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A PRELTMINARY EVALUATION OF THE NEUTRON AND

PHOTON-PRODUCTION CROSS SECTIONS OF OXYGEN

by

D. G. Foster, Jr., and P. G. Young

ABSTRACT

of 166

0 has been completed for the energy region 10~

preliminary evaluation of the neutron-induced cross sections

eV to 20 MeV.

Energy and angular distributions of secondary neutrons and photons

are included.

The recommended data are based mainly on experiment,

although model calculations were used to augment the measurements

in certain areas.

In addition, results from an earlier evaluation

performed at the Knolls Atomic Power Laboratory are also included

to a limited extent.
tape in ENDF/B(III) format.

The evaluated data are avaeilable on magnetic

1.  INTRODUCTION

A preliminary evaluation of the neutron and
photon-production cross sections of oxysen has been
> eV to 20 MeV.
Except in the region of the 'window" at 2.35 MeV,

0, and the

0.23% of 17O and 18O is ignored. The data are in
ENDF/B (III) format as MAT 1134 and have been pro-
vided to the Radiation Shielding Information Center
at Oak Ridge and to the National Neutron Cross Sec-
tion Center at Brookhaven.

completed for the energy range 10~

natural oxygen is treated entirely as L

The primary purpose of this work is to provide
the Defense Nuclear Agency with an interim set of
cross-section data which contains a consistent set
of evaluated inelastic-neutron and photon-production
cross sections and which includes consideration of
several important new measurements. A complete
literature survey was not performed for this study,
although many new measurements are included. Parts
of the 1965 evaluation by Slaggie and Reynolds
(8165) at the Knolls Atomic Power Laboratory (KAPL)
have been incorporated in the evaluation. The pre-
sent study is incomplete in several areas and should
be regarded as preliminary.

A survey of the reactions of interest is given
schematically in Fig. 1 (Aj59, AJT0, AJT71). The
(n, v) reaction has been omitted from Fig. 1 be-
cause it is very small above the electron-volt
region and caen be neglected for most purposes. The
Q-values and thresholds for various n+l O reactions
are given in Table I.

The only significant channel below the (n,ao)
threshold at 2.354 MeV is elastic scattering, and
in practice the Coulomb barrier inhibits the (n,ao)
Similarly, the 3.09-
MeV photon from the (n,al) reaction to the first
excited state of 13
til above 7 MeV, although its threshold occurs at
5.64 MeV. Above T MeV, inelastic scattering is the
dominant reaction channel. Although the (n,n'a)
channel opens at T.61 MeV, parity conservation
inhibits the levels in 16O below 9 MeV excitation
from decaying by alphe emission, and the (n,n‘a)

reaction up to almost 4 MeV.

C does not become detectable un-

reaction does not become significant until above
11 MeV.

sion from excited states in L

At energies above 12.89 MeV, proton emis-
O competes with alpha
emission; however, at all energies the (n,n'p)
reaction remains less important than the (n,n'a)

resction. Ip this study the (n,n'p) and {n,n'a)
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Fig. 1. Composite energy-level diagram for the residual nuclei of major interest formed in n + 16O reactions.

Except for the "E
given in MeV.

reactions are included in the discrete (n,n') ENDF/B
files, with appropriate flags to indicate particle
emission from the residual 16o excited states.

The threshold for the (n,p) reaction occurs at
10.25 MeV, followed closely by the (n,d) threshold
at 10.53 MeV.
unimportant, es its cross section is less than
16 mb at all energies.

The latter reaction is relatively

The cross section for the
(n,2n) reaction is less than 3 mb below 20 MeV
(Br6l), end it is not included in the evaluation.
Similarly, the (n,t), (n,j}{e), and (n,2a) reactions
listed in Table I are expected to have very small
cross sections and have been ignored.

The neutron total cross section was obtained
at all energies from experimental data. Below
11 MeV, the elastic cross section was determined by
subtracting the sum of all reaction cross sections,
which were determined mainly from measurements, from

the evaluated total cross section. Between 11 and

1ab" scales, the energies are in the center-of-mass system, and all energies are

14 MeV, increasing emphasis was placed on the mea-
sured elastic cross section, and above 1k MeV the
nonelastic cross section was determined by sub-
traction of the elastic from the total. The non-
elastic cross section was ektended to 20 MeV by
Above 14 MeV the (n,p),

(n,d), and (n,a) cross sections were taken from

optical model calculations.

measurements, and the (n,n') cross section to highly
excited states of 1 0 was adjusted to give the cor-

rect nonelastic cross section.

