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AN EVALUATION OF THE NEUTRON AND

GAMMA-RAY-PRODUCTION CROSS SECTIONS FOR NITROGEN

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

ABSTRACT

This report describes a complete evaluation of the neutron

cross sections of 14N from 10~5

eV to 20 MeV, including photon-

production cross sections and energy and angular distributions of

secondary neutrons and photons,

The recommended data are based

mainly on experiment, augmented by calculations from nuclear

models where appropriate.

The evaluated data are available on

magnetic tape in ENDF/B(III) format.

1. INTRODUCTION

All neutron-induced reactions with 14N have
been evaluated for the neutron energy region from
10-5 eV to 20 MeV.* The evaluation includes energy
and angular distributions for secondary neutrons and
photons, as well as neutron-~ and photon-production
cross sections., The evaluated data are in ENDF/B
(1II) format as MAT 1133 and have been provided to
the Radiation Shielding Information Center at Oak
Ridge and to the National Neutron Cross Section Cen-
ter at Brookhaven,

The evaluation is based primarily upon experi-
mental measurements, All available experimental
information for neutron-induced reactions with
nitrogen was compiled for the study. Our bibliog-
raphy is reasonably complete for measurements re-
ported before the fall of 1970, but not all of it
is included in this report. The evaluation was com-
pleted around the end of 1970, Since then several
new results have appeared in the literature, and we
comment on the most important of these in the text.
We also comment on areas that might be improved,
either in light of new information or because of

oversights in the original evaluation,

*

Because natural nitrogen consists of 99.63% 14y
and only 0.37% 15N, it can be treated as l4N for
most practical applications.

The more general features of the study are re-
viewed in Sec. 2. The detailed considerations that
went into the evaluation are described in Secs., 3 -
5. Section 3 is devoted to cross sections, Sec. 4
to neutron angular distributions, and Sec. 5 to
secondary-photon angular distributions. Sec. 3 also
gives implicit information on neutron and photon
energy distributions, because all (n,n')rreactions
are represented as discrete level-excitation cross
sections and all gamma rays are given as discrete
trangitions. In addition, explicit information on
(n,2n) energy distributions is given in Sec. 3.
Finally, Sec. 6 includes a capsule summary of esti-
mated uncertainties in the evaluated quantities, to-
gether with a brief discussion of areas where the

evaluation might be improved.

2., GENERAL FEATURES OF THE EVALUATION

14N that

The neutron-induced reactions with
have two or three outgoing particles are summarized
in Table I, together with the reaction Q-values*
and thresholds. The most important reactions are
The "Elab"
scales at the right and left boundaries of Fig. 1

also shown schematically in Fig. 1.

*All Q-values in this evaluation are from the 1964
mass tables of Mattauch et al. (Ma65). A new set
of mass tables (Wa7l) has recently become available.




indicate laboratory neutron energy and can be used to
determine the thresholds for the various reactions.
The energies associated with the level diagrams are
in the center-of-mass system. Going from left to
right, the following processes are represented:
14N(n,n')l4N, 14N(n,np)13C, 14N(n,p)l4c,

v,y e, ¥nm, 0%, ¥N@m,o s, ¥Nm,20 L1,
and 14N(n,2n)13N.

TABLE I
Q-VALUE AND THRESHOLD
FOR SEVERAL NITROGEN REACTIONS

Q-value Threshold

Reaction (MeV) (MeV)
L4y (n, )t 0 0

Yy, v) Lo 10.835 0

14N(n,p)l4C 0.626 0

Ly (n,d) 3¢ -5.325 5.709
Ly (n, 1) % -4.015 4.304
Yan(n,3ne)t%8  -17.366 18.617
Yy(n,0 s -0.157 0.168
Yo, a4 -2.313 2.480
Ymntpy3c  ~7.550 8.094
Ygt,n'a)t2c  -10.272 11.012
YNn,n'a)t%  -11.613 12.450
e n,po) %  ~11.386 12.206
N(n,dn%e  -15.976 17.127
Lgtn,ta)®Be  -11.384% 12.204
YNn,200Ls -8.822 9.457
Y, 2013y -10.553 11,313

ag

Be is unstable by 95 keV to breakup into two
alpha particles.

We determined the cross sections for the (n,po),
(n,do), (n,to), (n,ao), (n,20), and (n,2n) reactions
from direct experimental measurements. The excita-
tion cross sections for the various gamma-ray-pro-
ducing levels, which are mostly the levels shown be-
low the thresholds for particle emission in Fig. 1,
are also based largely on experimental measurements.
For the higher levels, we used Hauser-Feshbach (Ha52)
and evaporation-model calculations to supplement the
measurements. We determined the total cross section
over the entire energy region from experimental
data. Below 10 MeV, the elastic cross section was
obtained by subtracting the sum of the nonelastic
partials from the total cross éection. At higher

energies, however, the nonelastic cross section be-

comes less and less certain owing to uncertainty in
the (n,n') cross section to highly excited levels
of 14N. Therefore, above 10 MeV we joined the e-
lagtic cross section smoothly to the elastic mea-
surements, and adjusted the (n,n') cross section to
the particle-unstable states (predominantly the
(n,np) reaction), so that the nonelastic partial
cross sections summed to the correct total nonelas-
tic cross section,

The gross features of the evaluated cross sec-
tions are shown in Figs. 2-5., Fig. 2 gives the to-
tal, elastic, (n,p), and (n,Y) cross sections from
10"ll to 0.1 MeV, The (n,p) reaction accounts for
most of the neutron absorption at these energies.
Figure 3 gives an overview of the structure in the
total, elastic, and nonelastic cross sections in
the MeV region. Figure 4 shows the (n,Y), (m,a),
(n,20), and (n,2n) cross sections over the MeV re-
gion. We obtained the (n,a) cross section by sum-~
ming the discrete (n,0) excitation cross sections
for the first 1l states of llB. The (n,y) reaction
is8 relatively unimportant at these energies, where-
as the (n,a) cross section is reasonably large over
much of the MeV region. The (n,20) reaction also
becomes important at higher energies. Finally,
Fig. 5 compares the (n,n'), (n,p), (n,d), and (n,t)
cross sections in the MeV region. The (n,n') cross
gection is the sum of all (n,n') reactions and in-~
cludes the (n,n'p), (n,n'd), and (n,n'®) processes.
The (n,p), (n,d) and (n,t) cross sections result
from summing the excitation cross sections to par-
ticle-stable levels for these reactions and are
seen to have relatively small cross sections at
energies above ~ 6 MeV.

We determined the elastic angular distributions
below 8 MeV from a single-level resonance-~theory
analysis that incorporated resonance energies
and total widths from our analysis of the total
cross Section and reaction widths from our analysis
of the partial cross8 sections, With the resonance
parameters fixed, we obtained the £ = 0 and £ = 1
potential phase shifts by fitting the available
angular-distribution measurements. A total of 33
resonances are included in the analysis. From 8
to 15 MeV, we determined the elastic angular dis-
tributions by fitting the available measurements
with Legendre expansions, and above 15 MeV we used

optical-model calculations to estimate the angular
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distributions. The inelastic neutron angular dis-
tributions are based almost entirely upon measured
(p,p') angular distribtuions, making use of an e-

quivalence theorem due to Lutz and Anderson (Lu66)
and Anderson et al. (An67) which is based upon the

charge symmetry of nuclear forces.

3. NEUTRON AND PHOTON-PRODUCTION CROSS SECTIONS
AND SECONDARY-ENERGY DISTRIBUTIONS
3.1 Total Cross Section

We constructed the free-atom total cross sec-
tion in the eV region from the scattering and ab-
sorption cross sections. The absorption cross sec-
tion was assumed to have a 1/v energy dependence
and was based upon a measurement of the thermal
(n,Y) cross section by Jurney and Motz (Ju63) and

upon a composite of four measurements of the thermal
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Composite energy-level diagram for the residual nuclei of major interest in this evaluation. Ex-
" scales, the energies are in the center-of-mass system, and all energies are in
The separa%?on energies for secondary-particle emission are shown by short lines at the side

(n,p) cross section (Co49,* Ba49,* CuSl,* Habl).

We assumed the scattering cross section to be con-
stant at these energies and obtaineg it by fitting

a gtraight line as a function of E;E to Melkonian's
(Me49) time-of-flight total-cross-section measure-
ment between 1 and 79 eV, augmented by a single
point at 0,0253 eV derived from the absorption cross
section and an estimate of the scattering cross sec-
tion. Two iterations of this procedure were made

to obtain the scattering cross section, and the re-~
sults are summarized for En = 0.0253 eV in Table II.
In this way we found that molecular effects in N2
gas are perceptible in the total cross section at
all energies below 2 eV, in approximate agreement

with Melkonian's original conclusions (Me49).

*
These results have been renormalized to a boron
(n,a) cross section of 759b for thermal neutrons.
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to 20 MeV.

4




T TT I] 1 | P T 1T II I 1

L1

(n, a)

lllll“d

(n, 2a)

109 (n, 2n)

I IIIHHI I Ill”ﬂrfgrjlllﬂq TTTTT
lllluul

llll““]

llllHHl

1 IlHIM

T1 Hllﬂr‘l/mll

L1 1] ] | 1 [ 1
10.0

1078

3

.0

o
5

En, Mev

Fig. 4. Evaluated (m,Y), (n,a), (n,20), and (n,2n) cross sections from 0.1 to 20 MeV.

(o]

10

TTITIT
LI LLil

I

1
|

107!

PTT IIII”
L 11 llll”

I
| (n, 1)

T IIIIH[
I lllld

{

1073

Ctng

L] IIII]W
|

|
I
/
|
|
|
|
I
I
|
|
|
I
1

K;‘ | 1 | I S A | | | 141 1| | | | L 1
[eX] 1.0 10.0 60.0
Ens MeV

Fig. 5. Evaluated cross sections from 0.1 to 20 MeV for inelastic scattering and the (n,p), (n,d), and (n,t)
reactions. As discussed in the text, the (n,n') cross section includes (n,n'p), (n,n'd), and (n,n'e)
reactions.

5




Accordingly, we included only the total cross-sec-~
tion data between 1.3 and 79 eV in the fit. Aside
from any unknown systematic errors in the total or
absorption cross sections, the extrapolation of the

5

total crogs section to 10~ eV is accurate to with-

in 5%.
TABLE II
2200-m/sec CROSS SECTIONS OF NITROGEN
o ac?
Reaction (barns) (barns) Reference
(n,p) 1.819 0.036  Co49,Bab9,Cu51,Habl
(n,Y) 0.075 0.0075 Ju63
Absorption 1.894% 0,037 Sum of (n,Y) and (n,p)
Scattering 9.957 0.040 Present Analysis
Total 11.851 0.054 Present Analysis

%poes not include estimates of systematic errors,
See Sec. 6 for more realistic error estimates.

The evaluated total cross section from 10"5 eV
to 10 keV is compared to the available measurements
in Fig. 6. Melkonian's data below 0.3 eV, which
are geverely influenced by molecular effects, have
Above 80 eV, we fitted
a quadratic in log En to Melkonian's data from 85

been omitted from Fig. 6.

to 653 eV and to our evaluated composite (described
below) from 10 to 20 keV.

above 653 eV are clearly inconsistent with the other

Melkonian's two points

meagsurements and have been discarded.

The foundation for the evaluated total cross
section in the MeV region is the recent time-—of-
flight measurements by Heaton et al. (He70) at the
National Bureau of Standards, Carlson and Cerbone
(Ca70) at Gulf General Atomic (GGA), and Foster and
Glasgow (Fo71) at Hanford. These three measurements,
which span the energy region from 0.5 to 25 MeV, are
in such dramatically good agreement (better than 0,5%
on the average after allowance for differences in
resolution) that we discarded nine older measure-
ments between 2 and 15 MeV. The Heaton and Carlson
energy scales agree to within £0.5 keV at all ener-
gies where a close comparison can be made. We
therefore used the time-of-flight energy scale to
correct the energy scales of the older measurements
that overlap it at the low-energy end. Further,
the time-of-flight measurements served as a standard
for judging the quality of the older measurements

that overlapped at lower energies.

Between 10 and 500 keV, the measurements of
Hinchey et al. (Hi52) and Huddleston and Mooring
(Hu6l) are flanked by two unpublished measurements
(Bi59, Bi62) from Duke which disagree by 8% in their
overlap region. However, a composite of these four
measurements, after normalization to their weighted
average, provides a substantial overlap with the
time-of-flight measurements by Heaton et al. (He70)
and Carlson and Cerbone (Ca70), and the composite
agrees with the Heaton data to within a few tenths of
one percent. We therefore used this composite for
the evaluated total cross section from 10 to 500 keV,
Figure 7 compares the evaluated and experimental data
from 10 to 410 keV before normalization.

