( in the evaporation model was 0.36 MeV.

bThe calculational methods are described in the first column of Table 2.5.1.
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2.6 FLIGHT-TIME EFFECTS IN COUPLED
SUBCRITICAL URANIUM METAL CYLINDERS

J. T. Mihalczo

The time dependence of fission events in a sub-
critical assembly consisting of two coaxial 11-in.-
diam uranium (93.2 wt % 23%U; p = 18.7 g/cm?)
metal cylinders 2.625 in. thick separated by 14.55

in. has been measured by the Rossi-a technique.!
Neutrons with 1-MeV energy can travel across the
air gap between the flat faces in 52 nsec, The
inverse of this transit time is comparable to the
prompt-neutron decay constant, 25.7 psec”!,
measured in a single isolated cylinder.

Variation of the location of the two detectors
used in the Rossi-a measurements has resulted
in the isolation of one of the components in the
decay. With the two detectors sampling leakage
neutrons from the same cylinder, two exponential
decays, shown in Fig. 2.6.1, were observed, and
with the detectors sampling leakage neutrons from
different cylinders, only the slower of the two
components was measured. A least-squares fit of
the first set of data to the sum of a constant back-
ground and two exponential terms gave prompt-
neutron decay constants of —15.5 + 0.06 pusec™!
and —-34.3 = 2.9 psec—!. Fitting the second
set of results to the sum of a constant background
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and a single exponential gave a decay constant of
-15.7 4 0.09 psec™!. Analysis of the first set of
data, assuming the slower decay constant to be
—15.7 psec™?!, gave —34.0 * 0.7 psec™! for the
faster decay.

The neutron kinetics in this coupled assembly
are also described by two coupled equations
representing the neutron population in each core,
taking into account a flight time between cores.
This is equivalent to the treatment of Kistner?
for a reflected fast assembly except that it in-
cludes the effect of the flight time. The experi-
mental results are fitted to the Rossi-a correlations
computed by using the solutions of these two
equations by nonlinear least-squares analysis
techniques, ’
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2.7 SORA CRITICAL EXPERIMENTS'

Gustav Kistner? J. T. Mihalczo

A program of critical experiments was performed
at the ORNL Critical Experiments Facility in
cooperation with Euratom, supporting the design
of the Sorgente Rapida® (SORA). SORA is a fast,
NaK-cooled, repetitively pulsed nuclear reactor
which will be used as a source for neutron
reseatch.

The experiments were performed with a mockup
which differs from SORA principally in the use of
iron to represent NaK and of uranium instead of
clad uranium-molybdenum alloy as fuel, Enriched
uranium rods (93.2 wt % 235U), 1.379 cm in
diameter and 24 cm in length, closely fitted holes
located on a triangular pattern (1.630-cm pitch) in
an iron block. Of the 95 holes available, only
about 85 contained uranium: the others contained
iron. The core volume fractions were 0.649 U,
0.344 Fe, and 0.007 void. A 28-cm-thick iron
reflector, containing six control rods and two
14.1-cm-diam scatterers made of polyethylene,
iron, or beryllium (used to change the spectrum of
the neutrons leaking out the horizontal beam
holes), enclosed five sides of the hexagonal
core. A movable reflector of various sizes and
materials could be located adjacent to the sixth
side. The arrangement is shown in Fig. 2.7.1.

The critical mass, the reactivity of the various
parts, and the parameters relevant to the pulsed
operation of the reactor are presented in Table
2.7.1. .

The expected pulse width of SORA was calcu-
lated by using one-group space-independent neutron
kinetics according to the method of Bondarenko
and Stavisskii.* Assuming that the reactivity of
the movable reflector as a function of time is
parabolic in the prompt-ctitical region, the half-
width @ is

1.67
0= —

4/ 2
ax(alv) €
and a

, are defined in Table 2.7.1, v is
the speed of the movable reflector, and € is the
reactivity above prompt critical which satisfies
the condition? that the pulse characteristics and

where a
X

the mean power remain constant in time; € is a

function of a a,, v, and the pulse repetition

l?
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Fig. 2.7.1. Horizontal Cross Section of SORA Critical Experiment Mockup.

Table 2.7.1. Results of SORA Mockup Critical Experiments

Movable reflector®

Material RBeryllium Ironb

Width (em) 11 16 21 11 16 21

Reactivity (dollars) 6.2 9.1 11.2 3.7 5.2 6.5

a, (cents/em*)° 8.6 9.5 9.9 5.3 4.2 4.0
Fast component,” @, of prompt- 0.32 0.34 0.30 0.55 0.48 0.49

neutron decay constant (;Lsec'—l)

Mass of uranium loading (kg) 57.2 54.0 51.2 57.7 56.4 55.2
Experimental multiplication factor® 1.0010 1.0005 1.0007 1.0013 1.0007 1.0004
Predicted neutron pulse half—width,f 61 58 50 52 60 60

0 (usec)

2 The height and thickness of the movable reflector were fixed at 24 and 7 cm respectively.
bFor these experiments the polyethylene scatterers and the beryllium control rods were replaced by iron,

CGLX is a measure of the shape of the reactivity-displacement curve for the movable reflector and equals
[p(O) - p(x)]/xz, where p(x) is the reactivity as a function of the linear displacement x from the position of maxi-
mum reactivity.

dThe slow component has not been measured precisely.

“Based on f3,4 — 0.00645.

These values assume a pulse repetition rate of 100 sec™ ! and a reflector speed of 2.83 X 104 cm/sec.



rate, Values of 0, derived from a_ and @, meas-
experiments and other design
parameters, appear in Table 2.7.1. The results
substantiate design of SORA and
show that a movable reflector of either beryllium

or iron will produce satisfactory neutron pulses.

ured in these

the nuclear
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2.8 METHOD FOR ESTIMATING CRITICAL
CONDITIONS OF LARGE ARRAYS OF
URANIUM

J. T. Thomas

In view of the large safety factors presently
used in the specification of storage and transpoit
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of fissile materials, it seems reasonable that
knowledge to within 5% of the number of units
required to be critical at a given spacing would be
a satisfactory basis for nuclear safety evaluations.
Experimental data from critical arrays of enriched
uranium metal cylinders of various sizes and
shapes are correlated by a neutron nonleakage

parameter (1 +NBf)™!, which leads to

@

NBIZV = constant .

Here N is the total number of units in a cuboidal
array, and BIZV is defined as

3 772

[n,(d; + &) +2A]? ’

i=1
where
n;, = number of units along ith edge,
d; = dimension of unit in direction of 1,
8 = unit surface separation,
A = a suitable extrapolation distance, determined
empirically.

Multiplication factors for several arrays whose
critical spacings were determined by Eq. (1) were
computed by a Monte Carlo code (the GEM-3
code)! that had been used successfully to calcu-
late multiplication factors for five critical experi-
ments? performed with various units. The results

Table 2.8.1. Unreflected Critical Arrays of Enriched Uranium Metal Cylinders and Computed

Multiplication Facters

a Mass Diameter Height-to-Diameter Surface Separation Calculated
Unit (kg) (cm) Ratio ! 1, 13 (cm) keff
AS 10.434 11.481 0.47 4 4 4 3.952 0.9937
A? 10.489 9.116 0.95 3 3 3 2.436 0.9919
B 15.683 11.490 0.70 3 3 3 4.204 0.9836
C 20.877 11.4R34 0.94 3 3 3 6.363 0.9961
D 26.113 11.486 1.17 3 3 3 8.494 0.9955

4The entries in this column identify the types of units, which are described in detail in ref. 1; each unit consists

of U(93.2) metal at a density of 18.76 g/cm3.



Table 2.8.2. Multiplication Factors from Monte Carlo Colculations of Arrays

of Uranium Metal Cylinders

a 64 Units 216 Units 512 Units 1000 Units
o 8 (om) ket 3 (em) k 3 (em) Kegs 0 (em) ket
AS 3.952 0.9937 7.060 0.9875 9.619 0.9978 11.852 0.9916
A4 4.625 1.0006 8.118 0.9766 10.973 1.0074 13.451 0.9758
B 6.816 0.9983 11.032 1.0084 14.504 1.0004 17.531 1.0202
C 9.601 1.0046 14.818 0.9937 19.107 1.0023 22.841 0.9914
D 12.363 1.0022 18.567 0.9982 23.653 0.9853 28.074 0.9800

% The entries in this column identify the types of units, which are described in detail in ref, 1.

Values of the surface separation of the units in the critical arrays were determined with Eq. (1).

of the experiments and the corresponding calcu-
lated multiplication factors are given in Table
2.8.1. Table 2.8.2 summarizes typical results for
the arrays, all of which had large values of N.
The similarity of the multiplication factors for the
arrays to those calculated for the experiments may
be regarded as a credible evaluation of the
applicability of Eq. (1) to large arrays of units.
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2.9 CRITICALITY OF LATTICES OF HEAT
TRANSFER REACTOR EXPERIMENT
FUEL ELEMENTS

E. B. Johnson R. K. Reedy

A series of experiments has been completed to
determine the critical parameters of lattices of
Heat Transfer Reactor Experiment (HTRE) fuel

elements, primarily in geometries and environ-

ments of interest for transport, storage, and

chemical dissolution. The variety of critical
lattices was limited by the small number of ele-
ments available.

These elements are of three types, as shown in
Table 2.9.1.

fuel plates clad with

They consist of thin concentric
annular Nichrome; each
plate is slightly more than 1 in. long and adjacent
clusters are spaced 0.125 in. The core material is
a UOZ—Nichrome cermet containing uranium en-
riched to 93.2% in 235U.

Arrays of these elements were made critical
with water and with dilute aqueous U(92.6)02(N03)2
solution of two concentrations (to simulate dis-
solver environments) as moderator and reflector;
one solution concentration was 3.97 g of 235U
per liter and the other was 8.02 g of 235U per
liter, In some of the slab lattices in water, sheets
of cadmium were placed between rows to serve as
a neutron abscrber as they might in a shipping
container,

Typical of the results obtained in the three
lignids which served as mederator and reflector
were those with a lattice of nine of the elements,
containing 1036 g of 233U each, arranged in a
square pattemn; in water the critical surface
separation of the elements was 1.15 in., in the
solution containing about 4 g of 235U per liter it
was 1.70 in., and in the solution containing about
8 g of 235U per liter it was 2.85 in.

A linear array of 26 elements (15 elements con-
taining 1036 g of 235U, 8 containing 1198 g, and



Table 2.9.1.

Dimensions of the HTRE Fuel Elements

Maximum Fuel Plate

Length of Fuel

Number of Annular

Mass of 2350 Overall Length Diameter Plate Fuel Plates per Number of Elements
(& @in.) (in.) (in.) Section® Available
1198.0 30.750 2.690 1.615 12 8
1036.4 29,125 3.432 1.530 14 15
781.8 29.125 2.460 1.530 10 8

2 The longitudinal separation of clusters of concentric annular plates was 0.125 in.; the radial separation of ad-

jacent plates within a cluster was not uniform, even within an element of a particular type, but ranged between about

0.115 and 0.200 in. The thickness of the plates ranged from 0.013 to 0.027 in.

3 containing 782 g) was subcritical in water, and a
line of six of the 1036.4-g elements (as many as
could be installed in the smaller tank used for the
solution experiments) was also subcritical at the
lower solution concentration; however, five of the
latter elements in line in the more concentrated
solution were subcritical by only 8 cents.

Three rows of elements in slab geometry were
made critical in water with a surface spacing of
3.25 in. between the rows and with the elements
within a row in contact; this lattice consisted of
twe rows each of seven of the 1036-g elements
with a row of eight of the 1198-g elements be-
tween, The critical separation of the rows when
sheets of 30-mil-thick cadmium were centered
between them was 1.5 in.

2.10 EXPERIMENTAL DETERMINATION OF
SAFE HANDLING PROCEDURES FOR HIGH
FLUX ISOTOPE REACTOR FUEL ELEMENTS
OUTSIDE THE REACTOR!

S. J. Raffety J. T. Thomas

A series of experiments has been performed with
the fuel element fabricated for the third High Flux
Isotope Reactor Critical Experimeat (HFIRCE-3)
to establish safe conditions for the routine
handling, shipping, and storage of HFIR fuel
outside the reactor. The negative reactivity, or
the shutdown margin, of the HFIRCE-3 fuel ele-
ment when submerged in an effectively infinite
water reflector was found to be 1,15 1:0.09 dollars.

The shutdown margin with a storage post in the
target region was 8.57 t+ 0.32 dollars, and the
shutdown margin with a 0.026-in.-thick cadmium
sheet wrapped arcund the element leaving a 1/8—i11.
water gap was about 17 dollars. The effect of
displacing water from the target region was studied
by placing Styrofoam cylinders in the submerged
element. It was found, for example, that the sub-
merged HFIRCE-3 element would be critical if
15% of the water was displaced from the target
region and that the maximum increase in reactivity,
about 4 dollars, would be produced by displacing
approximately 69% of the water from the target
region. Displacing water inside the storage post
reduced the shutdown margin of this system to a
minimum of 3 dollars when all the water had been
displaced from the post. The negative reactivity
value of various stainless steel strips, with and
without boron, which could be inserted between
the fuel plates of the element was determined and
is reported in tabular and graphical form. The
effect of steel or combinations of steel and lead
or steel and concrete as reflectors displacing
water adjacent to the submerged element was also
studied. Reflectors of steel or lead less than
3.5 in. thick reduced the reactivity of the system,
but greater thicknesses increased the reactivity,
with lead producing the greater increase. The
HFIRCE-2 fuel element was used with the
HFIRCE-3 element to study the interaction of two
submerged elements in close proximity. The
interaction was found to be very small if the ele-
ments were separated by 6 in. or more, but was
quite important if the separation was less than
4 in. For example, with the axes of the two



elements in the same plane, with a surface-to-
surface separation of 1in., and with storage posts
in both target regions, the two-element system was
critical with a water height which produced only a
2.49-in. top reflector.