2, NEUTRON AND PHOTON-PRODUCTION CROSS SECTIONS
2.1 Total Cross Section

The total cross section has been completely
re-evaluated. Because our main purpose was to in-
corporate recent measurements, we gave less atten-
tion to the older work, especially in the million-
electron-volt region. Below T00 keV, however, the

evaluated total cross section is based entirely on



TABLE I

Q-VALUE® AND THRESHOLD FOR
SEVERAL n+1°0 INTERACTIONS

Q Threshold

Reaction (MeV) (Mev)
160(n,n)l60 0 0

l60(n,n’)160* -6.050 6.432
16O(n,7)170 +4.,143 0

06(n,p) ox -9.639 10.247
mdmﬂﬁn -9.901 10.526
260(n, t) 4y 14,479 15.392
16o(n,BHe)ll‘c -14.616 15.538
16o(n,a)ljc ~2.214 2.354
160( n,n'a) 2 -7.161 7.613
16o(n,n'p)l5N -12.126 12.891
0(n,20) %0 -15.668 16.656
160(n,aa)9Be -12.865 13.676

aAll Q-values used in this evaluation are taken
from the 1964 mass tables of Mattach et al. (Mab65).

very old measurements. From & preliminary approxi-
mate fit to the data of Okazaki (Ok55), the first
resonance was found to have E_ = k2 kev,
0, = 13.03 b, and T' = 48 kev, all in the lsboratory
system. By subtracting the tall of the resonance
from three measurements below 250 keV (Ad49, Jok8,
Mek9), we obtained a weighted average of 3.666 :
0.015 b for the low-energy potential-scattering
cross section. If the (n,y) cross section is assum-
ed to vary as l/v from Jurney's value (Ju7l) of
178 po at 2200 m/sec, it contributes an additional
9 mb to the total cross section at 10"5 eV, but is
negligible above the electron-volt region. The
potential-scattering background was assumed to vary
linearly in the neighborhood of the hh2-keV reson-
ance in such & manner that the total cross section
Joins smoothly at 700 keV onto the curve deduced at
higher energies. The result is shown in Figs. 2 and
3, together with the data. Near 300 keV the total
cross section is a few percent higher than the KAPL
evaluation.

The remainder of the evaluated total cross sec-
tion is based primarily on three major time-of-

flight measurements which have become available

since the 1965 evaluation. The measurement of
Foster and Glasgow (Fo7l) had the poorest resolu-
tion and the least reliable energy scale (especially
below 3.5 MeV), but was part of an extensive series
of systematic measurements which allows additional
comparisons to be made with other work on other
elements. It agrees with the results of Schwartz
(SeT1l) within about 0.5%, on the average, in the
overlap interval of 2.25 to 15 MeV. Since the two
measurements used different samples (B, 0,.-2B and

23
8i0,-Si, respectively), and similarly good agree-

meni has been observed previously in nitrogen (Yo72)
and aluminum (YoT72a), the Foster and Glasgow and the
Schwartz measurements were adopted as standards for
the million-electron-volt region.

The measurement by Cierjacks et al. (Ci68),
who used A1203 with an aluminum blank, is the only
one of the original 1968 group of Karlsruhe measure-
ments that has not subsequently been assigned a
recorrection for dead-time errors, and it is be-
lieved to be correct within about 20 mb at all
energies above 700 keV (CiTl). However, the
Cierjacks data disagree with other time-of-flight
measurements in much the same way as Young and
Foster (Yo72a) observed for aluminum (after recor-
rection), namely, there is a smooth variation
ranging between l% lower and h% higher than the
Foster and Glasgow (Fo7l) and Schwartz {ScT7l) re-
sults. Agreement is within 1% at almost all
energies when & correction similar to that used for
aluminum (Yo72a) is applied.

The evaluated cross section from 0.7 to 12 MeV
was taken directly from Schwartz's work (Sc71).
However, since the Karlsruhe results had the best
resolution of the three time-of-flight measurements,
we used inserts of those results, normelized by the
correction discussed above, wherever necessary to
preserve the resolution. Between 12 and 20 MeV we
used a composite of the work of Schwartz and Cier-
jacks. Below 4 MeV, the extremely narrow resonences
found in the work of Fovwler and Johnson (Fo70, JobT)
were corrected for resolution and superimposed on the
base provided by the time-of-fiight work. Unfor-
tunately, we overlooked the fact that the earlier
work of Fossan et al., (Fofl), which was the pri-
mary basis for the 1965 eveluation above 4 MeV, had
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Fig. 2. Measured and evaluested total cross section for 16o below 0.1 MeV.
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O from 1.4 to 2.8 MeV. The experimental points

shown are averages of 11 points for the Cierjacks data (Ci68) and 8 points for the Schwartz

data (Sc71).

better resolution¥* at some energies than the work
of Cierjacks, although it differs from the recent
time-of-flight measurements in absolute cross sec-
tion, especially at higher energies. Therefore,
although the present evaluation should be more accu-
rate in energy and absolute cross section, in iso-
lated areas above 4 MeV its resolution is inferior
to the 1965 evaluation.