The only significant disagreement in the time-
of-flight measurements occurs at the low-energy end
of the Heaton (He70) and Carlson (Ca70) measurements,
roughly from 0.5 to 0.7 MeV. This difference, which
is a maximum of 5% at 500 keV, arises from dead-time
errors in the high-intensity time-~of-flight systems
and is always greatest at the lowest energy. The
error in the Heaton (He70) data is intrinsically
larger, but the correction is more accurately known.
Because the Heaton data agree so well with the nor-
malized composite of the Hinchey (Hi52), Huddleston
(Hu6l), and Bilpuch (Bi59, Bi62) measurements at lower
energies, we based our evaluated curve from 0.5 to
0.75 MeV entirely on the Heaton (He70) results,
Additional NBS measurements (made after this part
of the evaluation was completed) directed specifi-
cally at resolving this discrepancy indicate that
our composite should be lowered by 1.5% at 500 keV,
which would reduce the discrepancy between the GGA
and NBS measurements to 3.5%.

The total-cross-section results from 0.4 to
0.7 MeV, including the unnormalized data, are shown
in Fig., 8. This energy region includes the first
three resonances in nitrogen at 434, 493, and 647
kev,
to be 433.6 £t 0,4 keV after correcting the energy

We found the energy of the lowest resonance

scales of the lower-energy measurements to agree
with the Heaton (He70) and Carlson (Ca70) time-of-
flight data. The second resonance at 493 keV has

a rather small neutron width (Fn/F ~ 0.3) and is
seen more clearly in the (n,p) reaction than in the
total cross section. This point is better illus-
trated in Fig. 3 where the first peak in the non-
elastic cross section is entirely due to the 493~

keV resonance in the (n,p) cross section,
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Fig. 7. Evaluated total cross section from 10 to 410 keV with the measurements on which it is based.

For smoothing purposes, we have represented the
peaks in the total cross section up to about 8 MeV
by single-level Breit-Wigner fits above straight-
line backgrounds. These fits also served to estab-
lish resonance energies and widths for other parts
of the evaluation. Where the cross section is smooth,
that is, between resonances and at energies > 8 MeV,
we generated the evaluated curve by sliding poly-
nomial fits to the composite experimental data.

From 0.75 to 25 MeV, we used a composite of the

three time-of-flight measurements by Heaton et al.

(He70), Carlson and Cerbone (Ca70), and Foster and
Glasgow (Fo71) to represent the total cross section.
The evaluated curve was obtained by smoothing the
composite results, as described above. Generally,
we used the Carlson data alone to fit the Breit-
Wigner shapes over sharp structure because these
data have the best resolution; the Heaton results,
on the other hand, dominate the composite at other
There

was serious disagreement between some of the older

energies because of their better precision.

measurements and the time-of-flight composite, with




differences of up to 20%. Most of the older data
between 4 and 15 MeV lie systematically higher than
the composite. The evaluated total cross section
from 0.7 to 30 MeV is compared to all available ex~
perimental measurements in Figs. 9-18. Again, we
ghow all of the data in their original (unnormalized)
form. We estimate the accuracy of the evaluated
total in this energy region to be ~ 1% except near
fine structure.

Pronounced structure is observed in the total
cross section up to about 8 MeV, A complete de-
gcription of the resonances in the total cross sec-
tion is given in Sec. 4.1.1, which deals with the
resonance~theory analysis used to obtain the elastic
angular distributions. Evidence for this structure
is seen in most of the figures, but perhaps the best
example occurs in Fig. 10 which shows the 1.116-,
1.184~, 1,209-, 1,349-, and 1.406-MeV resonances.
The sharp structure in this figure, particularly the
1.184~MeV resonance (width = 2,1 keV), illustrates
the excellent agreement between the energy scales
of the Heaton (He70) and Carlson (Ca70) measurements,

as well as the superior energy resolution of the

8.0 1 1 1 [ 1

Carlson measurements. These points are also illus-
trated in Fig. 13 which includes several resonances
over the energy region 2.65 to 3.375 MeV. The Fos-
ter and Glasgow time-of-flight data (Fo71) in Fig.
13 have poorer resolution than either the Heaton or
Carlson measurements.

Examples of disagreement between older measure-~
ments and the recent time-of-flight results (Ca70),
He70, Fo7l) occur in all figures, but the most appar-
ent involve the data of Johnson et al. (Jo51) in Fig.
9, the data of Johnson et al. (Jo52, Jo68) in Fig. 12,
the data of Johnson et al, (Jo68) and Meier et al.
(Me53) in Figs. 13 and 14, and the data of Nereson
and Darden (Ne54) and Becker and Barschall (Be56) in
Figs. 14-16. Most of these data are fairly old,and
the differences are not too surprising. Examples of
extremely good agreement between older measurements
and the recent time-of-flight data are the Coon meas-
urement (Co52) at 14.1 MeV in Fig. 17 and the Peter-
son et al.measurements (Pe60) above 15 MeV in Fig. 18.

The time~of-flight data of Foster and Glasgow
(Fo71) begin in Fig. 12 near 2.3 MeV. The statistics

in these data are poor at the low-energy end, and
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Fig. 8. Evaluated total cross section from 400 to 700 keV with the data on which it is based.
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the results seem somewhat lower than the Heaton
(He70) and Carlson (Ca70) measurements near 2.4 MeV,
At energies above 2.7 MeV, however, the three time-
of-flight measurements agree very well,

Pigure 16 gives the total cross section from 6
to 9 MeV, which spans the energy region of the fam-
ous nitrogen discrepancy. This discrepancy, which
was pointed out by Stewart (St69) and Dickens and

Perey (Di69), occurs because the elastic cross sec-

3 ] 1 1 1 1 1

tion obtained near 8 MeV by subtracting the sum of
the nonelastic partial cross sections from the total
cross section lies some 200 mb higher than the elas-
This prob-
In Fig. 16,
the time-of-flight measurements of Heaton (He70),

tic measurement by Bauer et al. (Bab67).

lem is discussed further in Sec. 3.10.

Carlson (Ca70), and Foster (Fo7l1) again agree rea-~’
sonably well, and, although some of the older data

(Be56, Ne54) disagree with the evaluated curve,

<+  Bllpuch, 1962
4 Johnson, 1951
o] Hinchey, 1952
b x Heoton, 970 3

A  corlson, 1970

o J T T T T T T T T T T T T T
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Ep MeV

Fig. 9. Measured and evaluated total cross section between 0.7 and 1.1 MeV,
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Measured and evaluated total cross section between 1.l and 1.45 MeV.
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these earlier measurements are generally higher than
the evaluation which is in the wrong direction to ex-
plain the discrepancy in the cross sections.

The Carlson (Ca70) measurement ends at 9 MeV
(Fig. 16), and near this energy the statistics in
the data are poor. The Foster (Fo7l1) and Heaton
(He70) results agree well up to 15 MeV where the Fos-
ter measurement ends (Fig. 17). The Heaton measure-
Ment continues to 25 MeV and is seen to agree well
with the older Peterson measurement (Pe60) above 15
MeV (Fig. 18).
cross section to 150 MeV by fitting all available

We extended the evaluated total

measurements above 24 MeV with a cubic in log En;

statistical uncertainty in the fit is less than 2%

near 45 MeV.
3.2 The lI'I'I(n,y)lsN Cross Section

The thermal (n,Y) cross section for nitrogen
has been measured ag 80 % 20 mb by Bartholomew (Ba57)
and as 75 £ 7.5 mb by Jurney and Motz (Ju63). The
75-mb value was accepted for this evaluation. The
energy dependence of the (n,Y) cross section is as-
sumed to be 1/v up to 250 keV, as the first resonance
in nitrogen does not occur until 434 keV.

The (n,Y) reaction is the inverse of the nucle-~
ar photoeffect and is expected to exhibit the pho-

tonuclear giant resonance near En = 11 MeV. Because

these results are presented in Fig. 19, The worst of lack of experimental data in the MeV region, we
4 L 1 1 L $ 1 1 ! 1 L 1 ! ' 1
3 4  Johnson, 1951 i
2 T Hinchey, 1952
s | X Heoton, 1970 |
L 5 A Corlson, 1970
[ J3  Johnson, 1952
PA ¥ Meler, 1953 -
o, Px P B
' N T T T T T T T T T T T T T
1.45 1.53 1.61 1.69 .77 1.85 1.93° 201
Ep, MeV
Fig. 11. Measured and evaluated total cross section between 1.45 and 2.05 MeV.
2.5 1 1 i 1 1 1 1 l 1 1 1 1 L 1
X Heaton, 1970
1 A Corlson, 1970 -
J3 Johnson, 1952
2.0 3 Meler, 1953
2 ¥ Johnson, 1968 "~
J Sy * (] Foster, 1971 s
v © B Zion, 1939 i

¥ T T T T
2.05 213 2.2 2.29 237 245 253 26l
Ep, Mev
Fig. 12, Measured and evaluated total cross section between 2.05 and 2.65 MeV.
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assume that the cross section for the 14N(n,Y)lSN

reaction is equal to the cross section for the

14N(p,Y)lSO charge-conjugate reaction. This assump-

(p,Y) reac-
tions excite the same isospin states, and 15N and

150 are mirror nuclei.

tion is made because the (n,Y) and the

In addition to adjusting the
(n,y) and (p,Y) data to the same excitation energies
in the compound nucleus, we have introduced a linear
shift in the neutron-energy scale which decreases
from about 2 MeV near En = 1 MeV to zero near En =
15 MeV. This realignment of the energies in the
mirror nuclei matches the observed structure in the
(p,Y) cross section below the giant resonance to

groups of peaks in the neutron total cross section.

1 L i 1 1 1

2.5

The best available evidence on the (p,Y) reaction in
this region comes from measurements by Kuan et al,
(Ku70).

greater than the (n,y) cross section extrapolated

The (p,Y) cross section is 6 to 8 times

from thermal. The evaluated 14N(n,y) cross section
from 10"ll to 20 MeV is shown in Fig. 20.

We obtained the capture gamma-ray energy spec-—
trum at thermal-neutron energy by evaluating a decay
gscheme for the particle-~stable levels of 15N, using
charged-particle data as well as direct (n,Y) spec-
trum measurements. The results of this analysis are
shown schematically in Fig. 21. The primary transi-~
tion probabilities and level-branching ratios are

based mainly upon the 14N(n,Y) spectrum measurements

1 1 1 1 A 1 1 1

Heoton, 1970
Corlson, 1970
Johnson, 1952
Meier, 1953
Johnson, 1968
Foster, 1971
Zinn, 1939
Nereson, 1954

2.01

Ioaqg+Ep

1.5 +
g
2] XA, !
'y 1
l.c T Al T T T T T T T T T T T T v
2,65 2,75 2.85 295 305 3.15 3.25 3.35
Ep Mev
Fig. 13. Measured and evaluated total cross section between 2,65 and 3.4 MeV. The weak structure at 2.9

MeV is barely significant statistically.

2.5 L L 1 1 1 1

L SO0 MR A4 A A i
n:xv,'.‘v'.'v'ﬁ"vv'" v
v a4
15 i
e x Heaton, 1970 ¥V  Johnson, 1968
5 | A Corlson, 1970 [0  Foster, 1971
: L Johnson, 1952 W Nereson, 1954 I
¢ *  Meier, 1953
s +* Becker, 1956
I'°| Y T T T T T T T T T
340 356 372 3.88 4.04 4.20 4,36 4,52
Ep, MeV
Fig. 14, Measured and evaluated total cross section from 3.4 to 4.5 MeV.
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by Jonsson and Hardell (Jo69), Thomas et al. (Thé67),
and Motz et al. (Mo62), together with 13C(3He,pY)15N
coincidence measurements by Phillips et al. (Ph67),
14C(p,Y)lSN measurements by Siefken et al. (Si69),
13C(3He,py)15N measurements by Warburton et al.
(Wa66), and the 14N(d,pY)lsN and 13C(3He,pY)15N
gtudies of Warburton et al. (Wa65a). We obtained
branching information for the 9.15-MeV doublet from
Greenwood's 14N(n,Y) measurement (Gr68), as well as
from Jonsson and Hardell (Jo69). The excitation en-~
ergies in Fig. 21 are from measurements by Green-
wood (Gr68), Jonsson and Hardell (Jo69), Gallman

et al. (Ga66), and Warburton et al. (Wa66), in de-

creasing order of emphasis.