References

!Abstract of ORNL-TM-1488 (in publication).

211 S_CALCULATIONS OF THE ABERDEEN
PULSE REACTOR

J. T'. Mihalczo

Some of the characteristics of the Aberdeen
Pulse Reactor! (APR) have been estimated by S,
transport theory calculations.? These character-
istics include the critical geometry, the peak-to-
average power density ratio, and various reactivity
effects. The APR is similar to the Health Physics
Research Reactor,? modified to include a 2.16-in.-
diam axial irradiation cavity. The diameter of the
APR is greater, 8.90 vs 8.00 in.; the height is
less, 8.08 vs 9.05 in.; and the safety block is
longer, extending the full length of the core.

The calculations employed the six-group cross
sections of Hansen and Roach?* for 235U, 238y,
iron, nickel, and molybdenum and employed those
of Connolly® for chromium. The method was
verified by the satisfactory calculation of some
6 of U-Mo alloy of the same
In the cylindrically symmetric

critical cylinders
composition.
geometry used to mock up the APR in these calcu-
lations, the structural material near the core was
taken into account, The results of the calculations

are given in Table 2.11.1.
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Table 2.11.1. Celculated Properties of the

Aberdeen Pulse Reacter?

Multiplication constant with all rods inserted 1.015
Overall dimensions, in.

Diameter 8.90
Height 8.08
Worth of irradiation cavity insert (Ak) 0.00568

Peak-to-average power density ratio 1.95
Ak per cm change in height 0.014
Ak per percent change in density of U-Mo 0.0048

4The reactor core is a uranium-molybdenum alloy con-
taining 10% Mo, with the uranium enriched in 235y to
93.2 wt %.
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3. Reactor and Weapons Shielding

3.1 MEASUREMENTS AND SINGLE-VELOCITY
CALCULATIONS OF DIFFERENTIAL ANGULAR
THERMAL.NEUTRON ALBEDOS FOR
CONCRETE!

R. E. Maetker F. J. Muckenthaler

Single-velocity Monte Carlo calculations and
measurements have been performed to determine
the differential angular thermal-neutron albedos
reinforced concrete from monodirectional
Preliminary

for a
beams of incident thermal neutrons,
calculations using a statistical estimation tech-
nique indicate that up to 50 scatterings should be
followed for each neutron in order to produce good
estimates of the differential albedos, and up to
100 scatterings to produce good estimates of the
capture gamma~ray differential dose albedos. De-
viation between experiment and calculation can be
reduced to an average of 5.1% for 72 points of
comparison if an anisotropic scattering law for
water deduced from earlier Argonne National Labe
oratory measurements is assumed,

References

!Abstract of paper submitted to Nuclear Science
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3.2 MEASUREMENT OF REFLECTED THERMAL.-
NEUTRON FLUX DUE TO MONODIRECTIONAL
EPICADMIUM NEUTRONS INCIDENT ON
CONCRETE!

F. J. Muckenthaler
J. L. Hull

J. J. Manning
K. M. Henry

An experimental program was performed at the
Tower Shielding Facility concurrently with a Monte

26

Carlo calculation to measure, as a function of the
angles of incidence and emergence, contributions
made by incident subcadmium neutrons and epi-
cadmium neutrons to the thermal-neutron fiux that
is scattered from a concrete slab. The reflected
flux due to incident thermal neutrons, reported
previously,? was obtained through a subtraction
process involving 16 different measurements at
each of 72 combinations of the angle of incidence
and the polar and azimuthal angles of reflection.
The contribution from incident epicadmium neutrons
was determined in the same subtraction process
using only eight of the measurements. These were
cadmium-covered and bare-detector readings for
both foreground and background measurements for
the cases of cadminm over the reactor collimator
and cadmium over the reactor collimator and cona
crete slab. (The background measurements were
made with the slab rotated so that the horizontal
center line of the front face of the slab was coin-~
cident with the line-of-sight of the detector.)

A tightly collimated beam of neutrons was ob-
tained for this experiment by placing a 92-in.-thick
water shield adjacent to the 15-in.-diam beam port
of the Tower Shielding Reactor II beam shield.
This additional shielding contained a stepped col-
limator, with the neutron beam emerging through a
hole ?.3/4 in. in diameter and 36 in. long. The beam
collimator contained a cadmium sleeve that ex-
tended 12 in. outward from the shield toward the
slab to further reduce the spread in the thermal-
neutron beam at the concrete slab. A concrete
slab, 6 ft square and 9 in. thick and located 8 ft
from the end of the collimator, was attached to a
turntable that rotated the slab about both its verti-
cal and horizontal axis. The pivot point was lo-
cated in the middle of the surface of the slab upon
which the neutrons were incident,

Thermal-neutron fluxes and fast-neutron dose
rates (with the cadwmium sleeve removed) were



Table 3.2.1.

Concrete for Incident Epicadmium Neutrons

Thermal-Meutron Fluxes Reflected from

& 0 Thermal-Neutron Flux
(deg) (deg) (neutrons cm™? sec” ! W
15 19.0 1.08 x 1074
33.5 9.20 x 1075
44.0 7.44 x 107°
52.0 6.32 % 1075
60.0 4.64 x 1075
67.0 3.30 x 107°
74,0 2,10 x 1075
80.4 1.15x 1075
86.8 4.06 x 1078
45 80.4 1.31 x 1075
86.8 2.71 x 1078
135 19.0 1.06 x 1074
33.5 8.99 x 1075
44.0 7.31 x 107°
52.0 5.98 x 107°
60.0 4,47 x 1075
67.0 3.26 x 1075
74,0 2.05 x 107°
80.4 1.16 x 1073
86.3 3.52 x 1076

measured in a plane perpendicular to the axis of
the beam collimator at the surface of the concrete
slab. These results were integrated to obtain the
total dose rate and thermal-neutron flux incident
upon the slab. The fast-neutron spectrum from
this reactor was determined earlier.?

The scattered thermal-neutron flux was measured
by a BF, detector located in a water shield at a
fixed distance of 31 ft from the center of the slab
surface. The water shield contained a collimator
that permitted the detector to see the whole slab
when the slab was perpeadicular to the detector
shield. The detector shield moved through an aic
in the horizontal plane that passed through the
reactor beam center line while the slab was rotated
about both its horizontal and vertical axis., This
permitted the determination of scattered thermal-
neutron fluxes for combinations of four angles of
beam incidence (00) and nine polar (0) and six
azimuthal (¢) angles of emergence.

Typical results are given in Table 3.2.1 for an
incident angle of 60°,
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3.3 CALCULATIONS OF THE DIFFERENTIAL
ANGULAR ALBEDO CF SUBCADMIUM
NEUTRONS ARISING FROM INCIDENT

MONODIRECTIONAL BEAMS OF EPICADMIUM

NEUTRONS ON CONCRETE: COMPARISON
WITH EXPERIMENT!

R. E. Maerker

Calculations of doubly differential angular and
energy current albedos, da /d}, as functions of
the incident energy group (AE ) and the cosines
of the incident and reflected polar angles (p, and
p respectively) were reported previously? for mono-
directional beams of epicadmium neutrons incident
on concrete with energies up to 200 keV. (The
angles are defined with respect to an inwardly
drawn slab normal.) The results have since been
extrapolated to 10 MeV, as shown in Table 3.3.1,
and the calculated albedos have been compared
with albedos obtained from a series of experiments
performed at the Tower Shielding Facility and
described in Sect. 3.2,

In the experiments, monodirectional neutrons
were reflected from a %-in.-thick concrete slab,
and the contribution to the reflected subcadmium
flux due to incident epicadmiuimm neutrons was
measured for various values of y and p. In de-
termining the experimental albedos, the absolute
spectium of neutrons incident on the slab was
constructed as follows. Above 1 MeV the spectrum
was assumed to be the same as that reported
earlier for almost the same geometry,® and in the
region from 200 keV to 1 MeV it was obtained by
extrapolating the measurements above 1 MeV down
to 200 keV. The spectrum in the region above 200
keV was then normalized to yield the measured
fast-neutron dose rate incident upon the surface



Table 3.3.1.
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CurvesFitted Values of Subcadmium Neutron Albedos Produced by Slowing

Down of Incident Epicadmium Meutrons

AE o

da, /a'Q
[(suhcadmmm neutrons) sr

(source neutron)” 1]

., (neutrons/source neutron)

2.64-9.57 MeV
0.725~2,64 MeV
200-725 keV
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
6.6—-24 eV
1.8—6.6 eV
0,5~1.8 eV

p 1+ 1.73 [p]) 0.0024 + 0,0040 1)
||+ 1.73 14> (0.0028 + 0.0044 41,
|p 1+ 173 |4]) (0.0036 + 00049 1)
|11+ 1.73 | 1) (0.0043 + 0.0058 1)
|1 @+ 1.73 |1) (0.0052 + 0.0059 p )
|p 1+ 1.73 |pl) (0.0062 + 0.0071 p1 )
it + 1.73 1) (0.0077 + 0.0073 p1)
|l + 1.73 [p]) (0.0090 + 0.0099 p )
lul( + 1,73 |y 0.011 + 0.012 1)

|1{(0.0185 + 0.0150 y1.)) + lpfco. 0177 +0.0235 1))
|14/[0.0332 + 0.0085 p1.) + |11/ (0.0220 + 0.0268 1, )]

|| 0.0595 -+ [¢10.0290 + 0.0305 p )]

|pll0.124 ~ 0.035 1) + [](0.020 + 0,053 )]

0.016 +0.027
0.019 +0.030 y1; b a
0.024 + 0,033
0.029 + 0.039 g,
0.035 + 0.040 1,
0.042 + 0,048 p,
0.052 + 0.049
0.061 + 0,067 fz,
0.074 +0.081 p,
0.095 + 0.096 4,
0.150 + 0.084 p,
0.248 + 0.064 1,
0.431 + 0.001 p,

“Extrapolated values,

Table 3.3.2, Comparison of Measured Spectrometer Responses with Calculated Responses?

Filter Response (counts/30 sec/kW) Filter Response (counts/30 sec/kW)
No. Measured Calculated No. Measured Calculated
0 1.96 x 10° 2.19 x 10° 12 2.65 x 102 2,72 x 10?
1 3.16 x 10° 3,05 x 10° 13 2,29 x 102 2.20 x 102
2 2,32 % 10° 2,40 % 10° 14 1.98 x 102 1.76 x 102
3 1.45 % 10° 1.60 x 10° 15 1.60 x 102 1.47 x 102
4 1.17 x 10? 1.27 % 103 16 1.26 x 102 1.13 x 102
5 9,75 % 102 1.15 x 103 17 1.20 x 10? 9.5 x 101
6 8.7 x 102 9.8 x 102 18 9.5 x 10! 7.0 x 10}
7 7.4 x 102 7.9 x 102 19 7.5 x 10! 4,9 x 10!
8 5.65 x 102 6.0 x 102 20 4.2 % 10! 2.9 x 10}
9 4,85 % 102 5.0 x 10? 21 3.5 x 10! 1.9 x 10!
10 4.2 x 102 3.9 % 10? 22 2.4 x 10* 7.6 x 10°
11 3.35 x 10% 3.36 x 102

“The response of filter 23 has been sublracted from each of the measured and calculated values.



of the slab. From 10 to 200 keV the spectrum was
assumed to be roughly 1//E, so that it joined
smoothly with the nommalized spectrum at 1 MeV.

In the region from 0.5 eV to 10 keV the spectrum
was determined from measurements with a recently
developed boron filter spectrometer,® Table 3.3.2
shows the agreement between the boron filter
measurements at the point of intersection of the
beam center line and the slab surface and the
response as calculated by R. M. Freestone, Jr.,
assuming a subcadmium Maxwellian spectrum at a
temperature of 336°K, a 1/¥ spectrum in the range
0.18 eV to 10 keV, and a 1/v/E spectrum in the
range 10 keV to 1 MeV. The counting efficiency
of the spectrometer in this geometry was assumed
to be 0.242 for 0.0253-~eV neutrons, and the fluxes
were normalized to the measured subcadmium flux
and cadmiuin ratio.

The absolute incident neutron current spectrum
integrated over the surface of the slab was thus
deduced to be the one pictured in Fig. 3.3.1, The
ratio of the surface-integrated value to the center-
line value was 352 for neutrons above 200 keV,
216 for subcadmium neutrons, and 283 for neutrons
in the epithermal range (i.e., between 0.5 eV and
~ 200 keV).

Taking the values of Table 3.3.1 (or, where
possible, the actual Monte Carlo calculated values)
for a given p, and p and weighting the contribu-
tion from each energy group by the fraction of the
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total number of epicadmium neutrons in that group
incident upon the slab (numbers found by integrat-
ing the ordinates of Fig. 3.3.1 between appropriate
limits) yielded values of the subcadmium differ-
ential angular albedos for the experimental epi-
cadmium spectrum. Experimental values of this
same quantity were obtained by multiplying the
measured fluxes at a given g, 4, and ¢ (conven-
tional azimuth) by the quantity (30.48R)? &R/79/
[J(E,,A)-dA dE, where R is the distance (in
feet) from the detector to the geometric center of
the slab surface (R has a constant value of 31 ft
for all measured points), and the double integral
represents the total number of epicadmium neutrons
incident over the surface of the slah. Of the 34
common points of calculation and measurement, a
disagreement of 23% and one of 36% represented
the largest variance; the remaining 32 comparisons
have a mot-mean-square disagreement of 4.5%. In
these comparisons, since no significant azimuthal
variation of the subcadmium neutron differential
albede was measured, the average of the sub-
cadmium differential albedos over all azimuths
at which they were measured for a given g, and p
was used to compare with the differential albedo
from the azimuthally independent calculation,
Typical results are shown in Table 3.3.3, in which
a comparison of the measured and calculated sub-
cadmium differential angnlar albedos is made for

the case of p = 0.50.