Figure 4 shows the measured and evaluated
cross section between 1.4 and 2.8 MeV, including
the '"window" in the total cross section near 2.35
MeV. An energy shift between the older and more
recent work is clearly visible at the 1.83-MeV res-
onance. For the window itsgelf, two additional
measurements were considered. After we applied

corrections for resolution ranging from 80 nb (¥o71)

*Note that in Figs. 3-7 the data of Cierjacks and
Schvartz are plotted as averages of many adjacent
points. This expedient introduces a further degra-
dation of resolution in the figures but not in the
evaluation.

to negligible (Ci68), we found that a value of

150 £ 10 mb for the minimum cross section of patural
oxygen agreed with the three time-of-flight measure-
ments and Fowler's (Fo7la) point-by-point work.*
Four different samples had been used for the four
measurements (Fowler et al., used BeQO-Be). We re-
Jected, for the present, a preliminary result of
65 + 15 mb made by Kalyna et al. (Ka7l), who used
a 5-ft-long sample of liquid oxygen.
reported by this group are higher and should be in-
corporated in the next evaluation.

Later values

The present
evaluation gives a window which is broader and shal-
lower than that of the 1965 evalustion and which
appears at a slightly lower energy (Fig. 4).

*Final corrections were not made until after we
completed the evaluation; the total cross section
at the minimum in the ENDF/B (III) data set is
139 mb.




Figures 5-7 show the evaluated total cross sec-

tion in the energy range from 2.6-20 MeV, together
with the data used for the present evaluation and

the measurement of Fossan et al. (Fofl), which was
not used. The loss of resolution can be seeﬁ at
several energies. At about 8 MeV, the newer measure-
ments and the present evaluation show a steady rise

over the Fossan dete and the 1965 evaluation.

1% MeV there is e 12% difference which has an appre-

Near

ciable effect on air-transport calculations for
1%-MeV neutrons. In addition, some of the propor-
tionately larger changes in the elastic cross sec-
tion discussed in Sec. 2.7 are due to subtraction

from this higher total cross section.

2.2. Radiative Capture Cross Section

For the 16O(n,y)17
neutrons, we used the Jurney and Motz (Ju63) value
of 232 ub.

energles was assumed to vary as 1/v from the thermal

0 cross section for thermal
The cross section at all other neutron
value. This assumption results in an (n,y) cross

section that is too small in the region of the in-

verse photonuclear giant resonance. However, the

actual cross section in the million-electron-volt
region is undoubtedly too low to be of interest in
most practical problems.

The capture gamma-ray spectrum for thermal
neutrons was obtained from the measurements of
Jurney (Ju7l) and is given.schematically in Fig. 8.
The total multiplicity for thermal neutrons is 2.854
photons per capture.

2.3. Inelastic Scattering Cross Sections
2.3.1. The Isa(n,n') and 160(n,n’7) Cross
Sections for Ex(lbo) < 13 MeV. The

(n,n') cross sections to the most important photon-

producing levels in 1 0 were determined mainly from

The level decay scheme for 16O

(n,n'y) measurements.
which relates the (n,n') and (n,n'y) cross sections
was obtained from the compilations of Ajzenberg-
Selove (A3}59, AJ70) and is given in Fig. 9. The pho-
ton transitions included in the evaluation are given

in Table II.
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TABLE II

GAMMA RAYS FROM
160(n,n'y)160 REACTTONS

E Binitial Epinal
(Mev) (Mev) (Mev)
8.872 8.872 0
7.119 7.119 0
6.917 6.917 0
6.131 6.131 0
4,949 11.080 6.131
4,163 11.080 6.917
3.833 10.952 7.119
2,741 8.872 6.131
2.208 11.080 8.872
1.955 8.872 6.917
1.753 8.872 7.119
0.510% 6.050 0

aEach 6.050~ O transition 1s assumed to produce two
0.51-MeV annihilation photons.

The 16O nucleus has two peculiar properties that
should be noted. First, the 6.050-MeV first excited
state has J" = 0+ and can therefore decay to the 0+
ground state only by internal pair-production. Since
provision has not been made in the ENDF/B system to
indicate prompt electron decey following (n,n') re-
actions, we were not able to include in the ENDF/B
files the energy deposited by the electron-positron
pair. The annihilation photons from the positron,
however, do appear in the photon-production files
with the appropriate threshold and cross section.

The second property of 16O that should be noted
deals with the relatively low threshold for the
(n,n'a) reaction. States above 7.161-MeV excitation
ere unstable to alpha emission (see Fig. 9); however,
because both 120 and the alpha particle have O+
ground states, only states in 1 O with parity equal
to (-1)J can decay to the ground state of 120. The
8.872-, 10.952-, and 11.080-MeV states do not satis-
fy this criterion and therefore de-excite by photon
emission. Thus, the (n,n'a) reaction is unimportant
below 10 MeV although its threshold occurs at 7.61

MeV. Above 11.605-MeV excitation, states in 10

+
alpha-decay to the 2 first-excited level of 120

0 can

witiiout the above restriction, and we have assumed

thet states in this region decay 100% by particle
emission.