In Table III, we
gamma-ray spectrum to
(Mo62) , Thomas et al.

compare the evaluated capture
measurements by Motz et al.
(Th67), Jonsson and Hardell

al. (0r70). The column la-

trangition energy without cor-

15N nucleus.

(Jo69), and Orphan et
beled E
v

rection for the energy of the recoiling

contains the

Thomas et al. (Th67) tabulate the recoil energy,
which is a maximum of 4.2 keV for the 10.835-MeV
transition, for the various lines. The total

multiplicity of the evaluated thermal spectrum is

2.166. In Table III the evaluated spectrum and the

2‘5 A 1 1 [ 1 1 1 1 1 1 1 1 1

h X Heaton, 1970 B

. A Corlson, 1970
[0  Foster, 1971
207 . B Nereson, 1954 . L
.ot 4 Becker, 1956 *
- Tk e a Chose, 1961 * e, o' ot -

4s ' ar 49 | st &3 85 | s7 53
Epn MeV
Fig. 15. Measured and evaluated total cross section from 4.5 to 6.0 MeV.

L L 1

Heoton, 1970
Corlson, 1970
Foster, 1971
Nereson, 1954
Becker, 1956
Chose, 1961

O L@ x

o1, barns

Fig. 16.
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Measured and evaluated total cross section between 6 and 9 MeV.
probably not statistically significant.

The small peak near 7.3 MeV is




meagsurements by Motz et al. (Mo62), Thomas et al.
(Th67), and Jonsson and Hardell (Jo69) agree reason-
ably well. The measurements by Orphan et al. (0r70)
for some of the lines (for example, EY = 1.8849,
2.523, and 5.2701 MeV) differ significantly from the
other experimental data., Further, Orphan reports
several reasonably strong lines (not included in
Table III) that were not seen in the other measure-~
ments. The evaluated (n,Y) spectrum and cross sec-
tion are reasonably consistent with Maerker and Muck-
enthaler's (Ma69) thermal-neutron measurements.

The thermal spectrum is assumed to hold up to
a neutron energy of 250 keV, Again, we believe this
is a reasonable assumption because the first reso-
nance in nitrogen does not occur until 434 keV. From
250 keV to 1 MeV, the thermal spectrum is phased into
a single ground-state transition, and at all higher
energies the gpectrum is assumed to consist of a sin-
gle ground-state transition. This behavior is sug-
gested by the 14N(p,Y) measurements by Kuan et al.

(Ku70) who observed no significant transition to oth-

1 i 1 1 4 1 1

er than the ground state. The evaluated capture
cross section and spectrum imply that l4-MeV neu-
trons produce 24-MeV photons with a cross section
of 15 pb.

3.3 Neutron Inelastic-Scattering Crogs Sections

The usual procedure in neutron cross-section
evaluations is to separate inelastic neutron scatter-
ing into cross sections to discrete levels of the
target nucleus and to a continuum of levels. In
the former case, the (n,n') cross sections to indi-
vidual levels are tabulated separately as functions
of incident neutron energy, with separate angular
distributions provided for each level. In the con-~
tinuum case, a composite energy distribution is giv-
en at each incident energy to represent inelastic
neutrons from a continuum of states (generally high-
ly excited) of the target nucleus, and each distri-
bution is given an average angular distribution.

We have departed from this procedure in that
we have specified all inelastic scattering as (n,n')

reactions to discrete states or groups of states,

Heoton, 1970
Foster, 1971
Nereson, 1954
Chose, 1961
Poss, 1952
Coon, 1952

2.0

g
¢
1.0
L T T L T T T T T T T T T
90 9.8 10,6 1.4 12.2 13.0 13.8 14.6
Ep, Mev
Fig. 17, Measured and evaluated total cross section between 9 and 15 MeV. The structure in this region
appears to match that deduced for the inverse photonuclear giant resonance (Sec. 3.2 and Fig, 20).
z'c 1 1 1 ] I\ 1 1 1 1 1 1 1 1 1
i x Heaton, 970
G  Foster, 1971 r
}El Peterson, 1960
2 A T
g I
bb'-
l.c v T 1 LS * T T T T T T T T T T v
15 17 19 21 23 25 27 29
En, Mev
Fig. 18, Measured and evaluated total cross section from 15 to 30 MeV.
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Heoton, 1970
Peterson, 1960
Hildebrond, 1950
Hillmon, 1954
Meosday, 1966
Cook, 1949

de Juren, 1950

0.4+

Drzq_v_k‘m X
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Fig. 19. Measured and evaluated total cross section
and do not use an (n,n') continuum representation.
This approach allows more accurate representation of
the energy-angle relationships of outgoing neutrons
without actually incorporating complicated energy-
angle correlations like those, for example, provided
for in File 6 of ENDF/B,
distributions for composite energy spectra is limit-

The use of average angular

ed because angular distributions of inelastic neu-
trons can be strong functions of outgoing neutron
energy, particularly for the lighter elements. Be-
cauge the largest effects occur at the lowest out-
going neutron energies, this problem is made more
important by the fact that (n,n') energy distribu-
tions frequently peak at relatively low outgoing
neutron energies. A more accurate representation
of the outgoing neutrons is clearly attained by al-
lowing the (n,n') reactions for different excitation
levels of the residual nucleus to have different
angular distributions.

A crude example of the above effect is shown
in Fig. 22 where relative angular distributions in

the laboratory frame of reference are shown for the

14

L] T T T T T T T
40
Epe MeV

from 10 to 150 MeV,

14N(n,n')l4N* reaction to fictitious states in 14N

between 10~ and 13-MeV excitation for 14-MeV inci-

dent neutron energy. The angular distributions are
assumed to be isotropic in the center-of-mass system,
so the departure from isotropy of the laboratory
distributions is due entirely to center-of-mass mo-
tion. The different excitation energies correspond
approximately to different outgoing laboratory neu-
tron energies. The angular distributions vary ap-
preciably with excitation energy, and, although we
do not regard the effect as severe in this case, it
is clearly significant even for a nucleus as heavy
as nitrogen,

We evaluated the (n,n') cross sections as a
function of neutron energy in two stages:

1. We evaluated the excitation cross sections
to the first 12 levels of 14N(Ex<8.5 MevV)
from threshold to 20 MeV, mainly using
(n,n'y) experimental data together with
14N.

We estimated the relative (n,n') cross sec-

N above 8.5-MeV exci-

the level-~decay scheme for

tions to states in 14
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Fig. 20, Evaluated cross section for radiative capture from 10-5 eV to 20 MeV.
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Fig. 21. Decay scheme and branching ratios for thermal radiative capture. The numbers in parentheses at

the top of the diagram are transitions per 100 captures to the designated states.
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gamma-ray production measurements. The decay scheme

LABORATORY ANGULAR DISTRIBUTION 14 h '
NEUTRON ENERGY 14 MeV for ~'N, which relates the (n,n') excitation cross
(n,n’) REACTION sections to the gamma-ray production measurements,
15~ -1 is given in Fig. 23. We took the level energies,
E,=13.0 Mev spins, and parities from Ajzenberg-Selove's compila-

tion (Aj70). The branching ratios were obtained
mainly from Carlson's loB(6Li,dY)l4N coincidence
measurements (Ca66), the l2C(3He,py)l4N meagurements
by Gorodetzky et al. (Go66), and the 12C(3He,pY)l4N
measurements by Warburton et al. (Wab4, Wa65), al-
though several other sources also provided input
(see Aj70 for a compilation of the measured branch-~
ing ratios).

Unfortunately, we did not become aware of the

0 05 00 05 J10 recent work by Young, Phillips, and Marion (Yo69)
cos Qab until the Ajzenberg-Selove (Aj70) compilation, which
Fig. 22, Calculated angular distributions in the cites their results, appeared in its final form late
laboratory system corresponding to iso- in 1970. Because our (n,n') cross-section evalua-
tropic inelastic scattering in the c.m.
system for 14-MeV incident neutrons and tion was already complete, we did not include the
fisal ;;ates of GXCitationlinezgY E%hin Young results in Fig. 23. Doing so would generally
. e curves are normalized so that
the area under each is unity. lower the total (n,n') cross section by at most a

few percent, with a maximum decrease of perhaps

tation energy from Hauser-Feshbach (Ha52) 5-~10% for the (n,n') level-excitation cross sections
and evaporation-model calculations, and to the 5.106- and 5.834-MeV levels. In view of the
normalized the composite at all incident 8.489 (4),0 =
o
neutron energies so that the sum of the 806l 1-:1 g
partial reaction cross sections agreed
7966 20
with the evaluated elastic and total cross 7550 = ) &
gections. We grouped the (n,n') cross sec-~ p;IBC 7028 2*:0 g g
tions into 0.5-MeV-~wide excitation bins and §1 § g
' 6444 3*:0 ol S S
represented them as some 20 discrete (n,n') z = 5 =
o
reactions to ficitious levels at the average 6.198 1*;0 ; § S
excitation energies of the bins., This in- & I
5834 37,0 © ©
formation replaces the more-usual continuum L - 5
N s
representation, 5691 1°;0 o o]
S B
5.106 2°:0 © ©
14 ' 14 ' Q 2
3.3.1 The ~ 'N(n,n') and ~ 'N(n,n'y) Cross Sections _ R Q
1% - 4913 (0);0 dl d
for E (T 'N)<8.5 MeV ) . g¥ 3
Except for limited data near 14 MeV (Ba63, Bo62, 3945 [*;0 S| o
()
An64), no direct measurements of (n,n') cross sec-~ § Eg
2313 0*;1 & S,
tions were available when we completed this evalua- o
* =
tion. Consequently, we based the (n,n') excita- 0 1*;0
tion cross sections to all states in 14N below an I‘N

excitation energy of 8.5 MeV almost entirely upon Fig. 23. Decay scheme for 14N used in interpreting

the (n,n'y) measurements. The levels are
labeled with their isospin as well as or-
dinary spin and parity. Note that the
energy scale is distorted.

*
Some data have subsequently become available from
measurements at 9 and 11 MeV by Nellis et al. (Ne7l).
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a

TABLE III

CAPTURE GAMMA-RAY SPECTRUM FOR THERMAL NEUTRONS ON NITROGEN

EY Einitial Efinal Photons per 100 Captures
(MeV) (MeV) (MeV) Motz 1962 Thomas 1967 Jonsson 1969 Orphan 1970 Present Work
10.835P  10.835 0. 14, 13.32.0 14, 14.9 13.3
9.928 9.928 07 0,2t0.1 0.1
9.1518  9.1518 O, 1.4 1.7£0.2 1.6£0,2 1.7 1.4
9.050 9.050 0. 0.5 0.2:0.03 0.2t0.1 0.1
8.571 8.571 0. 0.2:0.03 0.1£0.05 0.1
8.312 8.312 0. b4, 4,404 3.8£0.4 4.2 4.5
7.301 7.301  O. 9. 10.0£0.5 9.2¢1.0 8.3 9.9
6.324 6.324 0. 18. 18.80.9 18.4%1.3 16.5 19.0
5.5649° 10,835  5,2701 11. 10.3%0.5 10.4:0.7 9.0 10.2
5.5361b 10.835  5.2989 21, 18.80.9 18.5t1.3 17.6 18.8
5.2989  5.2989 0. 21. 21.4¢1.1 21,41,5 18.4 20.7
5.2701  5.2701 O. 32. 30.6t1,5 31.4¢2,2 25.2 30.9
4,511  10.835  6.324 16, 16.6t0,8 T 16.5¢1.2 15.7 16.5
3.8848  9.1549  5.2701 0.8t0.1 0.9t0,2 0.7
3.856 9.1549  5,2989 0.5 1.0£0.1 1.0£0.2 1.4 1.0
3.680b 10,835  7.155 <23, 15.9t0.8 15,0t1.4 15.4 15.7
3,534b  10.835 7.301 9. 9.9:0,5 9.3t0.6 9.5 9.7
3.3009 8.571  5.2701 0.2¢0.1 0.2
3.0131  8.312  5.2989 0.7t0.2 0.7
2.8309 9.1549  6.324 1.5 2.0£0.2 2.,0£0.3 1.8
2.523b  10.835  8.312 6. 6.1t0,3 6.0t0.4 9.4 6.1
2.0309 7.301  5.2701 0.1
1.9999  9.1549 7,155 b4, 4,610,2 4,2t0.3 4,1
1.988 8.312  6.324 1.5¢0,3 0.5t0.2 0.7
1.8849 7.155  5.2701 21, 19.7t1.0 18.3%1.5 27.2 19.7
1.8561  7.155  5.2989 0.2
1.8539  9.1549  7.301 0.8%0.2 0.420.2 {0.2
1.785bb 10.835 9.050 0.1
1.6832b 10.835  9.1518 1.7¢0.4 1.4
1.6801> 10.835  9.1549 12. 9.2¢0.5 {S.Oil.O 6.0 {8.1
1.157 8.312 7.155 0.1
1,011 8.312 7.301 0.1
0.907b  10.835 9.928 0.1
0.5839  9.1518 8,571 0.3

8No correction has been made for the energy of the recoiling 15N nucleus.

bPrimary transitions.

overall uncertainty in the (a,n') cross sections, we
do not regard the omission of the Young branching-
ratio information as serious.