CRNL-DWG 66-4921
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Fig. 3.3.1. Absolute Incident Spectrum of Neutrans on Concrete Slab Integrated over the Slab Surface. Slab was

located at a distance of 8 ft from the outer edge of the reactor collimator.



Table 3.3.3. Comparison of Calculated and Measured
Subcadmium Differenticl Angular Albedos Arising
from the Epicadmium Spectrum of Fig. 3.3.1
Incident at 60° with Slab Normal

Albedos [subcadmium neutrons st

(source neutron)” 1

Il

Measured; Measured;

¢ =15° ¢ = 135° Calculated
0.944 243 x 1072 2,38 x 1072 247 x 1072
0.833 2,07 x 1072 2,02x1072 2,08 x 1072
0.722 1.67 x 1072 1,64x107%  1.71 x 1072
0.611 1.42x107%  1,34% 1072  1.37 x 1072
0.5 1.04 x 1072 1,00 x107% 1,05 x 1072
0.389 7.41x 1073 7.32x107%  7.52x 1073
0.278 4.72x107% 461 x107% 4,91 x 1073
0.167 2.58 x 1072 260 x 107 2,60x 107°
0.0556 9.13x107* 7.01x107* 7.25%x107%
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3.4 MEASUREMENTS OF THE THERMAL-
NEUTRON FLUX AND FAST-NEUTRON
DOSE RATE DOWN A RECTANGULAR

CONCRETE DUCT WiTH ONE AND

TWO BENDS'
F. J. Muckenthaler J. L. Hull
J. J. Manning K. M. Henry

Measurements of the thermal-neutron flux and
fast-neutron dose rate transmitted through a straight

duct with a 3-ft-square cross section were reported
in the previous annual.?*® The work has since
been extended to include measurements in the
same duct containing one and two bends. The
length of the duct between each bend was 15 ft,
giving an L/W ratio of 5. The experimental pro-
cedure was the same as that described for the
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straight-duct measurements, with the zero position
in the second and third legs always measured at
the point where the axis of the leg in which the
measurements were being made intersected the
axis of the preceding leg.

The results of the thermal flux measurements
along the axes of three ducts having one, two, and
three legs, respectively, are shown in Figs. 3.4.1
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and 3.4.2.
incident on the source wall are given in Fig. 3.4.1,

The contributions from thermal neutrons

and those from epicadmium neutrons are given in
Fig. 3.4.2. The fast-neutron dose rate measure-
ments, made with a Hurst-type dosimeter, are
plotted in Fig. 3.4.3, which shows the reduction
in the dose rate obtained by the introduction of a
90° bend in the duct., The measurements shown
for the second leg of the duct were limited by in-
sufficient neutron intensity.

A separate set of measurements was made with
an isotropically sensitive fast-neution dosimeter*
designed to give a response proportional to the
Snyder-Neufeld multicollision dose curve over an
energy range from the epicadmium region to ap-
proximately 15 MeV. This dosimeter consists of
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Table 3.4.1. Multicollision Fast-Meuiron Dose Rotes Along the Axis of a Three-l egged Rectangular Concrete Duct

Detector Dose Rate (ergs g"l nl W"l) Detector Dose Rate (ergs g"l -1 W—l)
Location (ft) g/ 321l 10-in. Ball  12«in. Batl || Foc@tion () o Bat)  10-in. Ball  12-in. Ball
First Leg Second L.eg
0 8.30 x 1073 3,00 x 1073 4 5,17 x 107% 2,49 % 107% 1,37 x107°
1 3.25 %1073 3.08%x107% 1.73x 1073 5 3.32 % 107°% 1.60x107°% 8.47 x 1077
2 3.86 x 107% 2,41 %1073 1.66x 1073 6 2.25 % 107°% 1,10 x 107% 570 x 1077
3 2.51 x 1073 1.51x107% 1.01x1073 7 1,50 % 107% 7,69 x 1077 3,98 x 1077
4 1,48 x 1073 8,88 x107* s5.82x107* 8 1.15% 107°% 5.49%1077 2.84 x 1077
5 2.15x 107% 543 x107* 3,50 x 107 9 8.68 x 1077 4,21x 1077 2,16 x 1077
6 6.02 x 107% 3,55 x107% 2,31 x107* 10 6,47 x 1077 3.10x 1077 1.65x 1077
7 4,06 x 107% 2,36 10™* 1,56 x 107* 11 5,00 x 1077 2,42 x 1077 1,26 x 1077
8 2.84 x 107* 1.63x107% 1.06 x 107* 12 3.97 x 1077 1,91 x 1077 1,02 x 1077
9 2.04x 107* 1,17 x107* 7,70 x 1073 13 3.27x 1077 1.54x 1077 8.07 x107®
10 1.47 x 10~%  8.53%x107° 5,67 x107° 14 2.66 % 1077 1,28 x 1077 6,60 x 10~ 5
11 1.10x107*% 6.32x107% 4.19x 107° 15 2,29 x 1077 1,09 x 1077 5.74 x 1078
~5 —5 -5
12 8.25 x 10_5 4,74 x 10_5 3.22 x 10...5 Third Leg
13 6.32 x 10 3.62 x 10 2,48 % 10 — ., s
14 5.03x107° 286 x 107° 197 x 1073 0 21710 © 1A210 575 %10
15 416 % 10=5  2.42 % 105 1.65 x 105 1 1.89 x 10 i 8.45 % 10 : 4.36 % 10 :
1 1.12x 1077 4,45%107% 1,99 x 10”
Second Leg 2 585 x 1078 2,44 x107% 1,23 x 1078
0 4.64%107% 2.80%x107% 1.93x107° 4 2,21 % 107% 9.62x107% 3.70 x 107°
0.5 4.71x 1077 2,00 x107°  2.03 x 1075 6 9.15%x 107° 3,86 x 1077 2.15x 1079
1 4,55%107° 2,89 x 1077 1,93 x107° 8 6.46 x 107° 2,31 x107% 8,15x 1070
1.5 3.51 x 1077 1,00 x107°  1.08 x 1077 10 2,70 x 107°  1.08 x 107° .00 x 10719
2 1.48 x 1075 7.55%x 107% 4.15x 107° 12 1.47 x 1072 8.87 x 107'% 4,44 x 1071°
3 8.44 x107%  4,12x107°% 2.28 x 1076 13.5 1.57 x 1072 6.04 x 10710 1,05 % 10710

a spherical BF; counter placed inside a poly-
ethylene ball covered with cadmium. Preliminary
studies indicated that the diameter of the poly-
ethylene ball should be between 8 and 12 in. Since
the development of the dosimeter was incomplete
when the measurements were made, it was decided
to make the duct measurements with three balls,
8, 10, and 12 in. in diameter, and then to inter-
polate between thicknesses as required to obtain
the best approximation to the Snyder-Neufeld multi-
collision dose curve. The results are shown in
Table 3.4.1.

The response of the balls to a known dose rate
was determined with a calibrated Po-Be source.
The center of detection for each ball (detector
position) was considered to be a point on the sur-
face of the ball nearest the zero position in the
leg in which the measurements were being made.

Thus measurements at the zero position along the
axis of the second leg do not correspond to meas~
urements at the 15-ft position in the first leg.

References

'Work funded by Defense Atomic Support Agency
under order E0-804-66.

2F. J. Muckenthaler et al., Neutron Phys. Div.
Ann. Progr. Rept. Aug. 1, 1965, ORNL-3858, vol.
I, p. 20,

31bid., p. 21.

*T. V. Blosser, Neutron Phys. Div. Ann. Progr.
Rept. Aug. 1, 1965, ORNL-3858, vol. 1, p. 61.



3.5 CALCULATIONS OF THERMAL-NEUTRON.-
FLUX AND FAST-NEUTRON.DOSE
DISTRIBUTIONS IN ONE-, TWO-, AND THREE.
LEGGED RECTANGULAR CONCRETE DUCTS:
COMPARISON WITH EXPERIMENT'

R. E. Maerker

Calculations of the thermal-neutron fluxes and
fast-neutron dose rates in one-, two-, and three-~
legged concrete ducts having 90° bends have been
performed with a modified version? of the flexibles
geometry Monte Carlo duct code originated hy
Cain,® and the results have been compared with
the data obtained in experiments performed at the
Tower Shielding Facility (TSF) and described in
Sect. 3.4. The modifications consisted primarily
in the incomporation into the code of the doubly
differential thermal-neutron flux and fast-neutron
dose albede data previously developed under this
program.?

In the code the walls are assumed to be reflect-
ing and absorbing surfaces which reflect the inci-
dent neutrons with reduced weight into various
energy groups and directions, the probabilities
for which are predetermined from the doubly dif-
ferential albedo data.
statistical estimates,
angular albedo data, are made of the fast-neutron
dase rate or flux contribution to each of several

For each wall interaction,
based on the differential

detectors located within the duct. The neutrons
are followed in a random-walk procedure down the
duct until they either escape out the front or rear
end of the duct or are killed by Russian roulette
when their weight falls below a predetermined
value.

For fast-neutron dose calculations the neuntrons
are killed after they suffer more than a predeter-
mined number of scatterings in the lowest energy
group (200 to 750 keV), and no biasing of the scat-
tering probabilities is used; also, no histories
are allowed for neutrons which penetrate a corner
wall,
wall penetration may be used if desired.

For single-velocity thermal-neutron calculatiouns,
biasing of the random-walk scattering probabilities
may be used in order to force more neutrons deeper
into the duct; the bias procedure employed in the
code is not a strong one and simply amounts to

although a statistical estimate based on

sampling from an isotropic angular distribution
for the postscattering direction. As with the fast
neutrons, however, no history of a neution which
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penetrates a corner wall during the course of its
random walk is allowed, although a statistical
estimate based on wall penetration may be made.

In calculations of the slowing down of epicad-
mium neutrons to thermal energies, the manner in
which the code traces an individual history is
similar to its treatment of incident thermal neutrons
with two exceptions, First, the energy of the
neutron is, of course, kept track of in the random
walk; second, when the energy falls below 0.5 eV,
the random walk samples from the thermal-neutron
distribution. An option in the code also permits a
calculation of the slowing-down spectrum described
by absolute fluxes in each of 13 energy groups be-
tween 0.5 eV and 8 MeV at several detector loca-
tions. Secondary capture gamma-ray dose rates
may also be calculated, the differential dose albedo
data being taken from previously reported values.’

The calculations were carried out for three 3- by
3-ft-square duct configurations for which measure-
ments were made at the TSF (see Sect. 3.4). They
include (1) a straight duct 45 ft long, (2) a two-
legged duct with a right-angle bend located 15 ft
down the first leg, the second leg beiug 30 ft in
length, and (3) a three-legged duct with twe right-
angle bends, one located 15 ft down the first leg
and the second 15 ft dowa the second leg, the
third leg being 20 ft in length. In all three cases
the source of neutrons was incident at an angle of
45° with respect to a side wall normal, confined
to an areca approximately one-eighth that of the
mouth, and centered approximately at the geometric
center of the mouth, The 45° geometry was used
to setve as a rigorous test of the calculation, be-
cause the fluxes for detector locations greater than
several feet from the duct mouth would be due
entirely to wall-scattered radiation. The source
spatial distribution was determined for the experi-
mental results of the beam mapping.

Fast-Neutron Dose Rates

Fast-neutron dose rates were calculated for only
the straight duct and the two-legged duct, since
the experimental results were limited to these
cases.® The calculations were normalized to the
total number of neutrons incident on the duct wall
in each of the six energy groups used by the code
in the range 200 keV to 8 MeV, a number found by
integrating the fast-neutron dosimeter response
over the plane of the wall, and, using the fast-
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neutron spectrum previously reported,7 converting 3 CRNL-DWG 66-1730R2
the dose rate to an incident absolute number spec- 0 i == ]
trum.  Figure 3.5.1 shows a comparison of the 51 - ~— SMOOTHED MEASURED VALUES —|
calculated and measured results. In general, the © CALCULATEDVALUES —  —
agreement averages better than 10% through five 2
orders of fast-neutron dose attenuation, = 1w0?
>,
Thermal-Neutron Distributions from a T; »
Thermal Source & .
2 10
The calculations were normalized to the total L':;J 5
number of subcadmium neutrons incident on the M
duct wall, a number found by integrating the thermal- ué 2  STRAIGHT DUCT
neutron flux over the plane of the source wall as 2 (5° | —
measured by a BF, detector. The total number of £ I e e i S
incident subcadmium neutrons was found to be z \ ~~~~~
1.65 x 10* neutrons sec™! WL, é > N T ~~
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Figure 3.5.2 shows a comparison of the calculated
and wmeasured results. ‘The agreement averages
about 20% in the second and third legs and 5% for
most of the straight duct. For the three-legged
duct, it was necessary to follow approximately
18 wall backscatterings to obtain 90% of the flux
contribution in the middle of the second leg; 25
wall backscatterings were required for the third
leg, With isotropic biasing, statistical errors in
the second leg averaged approximately 10% for
20,000 source histories in a running time on the
CDC 1604 of 2 h; in the third leg the errors aver-
aged approximately 15% for 50,000 source histories
in a running time of close to 3 h. Although the
code calculates the dose arising from wall-capture
secondary gamma rays as well, these results will
not be presented until some comparisons with TSF
measurements have been made.

Thermal-Neutron Distributions from an
Epicadmium Source

In order to test the accuracy of the code for the
slowing-down problem, calculations were made of
the thermal-neutron flux along the center line of
the three duct configurations, and the results were
compared with measurements made at the TSF.