4.143 e (146)  (854) _
1]
08708 3055
3.841 5/2°
2
3.055 i/2*
o
0.8708 I72* -
Q
0 5/2% "
7%
Fig. 8. Decay scheme and branching ratios for 170.

The transitions that occur following thermal
neutron captures are given in parentheses at
the top of the diagram in photons per 100
captures.
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The evaluated photon-production cross section
for the ground-state transition from the 6.131-MeV
level is compared in Fig. 10 to the KAPL evaluation¥*
(S165) and to the available experimental data. All
the measurements In Fig. 10 are single-angle
(1 = cos 8) differential results that have been mul-
tiplied by lxr. The LASL curve is based mainly on
55° messurements made by Dickens and Perey (Di70)
below 11 MeV and on a composite of several measure-
ments near 15 MeV. The single datum at 7.5 MeV by
Drake et al. (Dr70) is part of a complete angular=-
distribution measurement. The Drake data indicate
that & significant error {~40%) is introduced at 7.5
MeV by assuming the integrated cross section to be

by (55°). This assumption is made throughout the

¥*
Because photon-production data are not included in
the KAPL evaluation, the dashed curve of Fig. 10
was computed from the KAPL {n,n') cross sections
and the decay scheme of Fig. 9.

present evaluation because very few photon angular .
distribution measurements exist for oxygen, and we
did not perform a detailed theoretical analysis. The
differences between the 55° and 90° meesurements of
Dickens and Perey (Di70) indicate that the anisotropy
of the 6.131-MeV photon persists at most neutron
energles below 11 MeV. The KAPL curve in Fig. 10 is
apparently based on the 1959 measurements of Hall
et al. (Ha59) and is roughly a factor of two higher
than the LASL curve below 11 MeV.

Similar comparisons are given in Figs. 11 and
12 for the ground-state transitions from the 6.917-
and T.119-MeV levels. Figure 13 includes the photon-
production cross sections for the 1.753- and 2.T4l-
MeV photons, both of which result from de-~excitation
of the 8.872-MeV level in 16
for the 2.208-MeV photon from the 11.080-MeV level
is given in Fig. 14. The KAPL evaluation (S165) is
generally higher than our results in Figs. 11-1k,

0, and the cross section
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The 55° and 9Cf measurements made by Dickens and
Perey (Di70) indicate that at most neutron energies
the anisotropy in the angular distributions for these
photons is significantly less than for the 6.131-MeV
photon. ’

The (n,n') excitation cross sections for the
6.131-, 6.917-, 7.119-, and 8.872-MeV levels that
resulted from our analysis of (n,n'y) measurements
Beyond 15 MeV, the shapes of
the curves are taken from compound-nucleus reaction-
theory calculations made with the code COMNUC (Du7l).
The results shown for the 6.052-MeV level also result
from COMNUC calculations, normalized with the same
factor required to bring the calculated excitation

are given in Fig. 15.

cross sections for the photon-producing levels into
approximate agreement with the (n,n'y) measurements.
Similarly, the curves shown in Figs. 15-17 for levels
with excitation energy between 8.9 and 13 MeV are

based on COMNUC calculations. The normalization for

e.n
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Meagsured and evaluated (n,n'y) cross sec-
tions for the 1.753- and 2,.741-MeV photons
resulting from the 8.872 — 7.119-MeV and
8.872 - 6.131-MeV transitions in 1.

these calculations was chosen so that the total cross
section minus the reaction cross section near 14 MeV
resulted in an elastic cross section consistent with
measurements (see Fig. 35 in Sec. 2.7).

. The sums of the excitation cross sections for
the 6.05- and 6.13-MeV levels and the 6.92- and
T.12-MeV levels are in excellent agreement with di-
rect measurements near 14 MeV made by Bauer et al.
(Ba63) and McDonald et al. (Mc66a). The excitation
cross section for the 8.87-MeV level deduced from
the (n,n'y) measurements is, however, higher by
roughly a factor of 2 than the direct measurement of
McDonald et al. (Mc66a).