The branching ratios shown in Fig. 23 for
states above the p + 13C threshold at 7.55 MeV have
been multiplied by the probability that the levels
decay by gamma-ray emission, taken to be the ratio
of the gamma-ray width to the total width for each
level. The largest uncertainty in Fig, 23 is for
the branches from the 7.966-MeV level. There the
ratio of the two branches is well known, but the
relative probability of photon emission is unknown.
In the evaluation, we assumed that the 7.966-MeV
level decays 5.3% by gamma emission, This assump-
tion, coupled with Dickens and Perey's (n,xy) mea-

surements (Di69) for the 7.966-MeV line, suggests

an (n,n') excitation cross section somewhat larger
than that predicted by Hauser-Feshbach calculationsf
However, the analysis by Hebbard and Vogl (He60),
who studied the 13C(p,p) and 13C(p,Y) reactions,
suggests that the 7.966-MeV level decays by gamma
emission less than 17 of the time, which leads to a
much larger (n,n') cross section for this level when
it is combined with Dickens and Perey's (n,xy) re-
sults (Di69).

a compromise between these considerations,

The ~ 5% value we used is therefore

4N above the p + 13C

threshold to determine whether these particle-unstable

We surveyed the states in L

levels make significant contributions to the (n,xY)

crogs sections., We made this study using the gamma-

*
These calculations are discussed in detail in
Appendix A.
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ray and total widths compiled by Ajzenberg-Selove
(Aj70) together with the experimental results of
CGallmann et al. (Ga67). In addition to the contri-
butions from the 7.966- and 8.489-MeV states shown
in Fig. 23, we found the states at 8.963 and 9.172
MeV in 14N to have gamma-ray decay probabilities of
19.6% and 9.1%, respectively. Almost all the re-
maining states above the p + 13C threshold have
total widths in the keV range. Because the largest
gampa-ray width in the Ajzenberg-Selove compilation
is 43 eV, we expect the (n,n'y) contribution from
these higher states to be negligible. We therefore
assumed that no gamma rays result from states in

14 We es-—

N above an excitation energy of 8.5 MeV.
timate the maximum (n,xy) contributions from the
8.963~ and 9.172-MeV levels, which we did not in-
clude in the evaluation, to be ~3 mb for the 8.963-~
+6.444-MeV transition and ~0.5 mb for the 9.172- +
0-MeV transition near a neutron energy of 13 MeV.
Table IV summarizes the gamma rays from (n,n') re-~
actions that appear in our evaluation. The brackets
indicate transitions that were combined into one

(n,xy) cross section.

TABLE IV
GAMMA RAYS FROM 1*N(n,n'y)L*N REACTIONS
EY Einitial Efinal
(MeV) (MeV) (MeV)
7.966 7.966 0
7.028 7.028 0
6.444 6.444 0
6.198 6.198 0
5.834 5.834 0
5.691 5.691 0
5.106 5.106 0
: 4.913 0
4.913 7.028 2.313}
7.966 3.945
3.98 3.945 0 }
3.885 6.198 2.313
8.489 5.106
3.38 5.691 2.313
7.028 3.945
2.793 5.106 2.313
2.499 6.444 3.945
2.313 2.313 0
1.632 3.945 2.313
6.444 5.106
1.25 5.106 3.945
4.913 3.945
0.728 5.834 5.10

Most of the 14N(n,xy) experimental data are
from measurements performed at one angle; Table V
is a summary of the angles and detectors used in

the various measurements considered in the evalua-
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tion. Except for some of the results of Morgan et
al. (Mo64), the experimental (n,xy) data described
here are single-angle measurements multiplied by
417, This procedure should not lead to large errors
for nitrogen because at most energies the 55 and
125° measurements by Dickens and Perey (Di69) and
Orphan and Hoot (0r69) were emphasized in the eval-
uation.* Near 15 MeV we stressed Nyberg's (Ny69)
80° measurements; many of the gamma-ray angular dis-
tributions are isotropic within 10% at these ener-
gies (Bu7l; also see Mob64).
(Mo64) that we give for the 1.632~, 2.124-, 2,313-,

3.684-, 3.854~, and 5.1-MeV gamma rays were obtained

The Morgan results

by integrating the measured angular distributions;
all other gamma-ray cross sections from this source

are 90° measurements multiplied by 4m.

TABLE V
SUMMARY OF GAMMA-~RAY PRODUCTION
MEASUREMENTS USED IN THE EVALUATION

Neutron
Energy
Measurement Range
Reference Angles (MeV) Detector
Bostrom, 1959 77° 4.2 NaI
Buchanan,a 1969  55° 14.8 Nal
Clayeux, 1969 90° 14.1 Ge(Li)
Conde”, 1968 55° 4.,5-7.0 Ge(Li)
Dickens, 1969 55°, 90° 5.8-11.0 Ge(L1i)
Engesser, 1967 90° 14,7 Nal
Hall, 1959 90° 4,7-8.1 Csl
Maglov, 1968 90° 14,1 Nal
Morgan,2 1963 90° 14.8 Nal
Morgan,2 1964 30°-140° 14.8 NaI
(8 angles)

Nyberg, 1969 80° 15.0 Ge(Li)
Orphan, 1969 125° 2-16 Ge(Li)

2The 1963 and 1964 Morgan data are largely super-~
seded by the 1969 Buchanan results but are in-
cluded for completeness. These data were obtained
using a NaI anticoincidence shield.

We wish to emphasize that the Morgan measure-
ments (Mo63,Mo64) and the Buchanan results (Bu69)

were all obtained by Texas Nuclear Corporation (INC),

and the 1969 reference apparently supersedes the

*

If a photon angular distribution can be represented
by an expression of the form o(u) = ag + asz(u),
where py is the cosine of the reaction anglé and
Pz(u) is the 2 = 2 Legendre polynomial, then the
integrated cross section is identically equal to

41 times the differential cross section at 54.7 or
125.3° (zeros of the second Legendre polynomial).
This is true for many of the gamma rays from nitro-
gen,



earlier results. Accordingly, we largely ignored
the 1963 and 1964 data in our evaluation of the
(n,xYy) cross sections; however, for completeness we
included these results in our figures. After we
completed the evaluation, a new compilation of TNC
results (Bu7l), which supersedes the three previous
communications, became available, The new compila-
tion includes a reanalysis of the nitrogen (n,xy)
measurements, and the results for some lines differ
significantly from Buchanan's 1969 compilation. The
new cross sections, which are not included in our
figures, are generally higher than the older values
and usually agree better with the evaluation. We
have included specific comments in the text where
we congider the new TNC results most significant.
The 2.313-MeV level of 14N is a T = 1 level
with J" = O+. Consequently, the (n,n') cross sec-
tion to this level is relatively small, and there
is little direct information about its magnitude.
Further, the (n,xY) cross section for the 2.313-MeV
photon, which results from the decay of this level,
is composed mainly of cascade contributions from the
higher 3,945-, 5,106-~, 5.691-~, and 6.198-MeV levels
(Fig. 23).
(n,n') cross section for the 2.313-MeV level mainly

Consequently, we based the evaluated

upon (p,p') measurements to this level by Oda et al.
(0d60), Hansen et al. (Ha70), Freemantle et al.
(Fr54), and Boreli et al. (Bo68), augmented by the

(n,n'y) measurements and a single (n,n') measurement
at 14 MeV by Bauer et al.(BaGS).* Our decision to
use (p,p’') measurements in the absence of (n,n')
data results from arguments by Lutz and Anderson
(Lu66) and Anderson et al, (An67) which are based
upon charge symmetry of the nuclear two-body force
(see Sec. 4.2 for furthey discussion). Indeed, we
allowed the available (p,p') results to influ-

ence our evaluation of the (n,n') cross sections for
some of the stronger transitions in energy regions
where (n,xY) measurements were lacking or were in
disagreement.,

The evaluated (n,n'y) cross section for the
2.313~MeV gamma ray is compared to the available
measurements in Fig, 24, As noted above, the curve
is determined mainly by cascade contributions from
higher levels and is not very sensitive to the small
(n,n') cross section to the 2.313-MeV level. The
evaluated curve and the measurements in Fig. 24
agree reasonably well, although we biased our eval-
vation of the (n,n'y) data somewhat in the high di-
rection to try to reconcile the "discrepancy" in
the cross sections near 8-MeV neutron emnergy (St69,
Di69).
3.10,

This problem is discussed further in Sec.

*

The (n,n') measurement by Bobyr et al. (Bo62) is
more than an order of magnitude higher than the
other measurements and is not included here.
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Fig. 24, Measured and evaluated photon-production cross section from 4 to 20 MeV for the 2.313-MeV

gamma ray.
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The gamma-ray production cross sections for the
1.632- and 4.913-MeV gamma rays are given in Fig., 25.
We ugsed the experimental data shown in the figure to
estimate the (n,n') cross sections to the 3.945- and
4.913-MeV levels in L4

course, the decay scheme given in Fig. 23.

N, incorporating also, of

We have
combined a small contribution (<0.2 mb) from the
7.028~ + 2,313-MeV transition (EY = 4,715 MeV) into
the (n,n'yY) cross section for the 4,913-MeV gamma
ray. The evaluated (n,n') cross section (19 mb)

for the 3.945-MeV level near 14 MeV agrees well with
the direct (n,n') measurement (19 mb) by Bauer et
al. (Ba63).
from 15 to 20 MeV are simple extrapolations of the
This is true of all (n,n'y)

The extensions of both evaluated curves

lower energy results.
results shown.

The evaluated (n,n'y) cross sections for the
2.793~ and 5.106-MeV gamma rays are compared to the
available measurements in Fig. 26, Both these gam~

ma rays result from decay of the 5.,106-~MeV level.

We determined the evaluated (n,n') excitation cross
section to this level mainly from the 5.106-MeV gam-
ma-ray measurements. The good agreement of the eval~
uated curve with the 2,793-MeV measurements supports
the branching ratios used for this level and the
(n,n'Y) experimental data for both these photons.

The new TNC compilation (Bu7l) gives a point.at-14.8
MeV for the 2.793-MeV photon which agrees closely
with the curve,

The gamma-ray production cross sections for the
3.378- and 5.691-MeV gamma rays are given in Fig. 27.
Both of these gamma rays result from decay of the
5.,691~MeV level.
the figures primarily upon measurements of the
3.378-MeV gamma ray, which is the predominant branch
The cross section for the 3.378-MeV

We based the evaluated curves in

in the decay.
photon also includes a small contribution from the

8.489-~ -+ 5,106-MeV transition (EY = 3,383 MeV). The
3.378-~ and 3.383-MeV photons are close enough in en-

ergy sSo that they were certainly unresolved
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in the measurements made with Nal detectors and prob-
ably unresolved in the Ge(Li) measurements as well,
The lack of agreemant between the evaluated curve

and most of the 5.691-MeV experimental data may re-~
flect an error in the branching ratios used or a
problem in the measurements. The latter is more
probable, and the problem probably lies in the 5.691-
MeV data because most of the measured cross sections
for this photon are quite small (~ a few mb).

The (n,n'y) cross sections for the 0,728~ and
5.834-MeV gamma rays from the 5.834-MeV level are
given in Fig. 28, The evaluated curves and, con-
sequently, the evaluated excitation cross section,
are based mainly upon the 0,728-MeV gamma-ray data.*
Again, the agreement of the evaluated curve with
the 5.834-MeV gamma-ray experimental data gives us
confidence in the branching ratios used for this
level and in the experimental data for both the

0.728- and 5.834-MeV photons.

*
The new TNC compilation (Bu7l) gives a 14.8-MeV
point for the 0.728-MeV line which is 10 mb higher

than the curve.

The (n,n'yY) measurements used in determining
the excitation cross gection for the 6.198-MeV level
are shown in Fig. 29. In this case, experimental
data are available only for the 3.885-MeV gamma ray.
The shape of the evaluated curve to 14 MeV is based
upon a Hauger-Feshbach calculation (described in
Appendix A).
weaker 6,198-MeV gamma ray is also included in Fig.