The absolute epicadmium spectrum incident upon
the source wall was determined in a manner similar
to that described in Sect. 3.3. Since the reactor
collimator arrangement used for the duct measure-~
ments differed from that used for the albedo meas-~
nrements and since the center of the source wall
was at a different distance from the reactor col-
limator than the center of the slab surface had
been, a separate set of measurements with the
boron filter spectrometer was made by T. V. Blosser
at the geometric center of the mouth of the duct.
The calculations of R. M. Freestone, Jr., were
then used to predict the spectrometer response,
assuming a Maxwellian subcadmium shape at a
neutron temperature of 336°K, a 1/ tail in the
region 0,185 eV < E, £10 keV, and a 1/VE trensi-
tion shape in the region 10 keV S E, S MeV,
with an efficiency of 0.217 at 0,0253 eV, the whole
normalized to the measured subcadmium flux and
cadmium ratio. A comparison of the measured and
calculated responses is shown in Table 3.5.1.

The absolute incident neutron current spectrum
integrated over the surface of the source wall was
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Table 3.5.1.
Specirometer Responses at Geometric Center
of Duct Mouth?

Comparison of Measured ond Calculated

Response
Filter [counts (30 sec)m1 w1
No.
Measured Calculated
0 8.18 x 10° 8.18 x 10°
1 1.21 x 10* 1.09 x 10*
2 8.34 x 10° 8.20 x 103
3 5.21 % 103 5.55 x 10°
4 4.35 x 103 4,45 x 103
5 3.83 x 10° 4.05 x 10%
6 3.29 » 103 3.38 x 10°
7 2.68 x 103 2,75 x 10°
8 2.00 x 10° 2.07 x 10°
9 1.78 x 10° 1.78 x 10°
10 1.38 x 10° 1.36 x 10°
11 1.23 % 10° 1.18 x 10°
12 9.85 x 102 9.50 x 102
13 8.22 x 102 7.78 x 102
14 6.70 x 102 6.12 % 102
15 5.26 x 102 5.10 x 107
16 4.90 x 102 3.95 x 102
17 4,00 x 102 3.22 % 102
18 2.86 x 102 2.45 x 10%
19 2.49 % 102 1.69 x 102
20 1.79 % 102 1.02 % 102
21 1.00 x 102 6.7 x 101
22 5.1 x 10 2.6 x 101

#The response of filter 23 has been subtracted from
each of the measured and calculated values.

thus dednced to be the one shown in Fig. 3.5.3.
The ratio of the surface integral of the current to
the flux at the point of measurement was 472 for
all neutrons above 200 keV, and was 545 for all
neutrons below 200 keV.

Using the spectrum above 0.5 eV shown in Fig.
3.5.3 in the duct code produces the center-line
subcadmium fluxes illustrated in Fig. 3.5.4, where
comparisons are made with the measured values.
Agreement, in general, averages about the same
as that for incident subcadmium neutrons, and the
statistical errors, number of wall backscatterings,
and running times for the same number of source
histories are comparable,
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Table 3.5.2. Comparison of Calculated Multicollision Dose Rate with Ball Measurements

Center-l.ine Distance of

Dose Rate (ergs gwl hlwmly

Center of Detection

Leg Measured Measured
fmm(fnf)outh 10-in. Ball Calculated 12-in. Ball
2 19 25%x107°(2.1x107%2  1.9x107° 1.35 x 107% (1.1 x 1079
2 23 5.5 % 107° (4.9 x 1077 4,5 x 1077 2.85 x 10777 (2,45 % 1077)
2 29 1.28 x 1077 (1.2x 1077)  1.05 x 107”7 6.6 x 1077 (6.1 x 1075
3 33 1.45 % 1078 (1.2 x 1078 9.2 % 107° 6.4 x 107° (4.8 x 107%)
3 40 1.08 x 1072 9.0 x 107'% 6.5 x 1071° 6.0 x 10710 (5.1 x 10719)

®The dose rates in parentheses are those obtained when the center of detection was assumed to be the center of

the ball rather than the leading edge,

The epicadmium spectia at several locations
along the duct center line were also calculated
for the three-legged duct. Using the flux-to-multi-
collision-dose factors of Snyder and Neufeld,®
epicadmium multicollision dose rates may be cal-
culated at these locations, Table 3.5.2 shows
the results of this calculation and a comparison
with the 10~ and 12-in.-diam ball measurements
described in Sect. 3.4.
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3.6 RESULTS OF THE ANALYSIS BY MONTE

CARLO OF THE FAST-NEUTRON SHIELDING

PROPERTIES OF COMPOUND CUBICAL AND
SPHERICAL SHIELDS'

F. H. Clark N. A. Betz?

An extensive program of calculations was per-
formed to check certain fast-neutron dose-rate
measurements made at Project BREN in 1962,
The response characteristic of the modified long
counter was computed. Nitrogen and oxygen cross
sections were reviewed and used in calculations
of the transport in air of neutrons from a Godiva
source to a distance of 66 g/cm?. Transport re-
sults obtained by Monte Cartlo were compared with
those obtained by the moments method. A spectrum
The
perturbating effect of a structure on the neutron
field in its neighborhood was estimated. The ef-
fect of variations of the spectrum with penetration
distances on doses computed with different weight
functions was also examined; the Snyder-Neufeld
multicollision physical dose was found to vary
with distance in a way markedly different from

at an 80-g/cm? penetration was determined.



others examined. Work was also done on impor-
tance sampling techniques, especially the ex-
ponential transform, and the sampling problem was
formulated in a simplified, approximate expression
to facilitate statistical interpretations. Finally,
a number of shield penetration calculations were
performed to compare with the measurements and
to determine the effects of shield shape, shield
cavity size, and source angular distributions inci-
dent on the shields. The agreement between the
calculations and the measurements was within the
uncertainty in the detector response characteristic.
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3.7 MONTE CARLO CALCULATIONS OF THE
PENETRATION OF NORMALLY INCIDENT
NEUTRON BEAMS THROUGH CONCRETE'

N. A. Betz? 3

F. H. Clark J. Brown

OS5SR, a Monte Carlo neutron-transport code, has
been adapted to calculate fast-neutron doses within
and outside concrete slab shields. Such calcula-
tions were performed for a variety of shield thicke
nesses (0 to 180 cm) and for various monoenergetic
sources from 0.7 to 14 MeV. The concrete chosen
is ordinary concrete with approximately 6% water
content. Results are plotted as tissue kerma vs
penetration distance for each source energy. The
source is in each case a broad normally incident
beam.
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3.8 MEASUREMENTS OF FAST-NEUTRON DOSE
RATE TRANSMITTED THROUGH AN LiH
SHIELD WITH AN IRON-OIL
COLLAR SHIELD

F. J. Muckenthaler
J. J. Manning

J. L. Hull
K. M. Henry

Since experiments for measuring the radiation
transmitted through an LiH shadow shield designed
for use with the Space Nuclear Auxiliary Power
plants will be conducted in air at the Tower Shield-
ing Facility, auxiliary shielding in the form of a
collar will be required in order to minimize the
contribution of air-scattered neutrons to the meas-
ured dose. An experiment was performed at the
TSF to verify the Monte Carlo calculations which
were done to determine the effect of the collar
shield. For this experiment the shadow shield
was placed in an oil-filled tank into which movable
iron slabs were also placed as a mockup of the
collar shield. The neutron dose transmitted through
this assembly was then determined for various
source geometries. Prior to the collar shield ex-
periment the homogeneity of the shadow shield
was determined by utilizing a tightly collimated
neutron beam and detector.

Since the LiH was cast in its container, meas-
urements were made to check on possible cracks
in the LiH as well as voids between it and the
walls of the cone-shaped container. The LiH
shield was centered in a cylindrical oil-filled iron
vessel 4 ft in diameter through which the larger
end of the LiH shield protruded. A collimated
beam of neutrons approximately 11/4 in. in diameter
was impinged on the smaller end of the LiH shield.
The neutron intensity transmitted through the
shield was measured with a modified long counter
placed inside a collimating water shield. The axes
of the detector and the neutron beam were always
coincident. The LiH shield was mapped by moving
the assembly perpendicular to the neutron beam
and rotating it 360° about its axis. The mappings
did not reveal any cracks in the LiH but did show
a separation between the container walls and the
LiH.  After the LiH container was filled with
mineral oil, no neutron streaming was observed,

The LiH (oil-compensated) shield was then
placed in another iron vessel through which both
ends of the LiH protruded (Fig. 3.8.1). A 6-in.-
diam collimator was used for the neutron beam to
obtain adequate neutron intensity. The neutrons
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were incident on the smaller end of the LiH shield,
which was mounted so that its axis was in the
same horizontal plane as the neutron beam. The
iron vessel, which was approximately 4 ft high,
10 ft wide, and 20 in. thick, contained all oil or a
combination of oil and 10-in.~thick slabs of iron.
Three configurations of oil and iron were used,

Experimental Arrangement for LiH and Collar Shield Neutron Transmission Measurements.

varying from l-in.-thick alternating layers to 10
in. of iron followed by 10 in, of oil.

The detectors were placed in the collimating
shield at a distance of 15 ft from the LiH shield.
The neutron dose rate profile was mapped both at
the point of incidence on the collar shield and at
the 15-ft detector position with the LiH and collar



Table 3.8.1.
Rate Transmitted Through an LiH Shield Placed inm
Collar Shield Consisting of 10 in. of lron and

Measurements of the Fast-Neutron Dose

40

10 in. of Oil
g X Long Counter Dosimeter
(deg) (in.) (counts min”! WY (ergs g”l nlwh
No Shield Behind LiH and Collar
0 0 7.19 x 1073 9.04 x 1078
6 9.80 x 1073 1.28 x 1077
12 1.12 x 1072 1.69 x 1077
18 6.62 x 1073 8.88 x 1078
25 0 3.48 x 1073 4,60 x 1078
6 6,31 x 1073 9.00 x 1078
12 6.94 x 1073 9,67 x 1078
18 3.29 x 1073 4.05 x 1078
45 0 1.90 x 1073 2,43 x 1078
6 2.86 x 1073
12 2,76 x 1073
18 1.51 x 1073
12-in, of Polyethylene Behind LiH Shield Only
0 0 1.52 x 1073
6 2.37 x 1073
12 3.88 x 1073
18 4.38 x 1073
25 0 1.27 x 1073 1.44 x 1078
6 3.68 x 1073 4.39 % 1078
12 4.67 x 1073 6.53 x 1078
18 2.68 x 1073 3.96 x 1078
45 0 1.06 x 1073 1.11 x 1078
6 1.93 x 1073
12 2.21 x 1073
18 1.26 x 1073
19 in. of H20 Behind LiH Shield and Collar
0 0 3.88 x 107*
6 3.49 x 1074
12 3.25 x 1074
18 1.07 x 107*
25 0 5.70 x 1073
6 8.70 x 1075
12 9.20 x 1075
18 1.11 x 107*
45 0 9.40 x 1075
6 .30 x 107°
12 4.90 x 1075
18 4.60 x 1075

shield removed. Measurements were made for
angles (0) of neutron incidence of 0, 25, and 45°,
For each angle the collar shield was moved so
that the beam was centered at distances (X) of
0, 6, 12, and 18 in. from the axis of the LiH shield
and in its horizontal midplane. For each position
of the collar shield the detector shield was also
moved so that the axis was always parallel to and
coincident with the LiH shield axis.

In order to determine separately the contributions
to the measurement from the neutrons which pene-
trated the outer surface of the LiH shield, those
which penetrated the collar shield, and those which
scattered around the shields, additional measure-
ments were required, These were taken with 12 in,
of polyethylene covering the LiH shield only and
with 19 in. of water covering both shields. By
taking the differences between these measurements
and the unshielded measurements, the contributions
from each of the above components could be de-
termined.

Typical tesults are given in Table 3.8.1 for a
collar shield consisting of 10 in. of iron followed
by 10 in. of oil.

3.9 MONTE CARLO NEUTRON CALCULATICNS
FOR DETERMINATION OF SNAP COLLIMATOR
DESIGN

E. A. Straker M. B. Emmett’

To aid in the design of a specific collimator
for the SNAP core-mapping expetiments,? a series
of Monte Carlo calculations using the O5R code
were made to determine the effect of the collimator
geometry on the ratio of foreground-to-background
neutrons. (As used here, ‘‘foreground” refers to
those neutrons that arrive directly at the detector,
and ‘“‘background’” refers to those neutrons that
are transmitted or scattered by the walls of a col-
limator shield. The background neutrons must be
minimized, since they have different energy and
angular distributions from the foreground neutrons.)

In addition to essentially 477 shielding for the
detector and a reasonable detector-source distance,
the following specific criteria had to be met for
the SNAP core-mapping collimator: The spatial
response of the collimator at the source plane had
to be such that at least 80% of the detector counts
would come from a circular area less than 2.5 in.



in diameter. The direct intensity transmitted by
the collimator had to be relatively uniform over
the detector surface area, and the calculated ratio
of background-to-foreground neutrons at the detector
had to be less than 5%.

Basic principles of collimator design®:* indicate
that for point sources and detectors the entrance
and exit ends should be tapered. The same princi-
ples apply to collimators designed for distributed
sources and detectors, but the calculation has to
be performed by Monte Carlo rather than by analyti-
cal methods. In the O5R calculations, statistical
estimation was used to determine the scattered
intensity resulting from events in various regions
of the collimator; thus it was possible to separate
the scattered intensity due to events in the col-
limator liner. Source angle biasing and Russian
roulette were used to improve the statistics of the
calculation.