The total inelastic cross section that results
from the above analysis is compared in Fig. 19 to
the evaluation of Slaggie and Reynolds (S165). The
present results are substantially lower than the
KAPL curve at energies below 13 MeV, mainly reflec-
ting the difference between the older (n,n'y) meas-
urements of Hall et al. (Ha59) and the newer measure-
ments of Dickens and Perey (Di70) and Orphean et al.
{or70).
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6
2.3.2. The 16O(n,n') Cross Section for Ex(l 0)
> 13 MeV.
13 MeV, the level structure in 16

At excitation energies above
0 becomes increas-
ingly less certain, and a simple evaporation model
was used to estimate the relative {n,n') cross sec-
tion to levels in this region.
of the form

o
®p,nt = (B

We used an expression

- Ex) exp (Ex/T)

where Eo is the total energy avallable in the center-

» is the excitation energy in l60,

A value of 2 Mev

of-mass system, E
and T is the nuclear temperature,
was used for the temperature. The relative cross

sections generated in this manner were normalized so
that the nonelastic cross section agreed with the

total and elastic cross sections. These results are
represented as discrete {(n,n') reactions to 0.3-MeV-
wide bands of excitation energy in L 0 and are given
in Fig. 18.

the more usual form of continuous energy spectra to

This representation was used rather than

permit more accurate calculation of the effects of
center-of-mass motion on the neutron angular distri-
butions (Yo72).

2.4, The l6O(n,p)16N and 16o(n,p7)16N Cross Sections

measurements (e.g., Bob7, De60, Deb2, Ka62, MaSh,
Mi66, Pa53, Pr66, Seb2) result from activetion
studies; the evaluated curve therefore does not in-~
clude (n,p) reactions to particle-unstable states*
of 16N.

Several low-energy photons are produced by the
l6o(n,p7)16N reaction, as indicated in the 15y 1evel
decay scheme of Fig. 21. No experimental data are
available on these transitions, and the individual
(n,p) level excitation cross sections are not in-

pluded explicitly in the evaluation. We estimated

the (n,py) cross sections, however, by distributing
the evaluated (n,p) cross section of Fig. 20 among

the particle-stable states of l6N, assuming the pop-
ulation of each to be proportional to (2J+1).

Table ITI gives a summary of the (n,py) transitions

included in the evaluation. Two of the transitions

have been combined, as indicated.

The evaluated (n,p) cross section of Slaggie
and Reynolds (S165) below 15 MeV was adopted in
the present study. From 15 to 17 MeV, we used
experimentel data to determine the (n,p) cross sec-
tion, and above 17 MeV we joined & shape calculated
with the code COMNUC to the the lower-energy results.
The evaluated curve is compared to the available

measurements in Fig. 20. Most of the high energy
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.
§:d>
g 3
% ot
2 .
§ of
2
: 3 2 /%8
g kS ¢ £ NY &y
DI,.O 135 I‘l a 4.5 3.0 1‘5 s I‘OJ l‘.<5 ;7~ﬂ ll”J Il'~ﬂ II.J |x|~a I“v! 2.0
NEUTRON ENERGY, MEV
Fig. 18. Evaluated (n,gé) cross sections to groups

of levels in 0 with E, between 15 and

19 MeV. Fach 0.3 MeV in excitation energy
is represented as a single Tictitious level
at the midpoint energy.

TABLE ITI
GAMMA BAYS FROM
160(n,py) 10N REACTIONS

E7 Einitial Efinal
(Mev) (MeV) (Mev)
0.397 0.397 0
0.292 0.297 0 }

0.397 0.121
0.120 {0.121 o

0.397 0.297

¥
In this context we exclude beta emission in defin-~
ing "particle-stable” levels.
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Evaluated total inelastic cross section

from 6 to 20 MeV. The LASL curve includes

(n,n'e) and (n,n'p) contributions.

Fig. 19.
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2.5. The 16O(n,d)l‘jN Cross Section TABLE IV
The (n,d) cross section is given in Fig. 22. GAMMA BAYS FROM
The evaluated curve is based on & compound-nucleus 160(n,ay)l C REACTIONS
reaction-theory calculation with the code coMNuc, Ey Einitial Efinal
normalized to the lone measurement by Lillie (Li52) Lﬂizl' __LMEYl_. _LMEYl
near 14 MeV. Because the threshold for the (n,dy) 3.854 3.854 Y
reaction does not occur until 16.1 MeV, photon pro- 5.68k 3.684 0
duction from (n,d) reactions was ignored. 5.086 5.086 0
2.6. The l6O(n,a)HC and l6O(n,a7')DC Cross Sections. (,683 {é'85h 5'086:}
At excitation energies higher than 4.947 MevV, 3.684 5,086
13C levels decey predominantly by neutron emission, 0.170 5.854 5.68k
as indicated in the decay scheme of Fig. 23. The
excitation cross sections to the ground and first
three excited states are included in the present 6864 5/2°
evaluation, and the sum of these is given as the ‘\\
total (n,a) cross section. The (n,om) cross section 3.854 5/2° :f::
through the higher levels is lumped with the (n,n'a) N QI § g
cross section discussed in Sec. 2.3.2. The photon 2604 372 n 2 N 2 2
transitions included in this study are given in 3086 1/2* § b
Table IV. °
Figure 24 shows the (n,ao) cross section from o vz -
threshold to 6 MeV. The Slaggie and Reynolds (S5165) B
evaluation was adopted in this region, and the Fig. 23. Energy-level decay scheme for 13¢,
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agreement with the available measurements is reason~
able. Above 6 MeV, we reevaluated the (n,ao) reac-
tion, and the results are compared to experiment in
Fig. 25.
mainly on the measurements of Sick et al. (Si68).