29,

The evaluated cross section for the

The evaluated cross sections for the 2.499- and

14N

The predomi-

6.444-MeV gamma rays from the 6.444-MeV level in
are compared to experiment in Fig. 30.
nant branch is the ground-state transition, and the
(n,n') excitation cross section to this level is
based upon the (n,n'y) measurements for the 6.444-~
MeV photon. As discussed above, the earlier TNC
data (Mo63, Mo64) have been superseded by more re-
cent results, so we ignored the single Morgan datum
near 15 MeV in our evaluation of the cross section
for the 6.444-MeV photon. The new INC compilation
(Bu7l1) cites 24 mb for the interval E, = 6.0 to 6.5

v
MeV which is much more congsistent with our results.
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Fig. 29. Measured and evaluated photon-production
cross section for the 3.885-MeV gamma ray
from the 6.198-MeV level in 14N, together
with the evaluated cross section for the
unobserved 6.198-MeV gamma transition to
the ground state.
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Fig. 30. Measured and evaluated photon-production

cross sections for the predominant gamma
rays from the 6,444-MeV level in lay,

Figure 31 shows the (m,n'Y) cross sections for
the 7.028~ and 7.966-MeV gamma rays. The shape of
the evaluated curve up to 14 MeV for the 7.966-MeV
line is based again upon a Hauser-Feshbach calcula-
We determined
the (n,n') excitation cross sections to the 7.028-
and 7.966-MeV levels from these data.

Finally, Fig. 32 gives the gamma-ray produc-

tion, as described in Appendix A.

tion cross sections for gamma rays of 3.98-~ and
1.25-MeV energy. The 3.98-MeV line is a composite
of the 3.945- + O~ and 7.966~ -+ 3,945-MeV transi-
tions, and the 1.25-MeV gamma is a sum of the con-

tributions from the 5.106- -+ 3,945-, and 6.444-~

5,106-MeV transitions. The curves were computed
from the evaluated level-excitation cross sections
to the four levels involved.

The 14N(n,n') level-excitation cross sections
that result from the foregoing analysis are present-
ed in Figs, 33-35.
tions for the 2.313- and 3.945-MeV levels up to E= 5

Figure 33 gives the cross sec-

MeV, Fig. 34 contains the results for levels with
Ex < 6 MeV for En = 5 to 20 MeV, and Fig. 35 gives
the cross sections for 6 < Ex < 8.5 MeV out to En =
20 Mev.
MeV levels in Fig. 35 are based entirely upon the

The cross sections for the 8.061~ and 8.489-
Hauser-Feshbach calculations. There are no experi-
mental (n,n') nor (n,xy) data for these two levels;
however, the integrated (p,p') measurements by Han-
sen et al. (Ha70) at Ep = 14,6 MeV lie approximately
35% below the evaluation for the 8.061-MeV level

and within a few percent for the (n,n') cross sec-

tion to the 8.489-MeV level.
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Fig. 31. Measured and evaluated photon-production

cross sections for the ground-state %am-
ma rays frgE the 7.028- and 7.966-Me
levels in N.
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Evaluated cross sections for inelastic
scattering to levels in 14y with E, be-
tween 6 and 8.5 MeV.

3.3.2 The 14N(n,n') Cross Section for Ex(l4N) >

8.5 MeV

As noted previously, at neutron energies above
9 to 10 MeV many new levels in 14N become available
for (n,n') reactions. Because almost no experiment-
al information is available on the cross sections
to these highly excited levels, it becomes increas-
ingly difficult to estimate all the reaction cross
sections at these energies. Therefore, in the 10-
to 12-MeV region the elastic cross section, which
was obtained at lower energies by subtracting the
sum of the partial reaction cross sections from the
total cross section, was joined smoothly to the
available elastic measurements, and we obtained a
nonelastic cross section by subtracting the evalu-
ated elastic from the total cross section. At neu-
tron energies above 10 MeV we adjusted the (n,n')
cross section to levels in 14N with Ex > 8.5 MeV so
that the total (n,n') cross section and the evalu-
ated (n,Yv), (a,p), (n,d), (n,t), (a,0), (n,2a), and
(n,2n) cross sections sum to the correct nonelastic
cross section.

Implicit in the above procedure is the assump-~
)13C and
14N(n,d)lsc*(n)lzc reactions are adequately repre-

*
tion that neutrons from 14N(n,p)l4C (n

gented in this way (or can be neglected), because
these processes are lumped into the (a,n') reactions.
We feel that this assumption is reasonable because
the (n,p) and (n,d) cross sections to highly ex-
cited states in 14C and 13C are undoubtedly quite
small. A second implied assumption is that the
14N(n,t)3a cross section is negligible; this approx-
imation is supported by the measurement by MOsner

et al. (Mo67) at 15.7 MeV which gives a value of

0.8t 0.5 mb for the (n,t)30 cross section. No

‘similar problem arises for the (n,a) reaction to

highly excited states of llB because these states

decay mainly by alpha emission and are included in

our estimate of the (n,20) cross section.

We generated the spectrum of inelastic neutrons
from (n,n') reactions to states in 14N above 8.5-
MeV excitation energy in three steps:

(1) We estimated the relative (n,n') cross sections
to levels between 8.5~ and 13-MeV excitation
energy from Hauser-Feshbach calculations. At
these excitation energies, the level structure
of 14N is reasonably well understood, and spin

and parity assignments have been made for most



of the levels.
described in more detail in Appendix A, with
the code JANE (Fe68), employing some 50 levels
in 14N and using the level information compiled
by Ajzenberg-Selove (A370).

(2) For excitation energies greater than 13 MeV, we

We performed the calculations,

estimated the (n,n') energy distributions from
a gimple evaporation model using the expression

o, n,(s) =g exp [ ~€/T],

where € is the outgoing neutron energy in the
center-of-mass system. We chose the nuclear
temperature T so that the shape calculated from
this expression agreed with the Hauser-Feshbach
calculation below Ex= 13 MeV. The temperatures
we used are given by
T = 0,307 VE  (MeV),
where E is the laboratory neutron energy in MeV.
We normalized the evaporation energy spectra at
each incident neutron energy to match the (n,n')
cross sections calculated from Hauser-Feshbach
theory for 8.5 MeV < Ex < 13 MeV.

(3) The final step was to normalize the composite
Hauser-Feshbach nuclear-temperature energy spec-~
trum for Ex > 8.5 MeV so that all the reaction
cross sections summed to the proper nonelastic
cross section at all incident neutron energies,
as described earlier.

We grouped the inelastic cross sections result-
ing from this treatment into 0.5-MeV-wide excitation-
energy bins and represented them as (n,n') reactions
to fictitious levels at 8.75, 9.25, 9.75, ..., 18.25
MeV, The results are shown in Figs. 36-39. The
curves become more systematic for Ex > 13 MeV where
we used the evaporation-model calculations.

The only experimental result available to use
in checking our evaluation of (n,n') cross sections
for levels with Ex > 8 MeV is the 1l4-MeV neutron-
spectrum measurement by Anderson and McClure (Anb64).
These results, which have been renormalized to give
an integrated cross section of 0.54 b (St65),* are
compared in Fig. 40 to a histogram constructed from
our evaluated (n,n') cross sections. We determined
the evaluated results above Eﬁ = 4,2 MeV from the

various (n,n'y) measurements and from the (n,n')

*

This renormalization is a rough correction for mul-
tiple-scattering effects. A detailed calculation
was not made.
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Fig. 36. Evaluated cross sections for inelastic
scattering to groups of known levels in
N with E_ between 8.5 and 11 MeV. Each
half-MeV if excitation energy is represented
as a single fictitious level.
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neutron energies. A second difficulty in the compar-

ison is that the total (n,n') cross section from the

T T T

measurement is 0.54+0,11 b (St65), whereas the eval-

1o, o)
GROUPED LEVELS

T

uated total (n,n') cross section is 0.4 b, If the

measured value of 0.54 b is accepted, the elastic
cross section at 14 MeV (described in Sec. 3.10) must
be decreased substantially (~ 0.14 b), and this is

HARAAAY

sl

Il

L3
T

ol ﬁ:s"“‘ a difficult to reconcile with most of the elastic mea-
F e ] surements. If we assume that the measured spectrum
r [T ]
C LR ] is wrong below Eﬁ = 2.3 MeV and compare the inte-
I 7 grated cross sections for the evaluated and measured
o l
® . -l ! L ] qhw : g E © spectra only for Eﬁ > 2.3 MeV, the difference between
the evaluated and measured values decreases from
Fig. 39. Evaluated (n,n') cross sections to groups roughly 30 to 20%.
of levels in léy between 16 and 18.5 MeV, 14 13 14 10
3.3.3 The " 'N(n,n'p)”™"C and ~'N(n,n'a)" B Cross Sec-
measurement at 14 MeV by Bauer et al, (Ba63), as de- tions 14
scribed in Sec. 3.3.1. The evaluated spectrum be- States at high excitation energies in "N decay
low EC = 4.2 MeV results from our renormalized Hau- predominantly by proton, deuteron, and alpha emission,
n 4 h 14 v 213, 14 14 12
ser-Feshbach calculations, as discussed above, The °°rrizp°n ing ;g the “"N(n,n'p)™"C, " 'N(a,n'd)""cC,
gaps in the histogram are regions where there are and ~ 'N(n,n'a) B reactions with thresholds at 8.09,
no levels in 14N; the fact that the measured spec- 11.01, and 12.45 MeV, respectively. In this evalua-
trum does not dip near the gaps indicates that the tion we assume that levels above 8.5-MeV excitation
14
resolution of the measurements was fairly broad. in "N decay entirely by emission of either protons
The agreement between evaluation and measure- or alpha particles. Because there is virtually no
ment is only fair, and significant differences occur available experimental information on these proces-
for EC < 2 MeV. The difference may indicate that ses, we have very crudely divided the (n,n') cross
n
the level structure of 14N for 8.5 < E_ < 13 MeV is sections into (n,n'p) azd (n,aa) components by as-
x 1 8
not adequately known; however, the problem may very suming that states in ~'N emit particles with decay
well be in the measurement because the experimental probabilities proportional to (23+1)(2J+1)AEC' where
uncertainties are probably greatest at the lowest 8 is the spin of the emitted particle, J is the spin
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Fig. 40. Measured and evaluated secondary-neutron spectra in the c.m. system for 14-MeV (lab) incident
neutrons.
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of the new state, and AE is the center-of-mass en-
ergy releagsed in the reagtion. We performed this
calculation using all the states available for par-
ticle decay. The resulting (n,n'p) and (n,n't) cross
sections are given in Fig. 41 together with the total
(n,n') and (n,n'Y) cross gections, where the latter
is defined to be the (n,n') cross section that re-
sults in photon emission. We have combined the
(n,n'd) cross section, which is relatively small, in-

to our estimate for the (n,n'p) cross section.
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E, MeV
Fig. 41, Total inelastic-scattering cross section

and its constituent photon- and charged-
particle-emission cross sections. This
curve is compounded from the results shown
in Figs. 34-39.

The (n,n'p) and the (n,n'c) cross sections are
included in the ENDF/B evaluation by flagging cer-
tain of the (n,n') level-excitation cross sections
in File 3 as decaying by either proton or alpha
emission. Because the number of discrete levels
allowed by the format is limited, this representa-
tion necessarily produces artificial structure in
the (n,n'p) and (n,n'a) cross sections. This struc-
ture is not included in Fig. 41.

3.4 The 14N(njp)ll'C and lI‘N(n,p-y)ll'c Cross Sections

We evaluated the thermal (n,po) cross section
to be 1.819%£0.036 b from a composite of measurements
by Coon and Nobles (Co49), Batchelor and Flowers
(Ba49), Cuer et al, (Cu5l1), and Hanna et al (Habl).
The uncertainty in the thermal value is based upon
the quoted errors in the measurements. The (n,po)
cross section is agsumed to vary as 1l/v up to 10 keV
and is then joined smoothly to measurements by Gib-
bons and Macklin (Gi59) and Johnson and Barschall

(Jo50) between 0,03 and 0.3 MeV. These results are

given in Fig. 42. Again, we feel that the l/v assump-~
tion up to 10 keV is reasonable because the first

resonance does not occur until 434 keV.
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Fig. 42, Measured and evaluated (n,p)_ cross sec-
tion to the ground state of 1% from 10-3

eV to 1 Mev, The top figure is based on
a composite of four measurements at ther-
mal energy (not shown).