To illustrate the importance of tapering the ends
of the collimator, comparative calculations were
made for a straight cylindrical collimator and for
a double-tapered design in which the tapered
length at each end was one-half the length of the
remaining”cylindrical region. (The diameter was
adjusted so that the direct flux was the same for
the two cases,) The collimator was assumed to
consist of a water tank with a 1/B-in.—»thick liner to
define the air column. The isotropic fission source
was essentially infinite in extent, and the detector
was a disk of the same diameter as the opening in
the straight cylindrical collimator. The total back-
ground flux was reduced from 11.7% to 6% by taper-
ing the ends of the collimator. The scattered
intensity was reduced by a factor of 5, but the
transmitted flux was reduced by a factor of less
than 2. For both geometries approximately 85%
of the scattered component of the background
neutrons came from scattering events in the liner.
When the iron liner was replaced by an aluminum
one, the percentage of background neutrons scate
tered by the liner was somewhat smaller; but
there was no significant change in the total back-~
ground.

As a result of the calculations the design ob~
tained for the SNAP collimator was a modification
of the double tapered geometry. To reduce the
transmitted flux, an additional tapered region was
added at the entrance of the collimator; thus to
maintain the same aperture, the source-detector
distance was increased.  Also, shielding was
added around the detector. Figure 3.9.1 illustrates
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Fig. 3.9.1.
tar Showing the Shape of the Air Column.

Schematic of SNAP Core-Mapping Collima-

a collimator design which meets the experimental
requirements and for which the background neutron
contribution was calculated to be less than 3%
of the foreground neutron contfribution. For this
particular design 45% of the scattered contribution
comes from scattering events in the liner, and ap-
proximately 40% is due to neutrons scattered in
the shielding around the detector cavity; the other
15% is due to scattering in the bulk shield. Ap-
proximately two-thirds of the total background
neutrons were uncollided neutrons from the soutce
(transmitted component).

The calculations indicated that the transmitted
part of the background flux may be reduced by re-
moving all comers at the entrance to the collimator
which lie between any part of the source and de-
tector. The scattered contribution may be reduced
by decreasing the amount of liner which is viewed
directly by the source and detector. However,
for a particular experiment, the degree of collima-
tion desired limits the length of the tapered regions
which may be utilized and thus sets a lower limit
on the ratio of background-to-foregronnd neutrons.
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3.10 CALCULATIONS OF NEUTRON
TRANSPORT FROM FISSION AND
14-MeV SOURCES IN A!R!

E. A. Straker

The transport of neutrons from point isotropic
fission and 14-MeV sources in an infinite air
medium has been calculated by the Monte Carlo
OSR code? and by the discrete-ordinate code
ANISN. (A brief description of ANISN is given
in Sect. 3.11.) Both first-collision tissue dose
and differential energy spectra are determined as
a function of distance from the source.

The present results for dose from a point fission
source are compared in Fig. 3.10.1 with doses
calculated by Trubey,® using the moments code
RENUPAK,* by Wells,® using a Monte Carlo code,
by Eisenhauer,® using an NBS moments code, by
Ritchie,” using a Monte Carlo code, and by John-
son,® using the Monte Carlo code K-74. Variations
in the dose conversion factors used in the various
calculations may account for small differences but
not for calculations differing by a factor of nearly
2 as noted at a range of 1000 m. A comparison of
differential energy spectra at several penetrations
indicated that there probably were significant dife
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ferences in the total cross sections used in the
various codes; this has been verified by a compari-
son of the cross sections used in RENUPAEK, O5R,
ANISN, and the NBS code.

Monte Carlo and S P, calculations have also
been performed for a point monoenergetic source
of 14-MeV neutrons. Dose as a function of distance
from the source is shown in Fig. 3.10.2 with seve
eral other calculated results. Moments calcula-
tions by Trbey® and Eisenhauer® differ by a
factor of nearly 4 at 1000 m. Monte Carlo calcu-
lations by Wells®*? using ‘“‘new”’ aud “‘old’’ cross
sections also differ by a factor of 4. Additional
Monte Carlo results by Marcum,'® Ritchie,” and
Johnson® are also shown. Differential energy
spectra also illustrate large variations between
the calculations, with general agreement existing
between RENUPAK and ANISN results.

The results for 14-MeV
neutrons over similar results for fission neutrons
was believed to have resulted from variations in

increased spread in
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the inelastic scattering cross sections. As a pre-

liminary investigation of the effect on the dose
from altering the inelastic scattering cross sec-
tion, Monte Carlo calculations were performed for
the cases in which inelastic scattering was treated
correctly, using the cross sections presently on
the OSR library tape, only elastic scattering was
allowed, that is, an inelastic event was treated
as absorption; and inelastic scattering was con-
sideted to be elastic. Variations in the first-
collision dose calculated with these three assump-
tions are shown in Fig. 3.10.3. 1t is noted that
there are very large differences in the dose cal-
culated with the two extreme treatments of in~
elastic scattering.

All the calculated doses in Fig. 3.10.2 lie be-
tween the two extreme curves of Fig, 3.10.3. The
differences in the various results probably reflect
variations in inelastic cross sections as well as in
the treatment of energy lost in an inelastic event.
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It is concluded that differences in the calculated
doses for the two sources cannot be traced to the
calculational techniques but are most likely due
to variations in cross sections stemming from lack
of updating and detail of representation. The
importance of inelastic scattering for high-energy
sources illustrates the necessity of obtaining ac-
curate inelastic cross-section data,

References

"The author is indebted to M. B. Emmett for her
assistance in performing the O5R calculations and
to N. M. Greene of the Data Processing Facility
for performing the S, calculations.

’p. C. Irving et al., O5R, A General-Purpose
Monte Carlo Neutron Transport Code, ORNL~3622
(1965).

D. X. Trubey, private communication, 1965,

4], Certaine, E. DeDufour, and G. Rabinowitz,
RENUPAK, An IBM-704 Program for Neutron Mo-
ments Calculations, NDA-2130-3 (1959).

M. B. Wells, NRDL-CDM Shielding Symposium
Proceedings, NP-10038 (1960).

5C. Fisenhauer, National Burean of Standards,
private communication, 1965,

"R. H. Ritchie, private communication, 1965,

8C. F. Johunson, Radiological Armor Program
Methods and Data Compilation — vol. 2, Radiation
Environments, FZK-200-2 (1965).

°M. B. Wells, Radiation Research, private com-
munication, 1966,

10y, 1. Marcum, Monte Carlo Calculations of the
Transport of 14-MeV Neutrons in the Atmosphere,

RM-3531-PR (1963).

3.11 PROGRESS IN DISCRETE-ORDINATE
TRANSPORT THEORY AND APPLICATIONS
TO SHIELDING PROBLEMS

F. R. Mynatt! W.W. Engle, Jr.!
N. M. Greene?

In support of the SNAP Shielding Program, two
codes, ANISN and DOT, have been developed.
These codes solve the linear, enetgy-dependent,
Boltzmann transport equation in one and two di-
mensions, respectively, using the finite-difference
technique known as discrete ordinates or Carlson’s



S, method. The angular distribution of the scatter-
ing cross section is approximated by a Legendre
series expansion which allows the in-scatter inte-
gral to be computed by quadrature.

Shielding calculations are being performed with
these codes as checkout problems and to develop

efficient routine procedures. Both codes are
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operational, but since only preliminary checks
have been made with DOT, the following results
are restricted to ANISN calculations. Figure 3.11.1
shows the fast-neutron dose rate from a point fis-
sion source in a water sphere of 150-cm radius.
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With the number of energy groups (27) and the
spatial interval size (2 cm) fixed, the order of SN
and P, was varied with the following results:

1. For 5, calculations the fast-neutron dose and
the individual group fluxes couverged at P;
P, was increased up to P, in these calcula
tions.

For P, calculations the dose and group fluxes

converged at 5, . as 5, was varied from 5, to

Sy,e
Figure 3.11.2 shows the fast-neutson dose rate
in water with the 28-in.-diam Lid Tank Facility
(LTF) disk source at a power of 1.62 x 10711 fig-
sions/sec. The S, 4P, curve from Fig. 3.11.1 is
shown transformed to disk geometry and normalized
to the LTF power, Also shown is a disk trans-
formation of an ANISN S P, slab calculation with
These are compared with
previously reported experimental data and a
RENUPAK moments method calculation.®  The
sphere and slab calculations present widely dif-
fering difficulties in the finite difference tech-
niques in ANISN. 1In the sphere the geometric
angular redistribution is given an extreme test,
while in the slab the flight path attenuation and
rapid change in flux angular distribution severely
test the capabilities of the code.

Similar calculations of a point fission source
in a sphere of lithium hydride have been performed.
Variation of S and P, gives the same results as
for the water sphere., Cowmparisons with experi-
ment have not yet been made, and lithium cross-
section differences have confused comparisons
with other calculations.

infinite plane source.
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3.12 MONTE CARLO CALCULATION OF THE
MODIFICATION OF THE 235U FiSSION
SPECTRUM BY A BORON CARBIDE SHELL'

R. M. Freestone, Jr

In making measurements of epithermal and fast~
neutron spectra it has become nearly traditional,
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whatever the detection device, to enclose the de-
tector by a shell of B,C, in order to shield out
the usually high thermal-neutron flux which would
otherwise saturate the detector response. It has
apparently been assumed that the effect of this
shell upon the spectrum of those neutrons which
penetrate it is qualitatively and quantitatively
negligible.  Recently, however, some curiosity
conceming the validity of this assumption has
been evidenced.?

In order to satisfy this curiosity, a Monte Carlo
calculation utilizing the OS5R Neutron Transport
Code® has been initiated. The versatility of the
O5R code makes it possible to perform such a cal-
culation without any compromises with geometry,
energy structure, or permissible interactions being
required; and a high degree of statistical confidence
should be obtained,

The initial calculation considets a nearly spheri~
cal shell of B,C having a 103 density of 1.75
g/cm®.  This shell is typical of those being used
by Kinch and McNeilly, of the Army Nuclear De-
fense Laboratory, to enclose a series of solid-
state detectors. The code is sufficiently flexible
that other densities may be substituted in later
computations. A mock detector consisting of a
thin aluminum disk is positioned at the center of
the shell, so that buildup effects due to reflection
by the detector will be taken into account.

The source for the calculation consists of an
essentially isotropic selection from the Cranberg®
description of the 2357 fission spectrum. Effi-
ciency is improved by forcing all initial neutron
paths to be directed toward the surface of the
shell.

Cress sections to be used in the computation are
the recent compilation of D. C. Irving, of this
Division, and represent the most up-to-date informa-
tion available,

Although the calculation is still in progress,
nearly all the routines involved have been at least
partially tested and debugged. It is expected that
at least preliminary results will have been obtained
by the time this Annual is published.
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3.13 ANALYSIS OF TOWER SHIELDING
FACILITY NEUTRON SCATTERING DATA

V. V. Verbinski
W. R. Burrus

R. M. Freestone, Jr.
J. C. Courtney!

Three years ago an extensive experimental in-
vestigation of the scattering of neutrons from
cylinders of various materials as a function of
scattering angle was carried out at the Tower
Shielding Facility (TSF). These experiments in-
cluded both measurements of neutron dose, using
a conventional (Hurst) dosimeter, and measure-
ments of pulse-height spectra using a 2-in.-diam,
2-in.-high cylindrical liquid organic scintillator,
NE-213.2 The data were expected to be of particu-
lar interest to the Space Nuclear Auxiliary Power
program, but to also be of value to various other
shielding programs then current at the TSF.

The dosimetric data were briefly reported in a
previous annual report.® The spectrometric data,
however, were not analyzed beyond the pulse-
height spectrum stage. At the time the experi-
ments were carried out no reliable and convenient
device. for further analysis, that is, to neutron
spectra as functions of energy and scattering
angle, was felt to exist. Recent years, however,
have seen the rather full development of the FERD
group of analysis codes developed by Burrus, *
and work is now under way to apply these codes
to the slightly dusty TSF data,

The TSF measurements were made with 1., 2-)
4-, and 6-in.-diam cylinders of carbon, polyeth-
ylene, iron, beryllium, concrete, and aluminum, at
scattering angles of 45, 90, and 135° from the
source-sample axis. In all, some 60 individual
juns were made. Figure 3.13.1 shows the experi-
me tal configuration common to all runs.
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Early attempts to apply the FERD codes to the
unfolding of the TSF data were somewhat less
than successful, Judged by comparison of un-
folded TSF experimental spectra with accepted
standard spectra such as the peutron spectrum of a
calibrated Po-Be source, curve shapes were badly
distorted and absolute magnitudes appeared to be
in error, latensive study of all components of
both the spectrometer system and the unfolding
codes during the last six months has, however,
been successful identifying and eliminating
nearly every one of the difficulties.
the sources of the difficulties were traced to in-
adequate phototube base performance, nonlinearities
in various regions of the electronics, etc. A few
stermmed from simple lack of knowledge of the
analysis codes; that is, in the beginning we were
not able to recognize the areas within which maxi-

in
In general,

mum care was needed in processing data,

With essentially all of the ‘‘bugs’’ out of the
systems, we are now going ahead with large-scale
processing of the TSF data.
codes have been written so that the data containing

Simple auxiliary

errors stemming from tube-base and analyzer non-
linearities can be effectively corrected to resemble
data obtained with our present ‘‘good’’ system.
Using such treatment, we should be able to obtain
quite useful data from the old measurements.
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4. Radiation Shielding Information Center

4.1 PROGRAM OF THE RADIATION SHIELDING
INFORMATION CENTER

S. K. Penny B. ¥. Maskewitz
D. K. Trubey F. S. Alsmiller
F. H. 8. Clark

The Radiation Shielding Information Center con-
tinues to serve the technical community engaged
in radiation shielding research and development.
As reported previously,! the shielding information
provided by RSIC now covers radiations from re-
actors, radioisotopes, weapons,? and accelerators
and radiations which will be encountered by space
vehicles.? The status of the literature surveys
made by the Center in these various areas is de-
scribed in Sect. 4.2.