At higher energies the curve is based

The (n,ai) cross section below 15 MeV was de-
termined from measurements of the direct (n,al) cross
section to the 3.086-MeV level and from measurements
of the ground-state photon transition from that level,
as given in Fig. 26. The excitation cross sections
to the 3.684- and 3.854k-MeV levels are based on mea-
surements of the ground-state photons below 15 MeV,
using the decay scheme shown in Fig. 23, and the re-
sulting photon-production cross sections are given
in Figs. 27 and 28.
obtained the (n,x) cross sections to the first three

At energies above 15 MeV, we

excited levels by dividing the total (n,x) cross
section available to these levels, as measured by
Sick et al. (S168) and shown in Fig. 29, among the
three states assuming each is populated in the same
ratio as occurs near 15 MeV,

The total (m,a) cross section is given by the
solid curve in Fig. 30.
the figure are actually measurements of the alpha-

The experimental results in

emission cross section, and the rapid increase in
the measurements above 12 MeV is caused by the onset

of the (n,n'a) reaction. The difference between the

KAPL and ILASL (n,) curves occurs because part of
the (n,n'a) cross section wes apparently included in
the KAPL curve, whereas we chose to include that re-
action in our (n,n') files, designating alpha emis-
sion 8s the mode of decay of the residual nucleus.
The total alpha-emission cross section con-
structed from our (n,n'a) and (n,a) cross sections
is also given in Fig. 30.
13 MeV, our results are higher than the experimental
data. It should be noted, however, that the low-
energy portion of the alpha spectrum is difficult to

At all energies sbove

measure accurately, so the agreement is probably
reasonable below 17 MeV. Above 17 MeV, however, the
evaluated curve is too high, probably because proton
decay following (m,n') reactions [i.e., the (n,n'p)
reaction] is competing more effectively with alpha
decey than we have assumed. This problem was not
discovered until the evaluation had been completed.
The cross section for proton emission, corresponding
to the sum of the total (n,p) and (n,n'p) reactions,
is given in Fig. 31, together with the alpha-emission
cross section* and the total (n,n’) cross section to
gamma-~decaying levels. A slight increase in the
(n,n'p) cross section with a corresponding decrease
in {n,n'a) would correct the problem above 17 MeV in
Fig. 30,

*The structure in the alphe-emission cross section
above 15 MeV in Fig. 31 is artificial and results
from the particular representation that we used in
the ENDF/B files.
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A significant portion of the {(n,n'a) cross
section results in excitation of the first excited
level at 4.439 MeV in 120, with subsequent emission
of a photon of that energy. We made a crude estimate
of the (n,n'cy) cross section from the (n,n'a) data
using & technique described earlier (Yo72), and the
results are compared to the available photon-produc-
tion measurements in Fig. 32. The threshold for
photon production following (n,n'p) reactions does
not occur until 18.49 MeV, and we have ignored pho-
tons from this reaction in this study.

2.7. Elastic Scattering Cross Section
Although the threshold for the (n,qx) reaction
is 2.35 MeV, this channel does not become important

until nearly 4 MeV, and at lower energies the elastic

cross section is essentially equal to the total cross
section. The elastic cross section obtained from
our analysis of the total is compared in Fig. 33 to

the available elastic measurements between O and

2.8 Mev.
sults between 2.8 and 6.0 MeV.

Similarly, Fig. 34 includes the elestic re-
Above 4 MeV, the (n,q)
cross section has been subtracted from the total to
give the elastic curve. Clearly, the elastic mea-
surements shown in Figs. 33 and 34 are in reasoneble
agreement with the evaluated curve, although the
measurements do not show much of the structure dis-
Below 6 MeV, the

Slaggie and Reynolds (S165) elastic data are only

played by the total cross section.

slightly different from the present results, and
the only important difference occurs in the window
near 2.35 MeV, as noted in Sec. 2.l.

The elastic cross section from 6 to 20 MeV 1is
given in Fig. 35. The KAPL elastic (S165) is in-
cluded for comparison. Most of the experimental
points in Fig. 35 were obtained by fitting the mea-
sured angular distributions with Legendre expansions.
The fitted curves above 7 MeV were anchored at front

and back angles by inserting into the fit fictitious
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points at Cf based on Wick's 1limit (w1h5) and points
at back angles based on opticel model calculations.
The evaluated curve below 1l MeV was obtained
by subtracting the sum of all reaction cross sec-
tions from the total cross section. Between 11 and
1k MeV the emphasis was shifted to the elastic mea-
surements, and near 14 MeV the elastic was obtained
directly from experimental data. To extend the
elastic cross section to higher energies, the para-
meters of a spherical optical model were fitted to
the angular distribution measurements near 14 MeV.