The (n,po) cross section up to 6 MeV is shown
in Fig. 43. In the regions between resonances, the
curve is a smooth fit to the measured data, with
greatest emphasis placed on the results of Johnson
(Jo50) and Gabbard et al. (Ga59)* up to 4 MeV,

Over many of the sharper resonances, we obtained
the curve from a Breit-Wigner shape using the reso-
nance energy and width from the total-cross-section
analysis and normalizing the area under the curve
to the (n,po) measurements.,

At neutron energies from 4 to 13 MeV, we used
the measurement of the inverse 14C(p,n)MN reaction
by Wong et al. (W367) to determine the (n,po) cross
section, The results from 6 to 20 MeV are given in
Fig. 44,

information, the structure in the (n,po) Cross sec-

Because of the paucity of experimental

tion in this energy region is largely unknown.
Also shown in Fig, 44 are the (n,p) excitation

cross gections for the six particle-stable excited

levels of 14C, with the first, second, and fourth

levels combined into one curve, Except for (n,ps),

*
All the results of Gabbard et al. (Ga59) have been
increased 20% to account for a calibration error
(Ga63).
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Fig. 43. Evaluated cross section for the (n,po) reaction from 400 keV to 6 MeV, with the measurements
on which it is based.
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Fig. 44. Evaluated cross sections from 6 to 20 MeV for the (n,p) reaction to the six particle-stable ex-
cited states in 14C, together with the (n,po) cross section and the data on which it is based.
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we obtained the excited-level excitation cross sec-
tions from measurements of gamma-ray production
cross sections, together with the decay scheme for

14 We obtained the curve for

C, as described below.
(n,ps) from a compound-nucleus reaction-theory cal-
culation, as described in Appendix A. We adjusted
the calculated shape for (n,ps) by the same factor
required to produce agreement between the calculated
shape of (n,ps) and the (n,py) measurements for the
1.242-MeV gamma ray from the sixth excited state of
14C. The (n,ps) cross section is relatively small,
in qualitative agreement with the fact that a 7.012-~
MeV gamma ray is not observed in the gamma-ray pro-
duction measurements.

The decay scheme for 14C, which relates the
(n,p) level excitation cross sections to the gamma-
ray production measurements, is given in Fig. 45.

The branching ratios are a composite of 13C(d,p)l4C
measurements by Alburger et al. (Al66), 12C(t,p)l4C
measurements by Bell et al. (Be68), and Carlson's
9Be(7Li,d)l4C measurements (Ca66). The level ener-
gies, spins, and parities are from Ajzenberg-Selove's
energy-level compilation for A = 13-15 (Aj70). The
6.583~ and 6.894-MeV levels decay entirely to the

6.095-MeV level in 14C.

Therefore, because we had
determined the (n,p) level excitation cross sections
from (n,pY) measurements, we combined the (n,pl),
(n,pz), and (n,p4) excitation cross sections in the
evaluation., Table VI is a summary of the gamma-ray
transitions included in the evaluation. Two of the

trangitions have been combined, as indicated.

8.176
13
n+Clrasr 2
0 B3 S
7012 _2° o of ©
w0 <
o -
6.894 0" 3 S
)
6,728 3°
& 8
6583 0 ° °
a
6095 I~
o
o o’
I4c
Fig. 45. Decay scheme for 14C used in correlating

the (n,pY) cross sections with the level-
excitation cross gections. Note that the
energy scale is grossly distorted.

TABLE VI
GAMMA RAYS FROM 14N(n,pY) REACTIONS

E, Einitial Etinal
(MeV) (MeV) (MeV)
7.337 7.337 0
7.012 7.012 0
6.728 6.728 0
6.095 6.095 0
7.337 6.095
1.242 7.012 6.095
0.634 6.728 6.095
0.609 7.337 6.728

Neutron emission is possible for 14C states a-
bove 8.176-MeV excitation energy, and we have as-
sumed that all states in 14C above this energy decay

entirely by particle emission. This assumption is

supported by the fact that none of the levels in 14C

in this energy region have significant ratios of pho-
ton width to total width in either charged-particle-

or neutron-induced reactions (A3j70). We do not give
the (n,pn) cross section proceeding through these

14

highly excited levels in ~'C explicitly in the eval-

uation, but it is included roughly in our estimates
14

of (n,n') cross gections to levels in ~ N that decay
by proton emission (see Sec. 3.3.3). Of the 14N
(n,p)l4C*(n)13C and 14N(n,u')l4N*(p)13C processes,
the latter is expected to dominate. The total (n,p)
cross section shown in Fig. 5 was obtained by sum-
ming the (n,p) level excitation cross sections for
the first seven levels of 14C.

In Fig. 46, the evaluated (n,pY) cross sections
for the 6.094- and 6.728-MeV gamma rays are compared
to the available measurements. We determined the
excitation cross sections of the 6.094- and 6.728-
MeV levels from these curves. The curves are based
primarily upon measurements by Dickens and Perey
(Di69), Orphan et al. (0r69), and Nyberg et al.
(Ny69) .

The (n,pY) cross sections for the 0,609-, 0,634,
1.242-, 7.012-, and 7.337-MeV gamma rays are given
in Fig. 47. The 0.634-MeV line is determined from
the 6.728-MeV data of Fig. 46 using the decay scheme
of Fig. 45. The 0.609- and 7.337-MeV lines are de-
termined by thg curve through the EY = 1,242-MeV
measurements, and we obtained the 7.012-MeV line
from the calculated (n,ps) excitation cross section

discussed previously.
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Fig. 46. Measured and evaluated cross sections for
the ground-state gamma rays from de-exci-
tation of the 6.094- and 6.728-MeV levels
in léc,
-2
PETTTTTTT T T T T T T T T T
l’-0.609 MeV
o
E 10" €~ T33T Nev
[y
:Y' 1,242 Mav
17.337—= 6.095)
o
© OICKENS, 1969 [8¢55%)
« DICKENS, 1969 [§+90%
0™ i =
E,. M&V
Fig. 47. Evaluated cross sections for some of the

weaker (n,pY) gamma rays.

3.5 The 14N(n,d)lSC, l4N(n,dY)13C, and 14N(n,n'py)

13C Crosg Sections

The threshold for the 14N(n,do)lsc reaction oc-
curs at 5.71 MeV. 1In Fig. 48, the evaluated curve
for the (n,do) cross section from threshold to 20
MeV is compared to the available measurements. The
experimental data of Chase et al. (Ch6l) and Benen-
son and Yaramis (Be63) consist of 13C(d,n)l4N mea-~
surements that have been converted to 14N(n,do)
cross sections by means of the reciprocity theorem
for nuclear reactions (B152). The single point at
14 MeV is a composite of 14N(n,do) angular-distribu-
tion measurements by Fessenden and Maxson (Fe67),
Carlson (Ca57), Miljanic et al. (Mi68), Zatzick
and Maxson (Za63), and Lindsay and Veit (Li67). We
de~emphasized Lindsay and Veit's measurements be-

cause they lie roughly a factor of 2 below the other
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data.
(n,do) cross section at 14 MeV to be 20t4 mb., A
smooth extrapolation of the evaluated curve was made

from 14 to 20 MeV.

From these measurements, we estimate the

oosg—

ootd—

Measured and evaluated (n,d) cross sec-~
tions to the ground state of “°C. The
14-MeV point is a composite of five mea-
surements.

The level-decay scheme for 13C, which relates
the gamma-ray production measurements to the (n,d)
and (n,np) level-excitation cross sections, is given
in Fig. 49.

parities from the Ajzenberg-Selove (Aj70) A = 13-15

We took the level energies, spins, and
energy-level compilation. The branching ratios are
a composite of loB(a,pY)lSC results of Mackin et al.
(Ma56), Pixley et al. (Pi60), and Kane et al. (Ka60),
and the 12C(d,py)lSC results of Gorodetzky et al.
(Go66) .

that can result from de-excitation of

Table VII gives a list of the gamma rays
13C levels.
In this evaluation, we assume that levels in 130

2C threshold at 4.947 MeV decay en-

We obtained the total

above the n + L
tirely by particle emission.
(n,d) cross section shown in Fig. 5 by summing the
(n,d) excitation cross sections for the four states

given in Fig. 49.

4.947
12
n+ Cl3gsq s/2°
2l g8
3684 3/2° o olo
9 ~
&l |18
3.086 1/2* o el
=)
[0) 1727
IBC
Fig. 49. Decay scheme for 13C uged in interpreting

the (n,dy) and (n,npY) cross sections.
Note that the energy scale is grossly
distorted.



TABLE VII
GAMMA RAYS FROM 14N(n,d) 13C
AND 14N(n,np)13C REACTIONS

EY Einitial Efinal
(MeV) (MeV) (MeV)
3.854 3.854 0
3.684 3.684 0
3.086 3.086 0
3.854 3.086
0.68 3.684 3.086
0.170 3.854 3.684

In evaluating the (n,xy) cross sections, one

must realize that levels in 13

C can be excited by
(n,np) reactions as well as by (n,d) reactions. To
estimate the (n,d) excitation cross sections, we as-
sumed that the shapes of the excitation cross sec-
tions were similar to (n,p) cross sections for sim-
ilar Q-values, as calculated using compound-nucleus
reaction theory (Appendix A). We then normalized
these calculated shapes so that they resulted in

(n,xy) cross sections that agreed with measurements

around 10 MeV, Although the threshold for the (n,npY)

reaction is 9.02 MeV, substantial contributions
from this source are not expected for an MeV or so
above the threshold.

We estimated the excitation of 13C levels
through (n,np) reactions by roughly dividing the

(n,n') cross section to particle-unstable levels in

14
13

N among the various states that can be reached in
N (neutron emission), 130 (proton emission), 12C
(deuteron emission), and loB (alpha emission). As
described in Sec. 3.3.3, we made this calculation
asguming the decay probabilities to be proportional
to (28 + 1) (2J +1) AEc' where the symbols have the
same meaning as in Sec. 3.3.3. We then normalized
the resulting (n,np) excitation functions for the
three excited levels of 13C by a common factor

(~ 0.8) so that the sums of the (n,d) and (n,np) ex-
citation cross sections resulted in (n,xy) cross
sections that agreed better with measurements near
14 MeV, where the (n,npy) contributions are domi-
nant.

Figure 50 shows the results of this analysis
for the (n,dl) cross sections and for the (n,xy)
crogs section for the 3.,086-MeV gamma ray. The ra-
pid rise in the (n,xy) cross section near 12 MeV re-
sults from the (n,npY) contribution. The disagree-~

ment between the evaluation and the Morgan (Mo63)

and Buchanan (Bu69) experimental results in Fig. 50
is largely eliminated by the recently revised TNC

compilation (Bu7l).
sedes the older data, is 14 mb at 14.8 MeV, in rea-

The new result, which super-

sonable agreement with the 18 mb evaluated result.
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Fig. 50. Evaluated (n,d.) cross section and the
photon—product}on data for the 3.086-MeV
photon. The rise in the upper curve a-
bove 12 MeV is due to the (n,npY) contri-
bution to the same gamma transition. The
lower curve has a calculated shape normal-
ized to the photon-production measurements
below the effective (n,n'py) threshold.

The results of our analysis for the (n,dz) ex—
citation cross section to the 3.684-MeV level and
the (n,xy) cross section for the 3,684-MeV photon
are given in Fig. 51. Again, the rige in the
(n,xy) cross section near 12 MeV is due to contri-
butions from (n,npy) reactions. The evaluated

curve and the measurements agree reasonably well.

1T T 17T 1T T 1T 71T T T T T T
06— (hdyl + (n,npyl —
o0s— £, 03084 WiV © OICKENS, 1969, |1-05% —|
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Eq. Mov
Fig., 51. Evaluated (n,d,) cross section and the

photon—production data for the 3.684-MeV
photon. (See caption to Fig. 50.)
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The (n,d3) cross section to the 3.854-MeV level
and the (n,xy) cross section for the 3.854-MeV line
are given in Fig. 52. The evaluated (n,xy) curve
and the measurements again agree reasonably well.
The sum of our evaluated (n,dz) and (n,d3) cross
sections (20 mb) agrees well with a rough estimate
of this cross section (15 to 25 mb) from (n,dz) +
(n,d3) partial angular distribution measurements by
Fessenden and Maxson (Fe67), Zatzick and Maxson

(2a63), and Carlson (Ca57).

3.6 The 14N(n,t)12C and 14N(n,tY)lZC Cross Sections
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0012—  In, dyl ]
acoy—
[] 10 [13 " 16 ” 0
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Fig. 52. Evaluated (n,d,) cross section and the pho-

ton-production”data for the 3.854 MeV pho-
ton. (See Caption to Fig. 50.)

The photon-production cross sections for photons

of 0.170- and 0.68-MeV energy are given in Fig. 53.
The latter is a composite of 3,684- -+ 3,086-MeV (EY-
0,598 MeV) and 3.854~ -+ 3.086-MeV (EY= 0.768 MeV)

transitions.