RSIC’s collection of digital computer codes
has increased to include a total of 60 complete
code packages, and a set of detailed abstracts
describing 39 of the packages has been pub-
lished.* The Center has become a clearing house
for these code packages, and a procedure for dis-
seminating them rapidly has been established.®
Cooperation with the European Nuclear Energy
Agency Computer Programme Library has con-
tinued, and a basis for computer code standardiza-
tion and exchange was discussed at a shieldiag
computer codes seminar-workshop held at Ispra,
Italy, on April 26-29, 1966.

Considerable interest has been demonstrated
in the monthly RSIC newsletter, especially in the
accession list of newly received literature.

RSIC has made this list more useful by providing
microfiche copies of the literature whenever
possible. FEfforts have begun to include in the
newsletter announcements of current shielding
efforts by encouraging various installations to

submit brief accounts of their shielding activities.
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Work has begun on a review of the available
data needed to calculate the attenuation of neu-
trons and gamma rays through concrete. A study
of the empirical forms available for albedos and
an examination of the state-of-the-art for fallout
shielding calculations (see Sect. 4.4) are also
under way.

A working group or workshop program has been
initiated in which a small group of experts are
invited by RSIC to discuss some pressing need
of the shielding community. Recommendations by
the group will be published. The first such work-
ing group met on April 14--15, 1966, to discuss
radiological units ~nd other related quantities.

Efforts are being made to incorporate the RSIC
computer-based information retrieval system into
the more general scheme of information retrieval
at ORNL. Many of the locally unique features of
the present RSIC system will be used in the
larger system. A part of this effort will involve
a telecommunication system which should not only
accelerate literature searches but reduce by a
factor of at least 3 the multiple transcriptions of
information that are now necessary.
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(1966).

SHemma Francis, Henrietta Hendrickson, and
Juanita Brown, members of the staff of the Central
Data Processing Facility at the Oak Ridge
Gaseous Diffusion Plant, assist in all phases of
RSIC computer code operations, as well as handle
production codes for the Neutron Physics Di-
vision research statf.

Information Center, ORNL-RSIC-13

4.2 LITERATURE EXAMINED BY THE
RADIATION SHIELDING INFORMATION CENTER

The literature examined by RSIC falls into three
broad categories. The literature in these catego-
ries is handled separately for reasons of expe-
diency, and the efforts in each case are described
separately.

Reactor and Weapons !

S. K. Penny  D. K. Trubey  J. Gurney?

The literature collected in the area of shielding
against radiations near reactors, from radioiso-
topes, and in the environment of weapons was in-
creased considerably. A revision of the previously
published bibliography (ORNL-RSIC-5) was is-~
sued,® and abstracts corresponding to the addi-
tions in the bibliography were sent to the recip-
ients of ORNL-RSIC-6,* a previcusly issued
loose-leaf binder for the collection of abstracts.
The volume of literature has become sufficiently
latge that it was deemed necessary that this
bibliography should list documents only under the
subject categories which are of major importance.
It is expected that the shielding community will
begin to depend upon the Center to perform more
exhaustive literature searches upon request.

Space and Accelerator®

R. G. Alsmiller, Jr.  F. S. Alsmiller
J. Gurrey?

The collection of literature on shielding from
radiation occurting in space and near accelerators
was continued, and a bibliography was issued
(ORNL-RSIC-11).° A collection of the abstracts
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of the literature covered in the bibliography was
published as ORNL-RSIC-12.” A new service
consisting of the automatic and selective dis-
semination of the literature was initiated, so that
persons who provided RSIC with their field-of-
interest profiles were alerted as relevant litera-
ture of space and accelerator shielding was placed
in the system.

Computer Codes

B. F. Maskewitz B. L. McGill
J. Gurney?

The literatwre describing computer codes for
shielding calculations collected along with
other literature describing codes to perform cal-
in fringe areas of shielding and to

is

culations
perform auxiliary data handling. A bibliography of
such literature was published as ORNL-RSIC-15.°
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Center, ORNL-RSIC-15.

4.3 RADIATION SHIELDING INFORMATICN
CENTER COMPUTER CODE COLLECTION'

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

A large part of the effort of the Radiation Shield-
ing Information Center is the collection and dis-
semination of computer code packages useful to
those engaged in shield research or design. The
concept of a computer code ‘‘package’ as used
by RSIC is the inclusion of all the items neces-
sary to make a code operable.
only computer material such as card decks (or

These include not

tapes) and machine listings but also documenta-
tion describing the theory and prc ram, auxiliary
routines, and data libraries. A sample problem is
also included in a package so that each user can
verify that the code is operable at his installa-
tion.

The collection is described in tabular form on
the basis of computer features and theoretical
methods. To date, 60 packapges have been ac-
cepted and assembled.
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4.4 AMONTE CARLO CALCULATION OF
FALLOUT GAMMA-RAY DOSE RATES

D. K. Trubey

Several calculations of gamma-ray dose rates
due to fallout have been carried out in an effort
to determine the difficulty in applying existing
Monte Carle codes to the problem of determining
dose rates in shelters both above and below
ground.

The first step was the development and use of
OGRE-P4 (see Sect. 5.3) to determine the free-
field dose in an air-over-ground geometry, since
the one-dimensional problem can be solved with

50

comparatively little difficulty. Besides estab-
lishing a solution by which to compare a three-
dimensional calculation, it was found that (for
60Co contamination) the dose rate 3 ft above the
ground was unaffected when the ground was as-
sumed to be air.

The next step was the development of a three-
dimensional code based on OGRE-G.! The main
change required was in the source routine. [t
was found that the uncollided flux could be com-
puted within 0.1% by picking source positions
from a 1/R distribution, where R is the distance
from the detector. Schemes have also been in-
corporated to pick the direction and path length
from the source site so that the first collision will
be likely to occur in air near the detector (or
shelter). Russian roulette generally terminates
histories unlikely to make further significant con-
tributions.

It has been possible to duplicate the results
given by OGRE-P4 (but with a larger variance)
for the free-field dose rate. Further development
and comparisons will be made for other con-
figurations.
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4.5 A MONTE CARLO CALCULATION OF
GAMMA-RAY REFLECTICOMN FROM A
CONCRETE SLAB

D. K. Trubey  B. W. Wieland®

A study of the reflected dose rate at point de~
tectors from a %%Co source has been undertaken
in an effort to resolve the anomalies apparent in
a comparison of an albedo integration? and ex-
perimental results and to accumulate experience
with Monte Carlo reflection calculations using
OGRE-P3.° It was found that the Monte Carlo
results are in good agreement with measured
values and that disagreement with the albedo
integration will increase with a wider range of
source-detector separation distances.
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5. Mathematics and Computer Programs

5.1 SDC, A SHIELDING-DESIGN CALCULATION
CODE FOR FUEL-HANDLING FACILITIES!

E. D. Armold? B. F. Maskewitz

A simplified computer code, SDC, is presented
for calculating the gamma-shielding requirements
for chemical processing, fabrication, or fuel-han-
dling facilities. It is an IBM 7090 FORTRAN code
designed to handle 13 source geometries (point,
line, disk, plane, slab, cylinder with shield at
side, cylinder with shield at end, sphere, ring,
rod cluster, skew line, annular cylinder with shield
at side, and annular cylinder with shield at end)
either unshielded or shielded by slab shields.
Materials of construction for shield, cladding, or
source volume may be selected from a list of 17.
As many as 12 gamma-ray energy groups, covering
an energy range 0.10 to 10 MeV, with corresponding
source strengths, may be used to describe the
gamma spectrum.

Integration of the basic exponential attenuation-
point kernel over the various geometries was the
method chosen for calculating the uncollided gam-
ma flux. Biological dose rate was obtained by
multiplying this uncollided flux by the product of a
flux-weighted buildup factor and a dose-conversion
factor.

SDC has been used successfully to evaluate
shield thickness and/or dose rates for several
design jobs, with an average machine time of less
than 0.01 h per case. Dose-rate determinations,
where compared with experiment or other calcula-
tions, have been conservative (+ 0—50%).

Complete documentationt and a code package are
available from the Radiation Shielding Information
Center.
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5.2 DESCRIPTION OF QGRE, A MONTE CARLO
SYSTEM FOR GAMMA.RAY TRANSPORT
STUDIES, INCLUDING AN EXAMPLE
(OGRE-P1) FOR TRANSMISSION
THROUGH LAMINATED SLABS'

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

A system of computer subroutines (called OGRE)
has been designed for the study of gamma-ray
transport by the Monte Carlo method. The various
steps of the procedure have been isolated so that a
complete code to solve a specific problem may be
easily synthesized. A cross-section system which
is easy to use is included. A specific example of
the system’s use (OGRE-P1) which computes the
dose rates from gamma rays penetrating a slab is
included.
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5.3 OGRE-P4, AN OGRE SYSTEM MONTE CARLO
CODE FOR THE CALCULATION OF GAMMA-RAY
DOSE RATE AT ARBITRARY DISTAMCES
FROM A PLANE SOURCE IN LAMINATED
SLAB GEOMETRY

D. K. Trubey

OGRE-P4, an OGRE system Monte Carlo code,
has been written for the calculation of dose rate
by statistical estimation at arbitrary distances
from a plane source in a laminated slab. This code



is similar to OGRE-P1,' except that the dose rate
is calculated at each region boundary and the
source may be placed at any specified boundary.
The scaitering may be biased toward a specified
detector boundary by picking the scattered photon
direction from an isotropic plus cos®™ (9) distribu-
tion (0 = angle measured from slab perpendicular).
The probability of picking from the isotropic dis-
tribution is controlled by input. The value N
increased with the distance from the specified
detector.
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5.4 COMPUTER CODES FOR THE
CALCULATION OF NEUTRON AND CAMMA-RAY
TRANSPORT UTILIZING THE METHOD
OF MOMENTS

S. K. Penny

Although there are existing computer codes for
the calculation of neutron' and gamma-ray? trans-
port in an infinite homogeneous medium for simple
sources, it has been deemed necessary to write
similar codes for important teasons. The most
important reason, of course, is that the data pro-
duced are badly needed. A second reason is that
the codes should be coupled with modern cross-
section libraries® so that multielement attenuating
media can be easily incorporated. Another reason
is that the existing codes either are becoming
extinct (because of advancing computer technolo-
gy} or are unavailable from the originators.

Two moments method codes are being written
which calculate gamma-ray and neutron transport
in any homogeneous media that can be simulated
by the cross sections included in the OGRE and
OSR cross-section systems. The gamma-ray code
is essentially complete for the cases of point
isotropic and plane isotropic sources. Development
work on the neutron code is about one-third com-
plete.
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5.5 VARIANCE OF THE SURFACE.CROSSING
FLUX ESTIMATOR USED IN MONTE
CARLO CALCULATIONS'

F. H. Clark

An analog calculation was set up to determine
the effect of the grazing flux on the surface-crossing
flux estimator used in Monte Carlo celculations. It
was found that grazing particles make only higher
order contributions to current or flux but signifi-
cantly inctease the variance. These effects are
more pronounced at internal surfaces than at ex-
ternal boundaries. The use of nonstochastic meth-
ods to estimate contributions of grazing particles
is justified.
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56 IMPORTANCE FUNCTIONS FOR MONTE
CARLO BIASING IN A SIMPLE
ONE-DIMENSIONAL PROBLEM

K. J. Yost R. R. Coveyou

A study is in progress with the primary aim of
developing a systematic technique for the deter-
mination and subsequent utilization of biasing
functions for Monte Carlo transport calculations
which yield minimal variance per history. An op-
timization process in the Monte Carlo context



Table 5.6.1.
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Comparison of Analytical and Numerical Results for the Various Scoring Techniques

Fractional Standard

Deviation (%)

Escape Probability Execution Time

Sampling Technique = 77777 MY per History

Analyti;éi 77777 m(;JompE; Analytical Computed (sec)
Direct Analogue 6.54 7.61 0.01832 0.0203 0.0033
Analogue, Absorption Weight 2.84 2.63 0.01832 0.0199 0.0124
Next Flight Estimator 2.95 3.70 0.01832 0.0172 0.0057
Next Flight Estimator, 0.69 1.55 0.01832 0.01815 0.0188

Absorption Weight

T.ast Event Estimator 2.24 1.85 0.01832 0.0190 0.0051

would in general be directed toward the reduction
of the pertinent variance(s) and computer running
time per particle history. In practice, both these
objectives are seldom if ever S&imultaneously
achieved. The introduction of biasing factors into
the random walk formulation usually results in a
longer history execution time. One is then forced
to think in terms of the most favorable compromise
between a reduction of the number of histories
required for a certain accuracy through minimizing
the variance with a weight function, and the cor-
responding increase in per-history exzecution time
associated with the greater complexity of the
sampling scheme.

The subject investigation is structured to treat
problems of progressively increasing complexity
both analytically and numerically, the latter by
means of Monte Carlo transport codes written
specifically for each of the biasing/scoring tech-
niques considered. To this date, work has been
completed on a simple problem involving neutron
slowing down in a hydrogen-pure absorber medium
with constant cross sections. Estimates, vari-
and execution times were generated as
indicated in Table 5.6.1. The sampling techniques
cited in the table have the following definitions:

ances,

1. Direct Analogue: score 1 for particle transmis-
sion through boundary; score ¢ upon absorption
before particle reaches boundary.

2. Analogue, Absorption Weight: particle weight
factored by survival probability for each colli-
sion prior to reaching boundary; upon transmis-
sion, score particle weight.

3. Next Flight Estimator: score product of survival
probability and probability for transmission to
without further

boundary interaction at each

collision.

4. Next Flight Estimator, Absorption Weight: par-
ticle weight factored by survival probability at
each collision; score product of particle weight
and probability of transmission on succeeding
flight at each collision.

5. Last Event Estimator: upon particle absorp-
tion, score the quotient of the probability for
survival and transmission on the next flight by
the probability of absorption.