The depth of the real potential was then varied to
reproduce the total cross section to 20 MeV, and the
elastic cross section was obtained by subtracting
from the fluctuating total cross section a smooth
nonelastic cross section based on the calculations.
The evaluated elastic cross section is in
good agreement with most of the measurements in
Fig. 35, although the curve is somewhat higher than
Above 9 Mev,
the eveluated curve is substantially higher than the
KAPL results (S165). The 1953 cloud chamber measure-
ment by Conner (Co53), which roughly agrees with the

the measurements near 11 and 11.6 MeV.

KAPL date, was not emphasized in the present study.

-4

3.
3ele

ANGULAR DISTRIBUTIONS

Elastic Neutron Angular Distributions

The evaluated angular distributions for elastic
scattering by Slaggie and Reymolds (S165) were

adopted for neutron energies below 5 Mev. From 5 to
1k MeV smooth curves were drawn through the coeffi-
cients obtained from Legendre fits to the available
Above T MeV the fits were anchor-
ed at front and back angles using Wick's limit (Wik3)
and optical model calculations, &s noted earlier.
Above 14 MeV the behavior of the Legendre coeffi-
cients was estimated from the optical model calcula-
tions that were used to extrapolate the elastic
cross section to 20 MeV (Sec. 2.7).

In Fig. 36 the evaluated Legendre coefficients¥*
for 2 = 1 through £ = L are compared to the fitted

Similarly,
the coefficients for £ = 5 through £ = 10 are given

in Fig. 37. Near 11 MeV there are significant dif-

ferences in the ? = 7 and £ = 8 coefficients from

experimental data.

values for neutron energies above 5 MeV.

¥
These coefficients are in the ENDF form defined

2L
g
int
by o(8) = E (24+1)1,P (cos P), with
I 42, L2

fo=l and |£,ls 1.
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the Nellis et al. (Ne7l) and the Chese et al. (Ch61)
measurements. While these differences may be real
because there is structure in the total cross sec-
tion near 11 MeV, we used average values for the
coefficients in this analysis. Significant 4iffer-
ences 8lso occur in the coefficients from the Beach
(Be67) data as compared to those from the Bauer

et al. (Ba63) and McDonald et al. (Mc66a) measure-
ments near 14 MeV. The results from the latter ex-
periments were used in this analysis.

The elastic angular distributions are compared
in Fig. 38 to the measurements between 4.99 and
6.53 MeV.
and 40 for the elastic measurements between 7 and
14,1 Mev.
limit were averaged roughly over the energy resolu-
The differ-
ences noted earlier between the Nellis (Ne7l) and
Chase (Ch6l) measurements near 11 MeV are apparent
in Fig. 39. Similarly, in Fig. 40 the evaluated

Similar comparisons are given in Figs. 39

The values used in the figures for Wick's

tion of the experimental measurements.

1000 -

CHASE, 1961
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1

] { ! !
00
coseg
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curve at 14.1 MeV differs significantly from the
Beach (Be67) measurement.

Angular distributions obtained from the optical
model calculations are given in Fig. 41 for neutron
energies of 16, 18, and 20 MeV. The distributions
become progressively more forward-peaked as the

neutron energy increases,

3+2. Inelastic Neutron Angular Distributions

Measurements of inelastic neutron angular dis-
tributions for some of the low-lying levels of 16O
have been made at 9 and 11 MeV by Nellis et al.
(Ne71) and near 14 MeV by Bauer et al. (Ba63) and
McDonald et al. (Mc66a). The Nellis data indicate
thet the sum of the angular distributions to the
6.05- and 6.15-MeV levels is somewhat forward-peaked
at 9 and 11 MeV, and similar effects are observed in
the measurements near 1% Mev (Ba63, Mc66a). The sum
of the angular distributions to the 6.92- and T.12-

MeV levels is nearly isotropic at 11 Mev (NeT7l),

PHILLIPS, |986]

100 6.0 MoV

CHASE, 1961
6.53 MeV

+
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T

10]

1 lllLlll
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- I 1 | 1
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Fige. 38. Measured and evaluated angular distributions for elastic scattering between 4.99 end 6.53 MeV.
The solid curves represent the evaluated shapes normalized to the measurements; the dashed curves

give the same shapes normalized to the evaluated elastic cross sections.

by the arrows at the left margin.
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See caption to Fig. 38 for details.

although slight forward-peaking is seen in the
14 -MeV measurements (Ba63, Mc6t6a).