In each case, we computed the (n,xy)

cross sections from the evaluated level-excitation

cross gsections.
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Fig. 53. Evaluated photon-production cross sections
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for the low-energy gamma rays from cascades
in 13C, as reconstructed from the level-ex-
citation cross sections.

The threshold for the 14N(n,to)lzc reaction oc-~
curs at 4.304 MeV.

(n,to) reaction is compared to the available meas-

The evaluated curve for the
urements in Fig. 54. Considering the uncertain-
ties associated with the Gabbard et al. (Ga59) and
Scobel et al. (Sc66) measurements, the agreement
between the experiments is reasonable. The open
triangle at 14.5 MeV is our evaluated result (6.5 %
1.3 mb), based primarily upon (n,to) angular-distri-
bution measurements by Fessenden and Maxson (Fe67)
and Rendic (Re67); we also considered Lindsay and
Veit's (Li67) measurement, but it is a factor of
2 lower than the other results.

Also shown in Fig. 54 is the evaluated curve
for the 14N(n,tl) reaction to the 4.439-MeV state

12

in ““C. The curve is based upon a compound-nucleus

reaction-theory calculation for the (n,p) reaction

~with a similar Q-value (see Appendix A) which has

been normalized to our evaluated result at 14.5 MeV.
The estimated cross section at 14.5 MeV for the
(n,tl) reaction is 21 * 7 mb, based on the Fessenden
(Fe67) and Rendic (Re67) measurements.

The only particle-stable excited state in 12C
is the 4.439-MeV level,which decays entirely by gam-
ma-ray emigsion to the ground state of 2C. The
gamma-ray production cross section for the 4.439-
MeV line is given in Fig. 55. We obtained the
curve from the evaluated 14N(n,tl)12C* cross sec-—
tion and from an estimate of the 14N(n,n'd)12C*
cross section to the first excited state of 12C.

We made the latter estimate in the manner described
in Sec. 3.5 for the (n,n'pYy) reactions. We obtain-
ed the evaluated total (n,t) cross section by sum-
ming the (n,to) and (n,tl) contributions.

3.7 The 14N(g,a)llB and 14N(n,cLY)llB Cross Sections

The threshold for the (n,ao) reaction occurs

at 0.168 MeV; the (n,ao) reaction does not become
significant, however, until above 1.2 MeV. The e-
valuated (n,ao) crogss section from 1 to 7 MeV is

compared to the available measurements in Fig. 56.
The curve is based mainly on measurements by John-
son and Barschall (Jo50) at lower energies and on
the results of Gabbard et al. (Ga59)
The results of Haddad (Ha59a) and Mani and

Dutt (Ma66) were obtained from measurements of the

at higher en-

ergies.

inverse llB(a,n)l4N reaction, using the reciprocity
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Fig. 55. Evaluated cross section for the photon de-

cay of the first excited state in 12¢ fo1-
lowing (n,t) and (n,n'd) reactions.

E,, Mev

Measured and evaluated (n,t) cross sections to the ground and first excited states of 12C.

theorem (B152). As was the case with (n,po), we ob-
tained the shape of the (n,ao) curve over many of
the sharper resonances from a Breit-Wigner expres-—
sion, using the resonance energy and width from the
total~-cross-section analysis and normalizing to the
peak area in the (n,ao) measurements. We used a
similar treatment for several peaks in the (n,0,),
(n,az), and (n,a3) reactions described below.

The (n,ao) cross section from 7 to 20 MeV is
given in Fig. 57, The open triangle at 14,5 MeV is
the result of our evaluation of (n,a) experiments by
Lillie (Li52), Leroux et al., (Le68), Bachinger and
Uhl (Ba68), and Maxson and Murphy (Ma68). Lillie's
measurement was made with a cloud-chamber, the Leroux
and Bachinger data were obtained with nuclear emul-
sionsg, and the Maxson measurement employed a counter
telescope. The four measurements do not agree well
over the entire spectrum, and our results are a com-~

posite of the four, taking into account to a limited
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Lil-
lie cites a value of 100 mb for the integrated (n,a)

extent the (n,xy) measurements described below.

cross section (Li52), whereas Leroux et al. give
60 mb (Le68). Our evaluated spectrum is normalized
to 92.5 mb at 14.5 MeV., There are no available meas—
urements for the (n,ao) cross section between 8.2
and 14 MeV; we based the shape of the evaluated curve
in this region upon the compound-nucleus reaction-~
theory calculations described in Appendix A. The
curve was extrapolated smoothly from 14,5 to 20 MeV.
The decay scheme for llB, which relates the
(n,0yY) measurements to the (n,a) level excitation
cross sections, is given in Fig, 58, The level en-
ergies, spins, and parities come from the A = 11 to
12 energy-level compilation by Ajzenberg-Selove
and Lauritsen (A3j68). The branching ratios that are
included in the compilation were obtained mainly
from 9Be(sﬂe,pY)llB and loB(d,pY)llB coincidence

measurements by Olness et al. (0165).
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Fig. 58. Decay scheme for "B used in interpreting

the (n,xy) measurements.

The probabilities for gamma-ray emigsion from
the 8.925-MeV level (100%) and the 9.185-MeV level
(10%) are also from the Olness measurements; all
known higher levels have total widths in the keV
range and do not decay significantly by gamma ray

emission. Table VIII summarizes the gamma-ray tran-—

sitions that appear in the evaluation; some of the

weaker transitions have been combined, as indicated.

TABLE VIII
14 11
GAMMA RAYS FROM ~ N(n,a) B REACTIONS

E, Einitial Efinal
(MeV) (MeV) (MeV)
9.185 0
8.925 8.925 o}
8.566 8.566 0
7.996 7.996 0
7.296 7.296 0
6.793 0
6.77 6.743 0
6.442 8.566 2,124
5.872 7.996 2,124
5.019 5.019 0
9.185 4,444
4.65 6.793 2.124
8.925 4.444
4,444 4444 0
8.566 4,464
3.800 {8.566 5.019
2.895 5.019 2.124
2.852 7.296 4,444
9.185 6.743
2.30 6.743 444
7.296 5.019
2.124 2.124 0

The evaluated curves for the E_= 2.124 MeV
(n,ay) cross section and the 14N(n,al)llB* cross
section to the 2.124-MeV level are compared to the
available measurements for En = 4-~7 MeV in Fig. 59.
Although there is some cascading to the 2.124-MeV
level, the (n,ay) cross section for the ground-state
transition is mainly determined by the (n,al) exci-
tation cross section. Therefore, the comparison
given in Fig. 59 provides a check on two entirely
independent sets of experimental data, i.e., the (n,ay)
and the (n,0) measurements. The agreement is rea-
sonable considering the error bars on the measure-
ments and gives us confidence in both sets of data.

The same results are given in Fig. 60 for the
7~ to 20-MeV neutron-energy region. The open tri-~
angle at 14.5 MeV in the lower half of the figure
again results from our evaluation of the (n,a) spec-
trum and cross section from four measurements (Li52,
Le68, Ba68, Ma68).

two parts of Fig. 60 is reasonable, although Hall

The overall consistency in the

and Bonner's (n,ay) data (Ha59) are lower than the
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evaluation near 8 MeV. Further, the new TNC compi-
lation (Bu7l) gives a value of 30 mb for the (n,cty)
cross section at 14.8 MeV, compared to their old
value of 15 mb (Bu69) and our evaluated result of 16
mb. The measurement by Maslov et al. (Ma68a) for
the sum of the 2.124-~ and 2,313-MeV photons gives a
value at 14 MeV that agrees well with the evaluated
results.

The 14N(n,a2)llB* cross section for the 4.444-~
MeV level and the photon production cross section
for the 4.444-MeV photon are given in Fig. 61. The
dashed curve in the upper half of the figure re-
sults if the 14N(n,tY)lZC cross section for the
4.439-MeV gamma ray is added to the E, = 4.444-MeV

cross section. Because these lines dIffer in energy
by only 5 keV, they are undoubtedly unresolved in

the Nal gamma-ray measurements and are probably un-
resolved in the Ge(Li) measurements. The open tri-
angle at 14.5 MeV in the lower half of Fig. 61 re-

sults from our evaluated spectrum, as described ear-

lier.
and the (n,xy) measurements in Fig. 61 gives us con-
The fact

The reasonable consistency between the (n,)

fidence in the branching ratios involved.
that the dashed curve rises above the (n,xy) measure-
ment of Dickens and Perey (Di69) near 11 MeV probably
indicates that either our (n,®,) cross section or

our (n,t.) cross section to the 4.439-MeV level of
12C is too high in this energy region. We did not
digcover this inconsistency until the evaluation

was completed.

The 1 N(n,a3)llB* crogs section to the 5,019~
MeV level and the (n,ay) cross section for the
5.019-MeV photon are given in Fig. 62. We have cor-
rected the (n,as) measurements by Gabbard et al.
(Ga59) for contributions from the (n,do) and (n,pl)
reactions which were not resolved in their experi-~
ment. The open triangle at 14,5 MeV in the lower
part of Fig, 62 is from our evaluated spectrum.
The 5,019-MeV gamma ray has not been observed in

measurements with Ge(Li) detectors. This is prob-
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Fig, 61. Measured and evaluated cross sections for the (n,a,) and (n,0v) cross sections for the &4.444-MeV
level and ground-state transition. The dashed curVe includes a contribution from the 4.439-MeV
(n, ty) photon.
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ably because of Doppler broadening of the gamma rays
from the 5.019- + 0-MeV transition, to the extent
that they are not observed as peaks in high-resolu-
tion Ge(Li) spectra. This broadening is too small
to affect poorer-resolution Nal or CsI measurements
seriously, and we have included the (n,xy) data from
these measurements in the upper part of Fig. 62.
These results should be compared to the upper eval-
uvated curve, which includes the (n,n'y) cross sec-~
tion for the 5.106-MeV photon, because the 5.106-
and 5.019-MeV photons are not resolved in the poor-
er-resolution measurements.

Reynolds et al. (Re70) have suggested that the
"migging" 200 mb in the nitrogen discrepancy near 8
MeV (see Sec. 3.10) might be partially accounted for
by the (n,a3) channel, The results in Fig, 62 indi-
cate that the (n,as) cross section can be increased
by no more than 20 to 30 mb and still be consistent
with the (n,as) and (n,ay) measurements near 8 MeV.

The evaluated curves and the measurements in

Fig., 62 agree reasonably well. However, the new

TNC compilation (Bu7l) quotes an (n,xYy) cross sec-~
tion at 14.8 MeV which falls near the Engesser and
Thompson (En67) point. Because this new result su-
persedes the older TNC measurements (Mo63, Mo64,
Bu69), the evaluated composite (n,xy) cross section
Algo, the

Maslov et al. (Ma68a) measurement at 14 MeV, which

ig possibly a little low near 15 MeV.

was inadvertently omitted from the graph, supports
a higher cross section in this region.

The evaluated (n,0) level-excitation cross sec-
tions for the 4th through 10th excited levels of llB
are given in Fig., 63. We obtained the curves for
all levels except those at 8,925 and 9.185 MeV by
normalizing the compound-nucleus reaction-theory
calculations described in Appendix A to our evalu-
ated spectrum at 14.5 MeV (open triangles). For the
cross section to the 8.925- and 9.185-MeV levels,
we normalized the calculations by the same factor
required for the 8.566-MeV-level cross section,be-
cause estimates for the 8,925~ and 9.185-MeV contri-
butions were not obtained from the spectrum measure-

ments.,

0, 12—

On,n'y

(5.106) + %0, ay (5.019)

I [ [ I ! r

vHALL, 1959 —
&BOSTROM, 1959

4 ENGESSER, 1967 ]
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u MORGAN, 1964

0.04
2 [ I N B I ——
b
— (n, a,) ]
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004— —

0.02

* GABBARD, 1959
s SEE TEXT

Fig. 62.
ray from this reaction.

12 14
E,, MeVv

16 18 20

Measured and evaluated (n,0,) cross section and the cross section for producing the 5.019-MeV gamma
The combined photon-production cross section for the 5.019- and 5.106-MeV

photons is compared to the available Nal measurements in the upper part of the figure.
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The ll‘N(n,cLY)llB cross sections that result from
excitation of the higher levels in 1
Figs., 64 and 65.
from the foregoing estimates of the level-excitation

B are given in
We obtained the evaluated curves
cross sections using the llB decay scheme given in
Fig. 58,
is implied by alpha-spectrum measurements at 14.5
MeV (Li52, Le68, Ba68, Ma68), the only direct ob-
servation* of the higher-energy photons given in Fig.