5.7 ADJOINT AMD IMPORTANCE FUNCTIONS
IN MONTE CARLO APPLICATION

R. R. Coveyou

In support of current work on the utilization and
evaluation of various biasing methods in Monte
Carlo calculations, an expository report has been
prepared and is in internal circulation with the
and
and
and
ob-
and
ac-

primary purposes of explaining, clarifying,
making precise the role of adjoint operators
adjoint equations in the selection of feasible
Some
jective criteria of efficiency are discussed,
methods
cordance with these criteria are set down.

useful weighting and biasing schemes.

for evaluating biasing schemes in



5.8 IMPORTANCE SAMPLING DEVICES
FOR SELECTING TRACK LENGTHS AND
DIRECTIONS AFTER SCATTER IN O5R!

F. H. Clark N. A. Betz?

Several importance sampling schewes are dis-
cugsed in some detail. A path-length stretching
scheme and ang exponential transform scheme, both
available in O5R, are described analytically and
by means of listings and flow charts, A scheme to
adapt these two schemes to “never escape selec-
tion,”” not available in O5R, is described analyt-

ically only. A scheme for biased selection of
laboratory  direction after scatter, available in

0O5R, is described analytically., This last scheme,
unlike the others, has not led to good results in
any lest,
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5% AUXILIARY ROUTINES FOR O5R:
Q5RREAD, PICTURE, AND PUNCHSIG

D, C. Irving D. K. Trubey

. W. Momrison’

Several routines, to be used as part of the opera-
tions involving the QSR program, have been de-
veloped for the CPC 1604 and the IBM 7080 com-
puters. This program, which is available as part
of the O5R packape through the Radiation Shield-
ing Information Center, includes the subroutines
OSRREAD, PICTURE, and PUNCHSIG.

OSRREAD is @ machine language subrouline used
in analysis routines to read the O5K history tapes.
The history tape read operations are buffered to
allow simultaneous computation and tape read with
a consequent saving in computer time. In addition,
O5RREAD handlez all the details concerning the
actual format of the history tape and the error
procedures necessary for the tape operations and
thus simplifies the writing of the analysis program.

FPICTURE,
prepared for the general geometry routine GEOM,
produces as printed oufput a graphical display of

a diagnostic aid in checking input

arbitrary sections through the three-dimensional
geometry specified by the GEOM input.
ancies between the intended geometry and that
actually resuliing from the input may then be
easily spotted and corrected.

PUNCHSIG provides a tape-to-card capability for
O5R master cross-section tapes. It allows cross-
section data contained on any O5R master cross-
section tape, such as the cross-section library
tapes, to be punched on cards in the O5R formad.
A special featnre in PUNCHSIG facilitates the
exchange of cross-section daia between the com-
puter installations at ORNL and ORGDP,

Discrep-
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5.10 A GENERAL MULTIGROUP CROSE.
SECTION PACKAGE USIMG THE 0O5R
CROSS-SECTION LIBRARY

K. 1. Yost

A code package designed to generate group
average cross sections from the O5R data tape is
being developed for use both as a production and
a research tool. The oumber and placement of
Provi-
sion has been made for the averaging of cross sec-
tions over arbitrary input flux spectra. The code is
programmedl

group boundaries are completely arbitrasy.

to allew for maximum flexibility in
such specifics as numerical integration techniques
and in the models used to represent various particle
interactions and their consequences. This flexi-
bility should be nseful in a systematic investiga-
tion of the effect upen group cross-section magni-
tudes of variations in particle interaction models
and code execution technigues.

511 EYALUATED CROSS-SECTION LIBRARY

D. C. Irving J. Gillen'

The compilation of a library of evaluated neutron
cross sections containing data on 28 nuclides has
been completed. The library is iu the format nsed



by the OS5R computer piogram, and information
concerning its contents and use has heen distrib-
uted to O5R users in the Neutron Physics Division
and other divisions. The library is being revised
to contain additional nuclides and to incorporate
more recent data on the presently available nu-
clides.
Acquisition of
concerning cross-section evaluations being per-
formed at other installations is continuing. A siz-

reports and other information

able library of such documents is maintained as
part of the Radiation Shielding Information Center.
Programs have been written to convert data from
the Aldermaston and United Nuclear Corporation
formats into the OSR format, and cross-section
libraries obtained from these installations are now
available to OSR users at QOak Ridge.

In cooperation with the Reactor Division and
other divisions, cross-section evaluations are be-
ing coordinated and will be compiled into a Lah-
oratory-wide library. The exchange of cross-sec-
tion data with other installations will be facilitated
through the use of the evaluated nuclear data file
format designed by H. Honeck (presently with the
AEC). Programs are being developed to utilize
this format in preparing data for the Monte Carlo
and multigroup codes used at the Laboratory.
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5.12 FORTRAN-1V VERSIONS OF THE 0O5R
NEUTRON TRANSPORT CODE

E. C. Long!’

OSR, the highly versatile Monte Carlo neutron
transport code invented by Coveyou,? was perfected
for use on the CDC 1604 and IBM 7090 computers.
With the planned replacement of these machines by
the IBM 360-series computers at both ORNL and
the Central Data Processing Facility, it has be-
come necessary to modify O5R accordingly.

Versions of O5R and its companion cross-section
handling program XSECT have therefore been pre-
pared in the FORTRAN-IV language for both the
IBM 7090~ and 360-series machines. Within the
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minor limitations imposed by differing machine
capabilities, the new versions of the codes are
merely direct transliterations of the existing
FORTRAN-II and -63 programs. (The FORTRAN-IV
7090 code was used as an intermediate step be-
tween the existing versions aad the FORTRAN-IV
360 code.) The new versions of O5R and XSECT
will serve to keep these codes operable until the
completion of O6R (O5R Revised), which is being
written directly in FORTRAN-IV (see Sect. 5.13).
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5.13 O6R (05K REVISED): A GENERAL-
PURPOSE MONTE CARLO PARTICLE
TRANSPORT SYSTEM FOR IBM 340

R. R. Coveyou

The acquisition of an IBM 360/75 by ORNL and
of an IBM 360/50 by Central Data Processing
Facility has made necessary the provision of Monte
Carlo particle transport programs (O5R or equiva-
lent) for these machines. At the same time the
greatly increased capabilities of these machines in
speed and memory have made it both desirable and
feasible to extend and improve the present OSR
system for full utilization of these capabilities. It
has hence been decided to undertake a thorough
revision and extension of the OSR system. The
systemn as thus revised and extended will be des-
ignated O6R (CSR Revised).

The first step will be a transliteration of the
present OSR system into 2 langnage (FORTRAN-
IV) compatible with the IBM 360 system. This
project is discussed in Sect. 5.12, this report.

The basic design of the O6R system is essen-
tially complete, and the programming is well begun.
Some of the features of O6R which are new or
greatly extended over those of O5R are listed and
discussed below.

1. Certain problem parameters used in OSR,
notably, number of scatterers in a medium, number



of media in the problem, number of anisotropic
scatterers in the problem, number of quadric sur-
faces in a block, number of blocks and zones in
the system, and number of energy values at which
microscopic cross sections may be specified, are
limited to arbitrary maximum values. Every effort
will be made to remove such restrictions and to
substitute for all of them the single restriction that
the resulting code plus data necessary to solving
the problem shall fit into the available storage
space: fast storage, bulk storage, disks, and tapes.

2. The present supergroup and subgroup energy
structure for cross-section handling, with subgroup
limits equally spaced in energies, will be pre-
served.  However, the allowed specifications for
supergronps will include equal spacing in lethargy
(the present method requires supergroups to cover
a factor of 2 in energy), equal spacing in energies,
or arbitrarily specified supergroup energy limits,
In addition, some or all of the cross sections may
be tabulated as above, or they may be calculated
at the time of use by subroutines supplied by the
system or by the user,

3. OSR allows the specification of scattering
angular distributions as isotropic, f, (or cosine),
and in a form which approximates an angular dis-
tribution specified by a finite number of Legendre
coefficients, all as seen in the center-of-mass co-
O6R will, in addition to thesze,
allow fuither options in the specification of scat-
tering angular distributions, iocluding specifica-
tions by histegram or continuous, piecewise linear
distributions, and, with the introduction of special
subroutines,

ordinate system.

anything else within reasonable in-
genuity.

The treatrment of inelastic scattering will be
simplified and, as far a5 is possible, brought with-
in the general logical framework of the system,
Specification of angular distributions in laboratory
coordinates will be allowed; center-of-mass spec-
ification is reguired in O5R. Codes to convert
center-of-mass  scattering data to laboratory scat-
tering data, for use in analysis, will be provided.

4, The general-geometry routine GEOM is being
redesigned, both to provide wider options in the
types of geometries which can be used and to muke
simpler the task of iaput specifications. A more
flexible input language is to be used, aflowing, for
example, quadric sutfaces to be specified in simpler
and more usual forms thaa the completely expanded
form now required. Further provision will be made
for the succinct specification of systems composed

of or containing arrays of similar geometric objects.
Curved surfaces more complex than quadric sur-
faces may be introduced by subroutine.

5. Extensive efforts are being made to provide
fast, reliable, random variable generators for use
in O6R; these efforts are described in Sect. 5.14.

6. The use of adjoint problem specifications is
being investigated. There are two plausible ways
in which the adjoint specifications may be used
in Monte Carlo calculations. First, the adjoint
specification may itself be solved by Monte Carlo
(means for effecting this and the couditions under
which this may be useful are being studied).
Second, conventional methods may be used for cal-
culating rough adjoint golutions and solutions used
as importance functions.

7. Perthaps the primary purpoze of the O6R proj-
ect is to make feasible the investigation and use
of advanced biasing techniques; the bewildering
variety of possibilities makes a detailed discus-
sion here impossible. The provision of fhese ex-
tended biasing capabilities will dictate both major
and minor changes in the system,

8.

the transport of thermal neutrons are needed.

Much more sophisticated methods of handling
A
treatment of thermal scatterers as Mazwell-Boltzmann
gazses has been developed and will be provided.
There are many other models which can be fitted
the O6R framework. 3Some of these will be
investigated, and the requirements of such models
will be considered in the overall desipn.

into

5.14 RANDOM NUMBER GEMERATORS
FOR 1BM 260

R. R. Coveyou

A random number generator is a procedure for the
recursive generation of a sequence of numbers
which strongly resembles a sample sequence drawn
by repeated independent choices from a probability
distribution uniform on the unit interval.

The most important generators are those called
as follows:
Let P be the number of different nonnegative inte-

<

linear congruential.  The method is
gers representable as a single machine word. (P =
277, 1BM 7090; P - 2%7, CDC 1604; P = 2%', IBM
360; P = 2°% is also possible on the IBM 360 at
some cost in machine time.)

Let ¢, A, p be positive integers less than P

’

0



except that one of ¢ and i may be zero. Define,
recursively,

C
n

L1CAC, (mod P) ,
all the <, being in the range 0 < ¢, <P. Finally,
let

Xn = cn/P ;

the X  form the sequence which is the output of
the random number generator. The choice A =5
(mod 8) and 1 = 0 ensures that P/4 different values
of X ~occur before repetition; the choice A =1
(mod 4) and y odd produces P such different val-
ues.

These facts leave nothing to be desired con-
cerning our knowledge of the distribution of the
terms of the output sequence when averaged over a
full period of the generator; the distribution is
essentially perfectly uniform.

Until recently, little has been known of the
independence properties of such sequences. The
single significant fact known and proved was that,
if A is too small, successive terms in the output
sequence would be very seriously correlated. Re-
cent work! has provided a method for an essentially
complete analysis of the statistical performance of
such generators.

Imagine the joint distribution of n successive
terms of the sequence as a probability distribution
If the
were perfect, this distribution would be
The work cited shows that
departures from uniformity imay be visualized as
“waves”

spread over aan n-dimensional unit cube.
method
uniform and smooth.

in this distribution, and, for specific
choices of A and g, the amplitude and wavelength
of these waves may be calculated. Though it is
not immediately obvious, reflection will make it
clear that such waves are harmful if both amplitude
and wavelengths are large.

An important conclusion of this study was that
there was a natural limit to the statistical per-
formance of the method, depending only upon P
(therefore the machine) and not upon the choice of
A and i, Further, although it seems that thoroughly
reliable generator performance is possible on the
CDC 1604 computer, this is not completely clear
for the IBM 7090 and is a little more dubious for
the IBM 360. The trouble comes mainly in the
distribution of quadruplets and longer strings.
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Our present concern is with random number gen-
erators for the IBM 360/75, since they are neces-
sary in the preparation of Monte Carlo programs for
this machine.

1.

Several courses ate open to us:

We can go ahead with presently known methods
and hope for the best.

Since the actual effect of these correlations on
practical calculations is unknown and, realis-
tically, incalculable, we can examine the effect
of using such presumably faulty generators in
pilot calculations.

We can, at a sacrifice of machine time, artifi-
cially increase the effective word length to a
“safe’ value.

We can investigate methods other than linear
congruential for generators of random numbers.
Several such methods, having various degrees
of promise, have been devised, and attempis at
mathematical analysis have been started,

Course 1, though not hopeless (one might be
lucky), is probably nnacceptable. We have, tem-
porarily, adopted course 3 in order to have a reli-
able method for instant use. Course 2 and coutse

4 will be investigated further.
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5.15 CDC 160-A PROGRAMS FOR PROCESSING
DATA FROM NEUTRON TIME-CF-FLIGHT
CROSS-SECTION MEASUREMENTS!

W. E. Kinney J. A. Biggerstaff?
Codes have been written for processing the data
from experiments which measure neutron elastic-
and inelastic-scattering cross sections by the
time-of-flight technique. The data are accumulated
in an ND-160 4096-channel pulse-height analyzer
and are extracted from it by means of punched
paper tape or sent directly to a CDC 160-A computer
over a data-link cable. The codes enable the data
to be printed, the background {v be normalized and



subtracted, the walk in the circuitry to be corrected,
and the corrected results to be printed.
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5.16 LEGENDRE, A PROGRAM TO CALCULATE
LEGENDRE COEFFICIENTS FROM ANGULAR
DISTRIBUTIONS'

D. C. Irving W. E. Kinney

Pat Rea?