A complete analysis of the (n,n') angular dis-
tributions should include the results deseribed
above, together with all available l6o(p,p') angular
distribution data.

for this evaluation, and the inelastic neutron

We did not make such an analysis

angular distributions are assumed to be isotropic
throughout. These results are regarded as prelim-
inary, and improvements are plenned for the future.
3.3. Secondary-Photon Angular Distributions

The angular distributions of all photons were

assumed isotropic in the evaluation.

This assump-
tion is known to be invalid for the 6.13-MeV photon
at 7.5 MeV, where the measurement of Drake et al.
(Dr70) indicates pronounced forward-peaking, with
9(0”)/5(90°) bveing roughly equal to 2.2. Similarly,
near 1k MeV the results of Kozlowski et al. (Ko65)
and Bucharan et al. (Bu7l) establish 6(0°)/0(90°) to
be approximately 1.5. Since the 6.13-MeV photon is
very important in the million-electron-volt neutron

1000: [ T ,

NELLIS, 197!
1.0 Mev

——

T T T
llllllll 1\1111111[ 1}

T lllllll

T
1

| I 1 |
1.0 0.0 -0
COS 8, 0.

Measured and evaluated angular distributions for elastic scattering between 7.0 and 1lk.1 MeV.

energy region and since knowledge of the angular dis-
tribution is needed to evaluate the integrated cross
section properly, the results given in this evalua-
tion are regarded as tentative, and future work in-
cluding theoretical considerations is planned.

The results of Morgan et al. (Mobl)* indicate
that the assumption of isotropy is reasonably velid
at 14.8 MeV for the 2.7k-, 3.09-, 3.68-, 3.85-,
h.hh-, 6.92-, and 7.12-MeV photons.

' DISCUSSION

We have mentioned several areas where the pre-
sent evaluation 1Is deficient and improvements are
The most important of these are the 6,13~
MeV photon angular distributions, which also affect

needed.

the (n,n') and (n,n'y) cross sections inferred from

*The data of Morgan et al. (Mob4) are superseded by
the results of Buchanan et al. (Bu7l); the latter
reference, however, contains explicit data only on
the angular distribution of the 6.13-MeV photon.
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TABLE, V
ESTIMATED ERRORS IN THE EVALUATED OXYGEN CROSS SECTIONS

ENDF/B Neutron Energy
Cross Section Designation Thermal 0.1 MeV 1 MeV 3 MeV 5 MeV 8 MeV 11 MeV 14 Mey 20 MeV
Total® MF=3, M=l £ 1% + 4% +1% 14 £1% + 19 + 14 + 14 %13
Elastic® MP=3, Mr=2 4% i 1% 1% 3% 6% 15% 10% 20%
Nonelastic MF=3, MI=3 14% order  order 20 20% 25% 3% 20 30%

of mag- of meg-
nitude nitude

Total (n,n’) MF=3, MI=b - - - - - 30 306 30h 30%
Discrete (n,n') Mp=3
Ex(160)<13 Mev  MP=51 - 70 - - - - - 30f 30% 306 306
Disegete (o,n') MF=3 .
Bx(160)>13 Mev Mr=71 - 89 - - - - - - - - s0h
(n,7) MF=3 lower
MIr=102 W% Limit
only
{(n,p) MF=3, MI=103 - - - - - - 20h 20% 20%
(n,a) MF=3, MI=104 - - - - - - S0 305 Stk
(n,0) MF=3, MI=107 - - - 20% 204 20% 20% 20%° 20%
Total (n,xy) MF=13, Sum of
MT=h,22,100,
103, 107 - - - - - 306 30 30% 30h
Individual MP=13
(n,xy) lines Mr=h,22,102, . .
103, 107 - - - - - 30k 30k 30 30k

b*l‘he error in the total and elastic cross sections near the minimm at 2.35 MeV is % 1% or * 0.015 b, whichever
18 larger. .
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the photon measurements. Areas involving the in-
elastic neutron angular distributions and the elastic
scattering angular distributions below ~8 MeV also
need improving. The KAPL evaluation (S165) was

used for the latter below 6 MeV, and a detailed
resonance-theory analysis incorporating more recent
Finally,

more careful reaction-theory calculations should

measurements would improve the data set.

lead to improvements in the inelastic neutron cross
sections at higher energies.

A swmary of the estimated uncertainties in the
various cross sections is given in Table V at several
The estimates are
rough and are not expected to hold true in detail.

representative neutron energies.

In addition, the errors are averaged over the struc-
ture in the cross sections, and allowance for unknown
Time-of -flight spectra of
neutrons emerging from liquid oxygen spheres pulsed

structure 1s not included.

by li-MeV neutrons have been calculated by Harris
et al. (HaTl) using the present data set and compared
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