LEGENDRE is a FORTRAN program, written f{or
either the CDC 1604 or IBM 7090, to calculate the
coefficients of the Legendre expansion of an angu-
lar distribution. The angular distribution, repre-
sented by either the differential cross section or a
probability distribution, may be specified at arbi-
trary values of the cosine with linear interpolation
between given values. The Legendre coefflicients
are punched on cards in the format used by the
O5R cross-section handling package. Comparisons
are made between the initial distribution and the

calculated Legendre expansion.
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5.17 IMPOSSIBLE LEGENDRE COEFFICIENTS'

D. C. Irving R. R. Coveyou
R. D. MacPherson

It has long been realized that Legendre polynomial
expansions of differential cross sections can result
in negative cross-section values due to the trunca-
tion of the infinite series. It is also possible that
a given set of Legendre coefficients may result in

negative cross sections because they do not repre-
sent any physically possible, everywhere positive
angular distribution. The mathematical criteria that
must be satisfied in order that there exist an every-
where positive distribution having a given set of
Legendre coefficients are discussed. A check of
the Legendre coeflicients from several published
sources has revealed a surprisingly large number
of instances where the coefficients are impossible.
A computer program is offered which will examine
a set of Legendre coefficients to determine if they
can be derived from a possible distribution.
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5.18 WATETIME ~ AN O5R MONTE CARLO
ANALYSIS ROUTINE FOR THE TIME
BEHAVIOR OF NEUTRON POPULATION

J. T. Mihalczo G. W, Morrison®
D. C. Irving

WATETIME is a FORTRAN program for analyzing
the neutron history tapes produced by the Q3R
Monte Carlo neutron transport code? and for cal-
culating the neutron population as a function of
time. The program was developed for the interpre-
tation of prompt-neutron decay experiments. Source
neutrons are injected into the system at time zero.
Although the time distribution of source neutrons
is a delta function at present, it can be extended
to other distributions.
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6. Radiation Detector Stydies {l)

6.1 DEVELOPMENT OF AN EPITHERMAL

NEUTROM SPECTROMETER!

T. V. Blosser

The design of a neutron spectrometer for use in
the neutron energy range from thermal to approxi-
mately 10 keV which has been under development
for some time? has been completed. The spectrom-
eter is basically a spherical BF | counter enclosed
in a thick !'°8 shell, which is penetrated by =
1-in.-diam collimator. 108 filter
disks, each of a different thickness, can be suc-
cessively positioned at the mouth of the collimator
to, in effect, peel off greater and greater fractions

Twenty-three

of the incident neutron spectrum.

The spectrometer has been used in three field
tests: a measurement of a portion of a neutron
spectrum of the Bulk Shielding Reactor (see Sect.
1.10); measurements of epithermal spectra of the
Tower Shielding Reactor (see Sects. 3.3 and 3.5);
and measurements of the spectra from beam holes
HB2 and HB3 of the High Flux Isotope Reactor.
The field tests indicated that the number of filters
should be increased by approximately five: three
for filling in somewhat large gaps between some
filters in the existing sequence and two very thin
filters for improving the resolution of the instrument
at near-thermal energies.

Analysis of the data obtained with the epithermal
neutron spectrometer has turned out to be difficult,
and various methods are still being studied. Ini-
tially, a strong effort was made to use the quite
accurate methods of Burrus et al. as embodied in
the FERD series of codes.® This effort failed,
largely because of the intractable shape of the
spectrometer response functions. Typically, the
response curve for any single filter of the set rises
steeply to a rather broad peak, then slowly and
monotonically decreases in a 1/v fashjon. The full
width at half maximum of the peak is roughly two
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energy decades. For the successful application
of the FERD codes much sharper cutoffs are needed.

The analysis method which proved successful
for the first and second field tests mentioned above
consisted fundamentally of making a first guess as
to the shape of the measured spectrum and using
the measured transmissions of the !°B filters to
calculate the number of counts which would have
been obtained from such a spectrum. Comparison
of the calculated count spectrum with the experi-
mentally obtained counts enabled a second and
better guess to be made. This iteration process
was carried out until at least +5% agreement be-
tween calculation and experiment was obtained.

Further study of analysis methods is being car-
ried out concurrently with the preparation of the
final report and the manual covering the spectrom-
eter, for which outlines are presently being dis-
cussed.

References

"Wark funded by Defense Atomic Support Agency
under DASA order E0Q-851-64.

2T. V. Blosser and R. M. Freestone, Jr., Neutron
Phys. Div. Ann. Progr. Rept. Aug. 1, 1965, ORNL-
3858, vol. 1, p. 59; T. V. Blosser, Neutron Phys.
Div. Ann. Progr. Rept. Aug. 1, 1964, ORNL-3714,
vol. 1, p. 84.

*W. R. Burrus, Neutron Phys. Div. Ann. Progr.
Rept. Aug. 1, 1964, ORNIL.-3714, vol. 1, p. 77.

6.2 I1SOTRGPICALLY RESPONDING

FAST-NEUTRON DOSIMETER'

T. V. Blosser

Previous annual progress reports have discussed
the design of a highly sensitive, isotropically



responding fast-neutron dosimeter and outlined
the goals of its development.? The work has been
cartied on concurrently with the design of the
epithermal neutron spectrometer described in Sect.
6.1. Although most of the effort has been on spec-
trometer design during the past year, a considerable
body of calibration data has been accumulated on
a dosimeter configuration consisting of a 10-in.-OD
polyethylene sphere enclosing a 2-in.-diam spher-
ical, isotropically responding BF, proportional
counter. Most of the dats, unfortunately, are in
somewhat disconnected bits and pieces. This is
due to the fact that the heavy workload on the

required for these calibrations (the 5-
MeV Van de Graaff, for instance) has forced our
work to fit a “‘time available’’ pattera.

facilities

At present we have obtained accurate calibra-
tions with 3- and 14-MeV monoenergetic neutrons,
with neutrons from Po-Be and Po-B scurces, and
in a 1/E flux behind the 23 '°8 {ilters belonging
{o the epithermal neutron spectrometer. A long
counter, to serve as an accurate flux monitor duting

calibration runs, was also carefully calibrated.

Since the data are not in order, no attempt has
yvet been made to perform a careful analysis. How-
ever, evidence to date indicates that the combina-
tion of the 10-in.-0OD sphere with the 2Z-in.-diam
proportional counter (having a double-loop collector

and filled to a pressure of L

, atm with enriched
BF, gas) will have a sensitivity and response
similar to, but possibly better than, the end re-
sponse of the modified long counter used in the
survey of the shield of the NS ““Savannah.”® When
used in the mode for which it was designed, the
latter instrument produced excellent measurements

of the multicollision tissue dose.
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6.3 PROGRESS IN THE DEVELOPMENT
OF INSTRUMENT-RESPONSE
UNFOLDING METHODST

W. R. Burrus B. Rust?
B. D. Holcomb? C. Schneeberger
M. Young

For several years we have been concermed with
the problem of operating upon experimental pulse-
height distributions from scintillation counters in
order to obtain the desired neutron or gamma-ray
At present, the FERDO® code is the
most advanced general code that we have made
generally available. It has a number of restrictive
approximations but operates quite fast and gives
good results for scintillation counter pulse-height
distributions with many channels. A number of
small improvements have been made and some
erors corrected, and a revised version, FERDOR,
will soon be issued as an ORNL report. A com-
plete revision which is not so restrictive, known
as FERD, has been completed, checked on several
problems, and documented.
tribute FERD through the
formation Center. There
FERD will prove useful
threshold activation foils
spectrometers,

spectrum.

It is planned to dis-
Radiation Shielding In-
is a good chance that
on {reating data from
and other few-channel
such as the Bosnersphere spec-
trometer.*

We are still trying to eliminate all ad hoc as-
sumptions or restrictions from the method. Previous
attempts at running a complete code using quadratic
programming demonstrated the validity of the meth-
od, but were plagued by long running times and
difficulties with the floating-point tolerance prob-
lem. We are trying to adapt the gymmetric linear
programming method of Talacko® for very fast
quadeatic programming, and hope that judicious
use of interval arithmetic or significance arith-
metic® will eliminate the necessity for prescaling
input or worrying with floating-point tolerances.
Effort continues on a superspeed approach’ which
requires on the order of 10% arithmetic operations
for operating on a 100-channel spectrum, as opposed
to 107 for present methods. [t is planned to refine
the code in'order to deal with Nal(Tl) scintillation
gamma spectrometers, and then to attempt to pro-
gram the method for our PDP-8 computer. We are
also trying to get some results outside the narrow
context of unfolding pulse-height distributions. We



have just published an algorithm for the gener-
alized inverse® which we think is among the most
elegant and efficient known. The generalized in-
verse code was a slight variant of an algorithm
used by FERDO (and its predecessor, SLOP). A
numerical experiment is now under way on solving
systems of equations using programmed arithmetic
and input/output routines which have a random
rather than a deterministic error. This makes it
possible to bring powerful statistical techniques to
bear on questions of accumulation of error. We
expect to obtain some sharp results which will
then have application to actual computers with
deterministic finite precision arithmetic and input/
output truncation.
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6.4 NEUTRON SPECTROMETRY WITH BULK
LIGUID ORGANIC SCINTILLATORS!

R. Textor?
W. R. Burrus

V. V. Verbinski
R. M. Freestone, ]Jr.

The development of a fast-neutton spectrometer
of high efficiency and relatively large size has
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been pursued by the Neutron Physics Division
because of its importance to a number of past,
present, and proposed programs of interest to the
Division. These include spplications in reactor
shielding, fast-neutron albedo and reactor source
spectrum determinations, scattering cross-section
measurements, determinations of (a,n) and (p,n)
yields and cross sections for 0.5- to 50-MeV neu-
trons, and measurements of cosmic-ray neutrons
in and above the earth’s atmosphere. The capability
of good gamma-ray discrimination with the NE-213
scintillator is of utmost importance in most of these
measurements, even where time-of-flight techniques
are used.

Both 5- by 5-in. and 2- by 2-in. scintillators have
been calibrated and used for a number of meas-
urements where time-of-flight techniques were pos-
sible. These calibrations have been carefully made
and are quite reliable, as evidenced by the good
results obtained and by the use of the published
calibrations at several other laboratories. These
calibrated detectors are useful in cross calibrating
very large scintillator tanks often used with linacs,
and this proves to be a very convenient procedure
in time-of-flight arrangements.

For time-of-flight applications, only the integral
bias efficiency is needed. These arc obtained from
response functions calculated with a Monte Carlo
code.

For measurements where time-of-flight techniques
are not feasibie, the complete pulse-height distribu-
tion for incident moncenergetic neutrons must be
known so that unfolding techniques can be applied.
These have been obtained with reasonable accuracy
from 0.1 to 20 MeV with the O5S Monte Carlo code of
Textor. They have been checked for proper shape
at a large number of neutron energies, and for
absolute differential efficiency at 2.66 and 14.43
MeV.

To obtain reliable spectra with reasonably good
energy resolution and a reliable estimation of the
statistical uncertainty of the results, it is neces-
sary to have good pulse-shape discrimination capa-
bilities; the electronics must he stable, linear, and
yield very reproducible results; the Monte Carlo
calculations of the response must be accurate and
based on experimental inputs and checks; and a
reasonably sophisticated unfolding-type code must
be available.

A Forté-type gamma-ray discriminator has been
developed to the point where it is stable and can
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lished Results,

accept neutron-induced pulses at near 100% ef-
ficiency over a pulse-height range that corresponds
to recoil protons of about 0.4 MeV (corresponding
to a pulse height produced by a 0.050-MeV elec-
tron) to 20 MeV. It has been used with conventional
amplifiers and an analyzer in gamma-ray environ-
ments producing count rates up to 10,000/sec
(about 10% of these evenis were due to neutrons).
Proper adjustment of the circuit for this range .is
not possible without experimental checks. These
have recently been Improved to the point where
good performance and reliability are achieved.

The reliability, linearity, and reproducibility of
the electronics have been advanced significantly
by proper matching of amplifier and analyzer and
by improving the tube-base design. The requirement
of obtaining a linear output from the 10th or 1lth
dynode of a 14-stage photomultiplier operated in a
high-current mode leads to severe interelectrede
coupling problems. These have been overcome to
an extent where two different tube-base designs

appear to be reasonably reliable. It is hoped that

the problem can be pursued further so that an
operable base can be obtained that has nanosecond
time slewing, in addition to the above-mentioned
requirements of linearity, reproducibility, and good
gamma-discrimination capability,

The Monte Carlo calculations have recently shown
significant improvemeni in matching the responses
that could be measured at a few points, both as a
result of more precise measuring techniques and
improved inputs to the calculation. Previously, the
mismatch was such that the Gaussian “‘window
widths” generated by the FERDO unfolding code
had to be widened additionally by a factor of 1.4
to avoid local aberrations in the neutron spectra.
It is expected that this factor can now be reduced,
so that the energy resolution of the system should
approach that limited by the scintillator itself and
not by the heretofore-required additional smearing.

‘The FERDO code has been carefully checked,
including a test case where a published 2%2Cf
spectrum was converted to a pulse-height distribu-
tion, using the 2-in. sciatillator response matrix.
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This pulse-height distribution was operated on by
the FERDO code, which very satisfactorily re-
produced the original spectrum, both in shape and
magnitude.

Very recent results of measurements at ORNL,
as processed by FERDO, are shown in Figs. 6.4.1
and 6.4.2, where the measured 252Cf and Po-Be
source spectra are compared with measurements
obtained by nuclear-emulsion and time-of-flight
techniques performed at other laboratories.
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