Although the existence of these gamma rays

65 occurred in an integral experiment by Reynolds
and Sperling (Re7l), in which gamma-ray spectra were
measured in a large tank of liquid nitrogen pulsed
with 14-MeV neutrons. Broad peaks in the unfolded

*
Maslov et al. (Ma6Ba) report a 9.l-MeV photon at E_=
14,1 MeV with a cross section of 8t4 mb which m:lgh‘:1
correspond to the 8.925-MeV line in Fig. 65.

spectrum from this measurement are probably due to
the 6.77-, 7,296-, 7,996-~, 8,566-~, and 8,925-MeV
photons indicated in Fig. 65.

We obtained the evaluated total (n,a) cross sec-
tion in Fig. 5 (Sec. 2) by summing the level-excita-
tion cross sections for the ground and first 10 ex-~
cited states of l]'B. The excitation cross sections
to higher levels in llB are included in the (n,2a)
Cross section,because these levels decay mainly by

alpha emission.

3.8 The 14Njn,2a)7Li Cross Section
The only experimental data available on the

(n,Z&) cross section are the cloud-chamber measure-
ments by Lillie (Li52) and MOsner et al. (Mo67).
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B - 6.743 Mev
0.00Bq—
| Ex~6.793 MeV
0.0016}—
£ |
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& SEE TEXT
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(3 8 10 12 14 16 8 20

Eqe Mev

Fig. 63. Evaluated cross sections for the (n,a4) through (n,ag) reactions.
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The experimental results are compared with our curve
in Fig. 66. We crudely estimated the shape of the
curve to 16 MeV by calculating (Appendix A) the con-
tribution from (n,8) reactions to known states in
llB above 9.2-MeV excitation energy relative to the
contribution from states below 9.2 MeV, and then ap-

plied this ratio to our total (n,a) cross section.

The absolute value of the calculated curve agreed

better with the Mosner (Mo67) datum than is indicated
in Fig. 66. We decided, however, to compromise the
evaluated curve between the two measurements. Above

16 MeV, we made a smooth extrapolation of the curve.

-2
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E T T N T T T T T T T T T T T3
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2103 ‘ —
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| E,*4.650 Mev :
57.2'852 MeV
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Ene Mev
Fig. 64. Evaluated photon-production cross sections for six of the weaker (n,aY) transitions with photon
energies below 6 MeV.
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Fig. 65. Evaluated photon-production cross sections for six of the weaker (n,ay) transitions with photon

energies between 6 and 9 MeV,
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3.9 The 14N(B,Zn)lsN Cross Section and Energy Dis-
tribution
14 13
The threshold for the ~"'N(n,2n) °N reaction oc-
curs at 11,31 MeV,

A number of activation measure-
ments of the (n,2n) cross section have been made
using the 10-min half-life positron decay of 13N.
The evaluated (n,2n) cross section is compared to
many of the available measurements in Fig. 67.* The
evaluated curve is based mainly on measurements by
Ferguson et al. (Fe60), Prud'homme et al. (Pr60),
and Bormann et al. (Bo65). The (n,2n) cross section
is seen to be less than 12 mb at all neutron ener-
gles below 20 MeV.

There are no measurements of the energy distri-
bution of neutrons from the (n,2n) reaction. To es-
timate the energy distribution, we performed a cal-
culation asgsuming that the cross section follows a
purely phase-space or statistical energy distribu-

tion (Oh65); that isg,

I I I ] I ] I I I -
oorel— - =
0.012—

£ -
2
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[ B 0 BAILL, 1961
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] | | | ]
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Fig. 67. Measured and evaluated (n,2n) cross sec-~

tions. Several one-energy measurements
near 14 MeV are not plotted, although they
were included in the evaluation.

3.10 The Elagtic-Scattering Cross Section

Our evaluation of the elastic-scattering cross
section in the eV energy region, which results in a
thermal free-~atom scattering cross section of 9,957
barns, is described in the discussion of the total
cross section (Sec. 3.1). Aside from the eV region,
we determined the elastic cross section for neutron
energies below 10 MeV by subtracting the sum of the
evaluated partial-reaction cross sections from the
evaluated total cross section. The results of this -
analysis for neutron energies up to 6 MeV are com-
pared to the available elastic measurements in Fig.,

69. We obtained the elastic results by fitting our

2
d7o 4 (14 2
anaE;, ‘El [E (ra*e) =+

EJEM -

5}_] I 1/2
152 ’

where El

neutron, Y, is the cosine of the laboratory angle,
L §

is the laboratory energy of the outgoing

Ql is the laboratory solid angle, En is the incident
neutron energy, and Q is the Q-value for the (n,2n)
reaction (~10.553 MeV).

sion over laboratory solid angle to obtain average

We integrated this expres-

energy spectra for various incident-neutron ener-
gies. Sample results are given in Fig. 68, where
the spectra are normalized .so that the area under

each curve isg unity.

- .
Several 14-MeV measurements (As58, Ce62, Cs66, Du54,
Gr65, Pa53, Pa67, Rabl, St63a) are omitted from
Fig. 67.

evaluated angular-distribution shapes (Sec. 4.1) to
the angular distribution measurements. We arbitrar-—
ily placed error bars of 10% on the experimental
data by Fowler (Fo55, Fo66) and Chase (Ch6l); we
congider the Bostrom results (Bo57) less accurate’
and have given them error bars of 20%. The agree-
ment between the evaluated curve and the measurements
ig quite good below 3 MeV and reasonably good up to
6 MeV.

The relative elastic measurements by Boreli et
al. (Bo68) between 4.2 and 6.3 MeV are not included
in Fig. 69. These results, obtained using a spheri-

cal-shell technique, substantially disagree with our
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SECONDARY NEUTRON SPECTRUM
4 (o 2 3 evaluated curve, as they were normalized to an elas-
n, 2n) °N
G.s. tic cross section of 0.7 barns at 6.3 MeV. The shape
20H 1 of their measured curve also does not agree with the
evaluated shape above 5.0 MeV, principally because
of its overall decrease with increasing energy rela-
T J _1 tive to the evaluated result. Finally, the nonelas-
> 15
g Ep® 12 MeV tic cross section measured in the Boreli experiment
.- also disagrees substantially with the evaluated non-
% elastic cross section and is therefore inconsistent
~
Z 10 _J with the sum of the available (n,n'), (n,p), and
(n,0) measurements at these energies.
The elastic cross section for the 6- to 20-MeV
energy region is given in Fig, 70. As stated ear-
05 E lier, below 10 MeV we determined the evaluated elas-
tic cross section by subtracting the nonelastic from
the total, and above 10 MeV we joined the evaluated
0 curve smoothly to the experimental results.
o , 10 The energy range covered in Fig. 70 includes
En+ Mev (1ab) the region of the well-known discrepancy in the ni-
Fig, 68, Evaluated secondary-neutron energy spectra trogen cross sections (St69, Di69) near 8 MeV. The
for the (n,2n) reaction for several labor-
atory energies of the incident neutron. egsgence of this problem is that the elastic cross
(2}
£
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Fig. 69, Measured and evaluated cross sections for elastic scattering between 10 keV and 6 MeV.
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section determined by subtracting the nonelastic
cross section from the total, which is how we ob-
tained the evaluated curve, lies roughly 200 mb above
the elastic measurements by Bauer et al. (Ba67). At
the time this evaluation was completed, the Nellis

et al. (Ne7l)* and Perey (Pe7l) results shown in Fig.
70 were not available, and there was little evidence
from elastic measurements to support the evaluated
curve. Our decision to rely upon the evaluated non-
elastic and total cross sections rather than the
measurements by Bauer et al. (Ba67) was based mainly
First, it was difficult to
reconcile some of the Bauer results at small angles
with Wick's limit (Wi43) for the minimum possible

elastic cross section at a scattering angle of 0°.

on two considerations.

This problem was made more severe by preliminary re-
sults from small-angle scattering measurements at
Edgewood (Bu7la) which indicated that the zero-degree
elastic cross section near 8 MeV was substantially
higher than Wick's limit, Second, with our choice
of the elastic cross section it was necessary to
the Bauer (Ba67)

If we agsumed

assume that only one measurement,
elagtic-scattering data, was wrong.

that the error was in the (n,n') or (n,a) channels,

*

The preliminary values from the Nellis experiment,
which were available for the evaluation, were some
15% lower than the final results given in Fig. 70.

the cross section from one of these channels would
have to be doubled or the contribution from both re-
actions would have to be increased 50% to account for
the "missing" 200 mb, This would require assuming
subgtantial errors in several measurements (see Sec.
3.3.1 and 3.7).

The new results by Perey and Kinney (Pe7l1) and
Nellis et al, (Ne7l) given in Fig., 70 support our
choice for the elastic cross section. Although there
ig still a possibility of errors in this energy re-
gion, particularly from unknown structure in the
cross sections, the situation has been greatly clari-
fied by the new measurements, and the evaluated curve
appears a reasonable choice for the elastic cross
section at these energies.

We based the elastic cross section near 14 MeV
upon a composite of the available elastic measure-
ments, although the measurement by Bauer et al. (Ba63)
was weighted heavily in the decision, together with
the knowledge that Anderson and McClure's (n,n')
measurements (An64) and the nonelastic measurements
by Flerov and Talyzin (F158) and Degtyarev (De65)
suggest a somewhat lower elastic cross section than
is indicated by some of the elastic measurements.

The extension of the elastic cross section from

*
14 to 20 MeV is based upon relative measurements

*
These results are given in Fig. 70 with the same
normalization used by Boreli et al. (Bo68).
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Fig. 70.

Measurad and evaluated elastic scattering cross sections from 6 to 20 MeV.

The data of Perey (Pe7l)

and the revised results of Nellis (Ne7l) became available after our evaluation (shown by the solid

line) was completed.
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by Boreli et al. (Bo68). The evaluated elastic and
total cross sections at 19.8 MeV result in an eval-
uated nonelastic cross section of 0.58 barns, as
compared to Degtyarev's measurement of 0.69 * 0.05

barns (Deb5).

4. NEUTRON ANGULAR DISTRIBUTIONS

4.1 Elagtic-Scattering Angular Distributions
4.1.1 Elastic Angular Distributions for En < 8 MeV

We determined the elastic-scattering angular
distributions at neutron energies below 8 MeV from
a resonance-theory analysis that incorporated the
resonance energies and total widths from our analy-
sis of the total cross section and reaction widths
from our analysis of the partial cross sections.
With the resonance parameters fixed, the 2 = 0 and
%2 = 1 potential phase shifts were obtained by fit-
ting the available angular distribution measurements.
We then constructed the final evaluated angular dis-
tributions from a smooth curve through the fitted
potential phase shifts,

Our resonance-theory parameterization is based
upon the single-level R-matrix treatment by Lane and
Thomas (La58) and is given explicitly in Appendix B.
The expressions used to calculate the differential
cross sections, constructed from the general equa-
tions given by Blatt and Biedenharn (Bl152a), do not
contain terms due to 8 ¥ 8' or & ¥ &', where s and
s' are the incoming and outgoing channel spins and
£ and &' are the incoming and outgoing orbital angu-~
lar momenta. Both these approximations were made
to limit the number of phase shifts. The resulting
expressions, which in general still contain six
phase shifts per 2 value, adequately describe the
available elastic angular-distribution measurements.

The calculations were carried out on LASL CDC
6600 computers using a locally written least-squares
fitting subroutine (An70). The resonance parameters
were entered as fixed input for each partial wave,
and the s~ and p-wave potential phase shifts were
obtained by fitting angular-distribution measure-
ments by Fowler (Fo55, Fo66), Bostrom (Bo57), Chase
(Ch6l), and Bauer (Bab7).

tial phase shifts were set equal to hard-sphere

The d- and f-wave poten-

This
approximation was checked by fitting several distri-

values calculated as described in Appendix B.

butions near 8 MeV with £ = 0, 1, and 2 potential
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phase shifts; the resulting d-wave values are small
and in reasonable agreement with the hard-sphere
calculations,

We included a total of 33 resonances in the an-
alysis. The resonance parameters used are given in
Table IX.

in the laboratory system, I' is the total width of

The quantity ER is the resonant energy

the resonances in the center-of-mass system, and Ex
is the center-of-mass excitation energy in 15N cor-
responding to ER. We obtained the parameters ER

and T mainly by fitting the resonances in the total
cross section with Breit-Wigner shapes above straight-
line backgrounds. Exceptions are the parameters of
the 0.647~ and 0.996-MeV s-wave resonances which we
obtained from Ajzenberg-Selove's compilation (A3j70).

-13

We assumed a radius of 5.1 x 10 cm for the s-wave

13

resonances, and used radii of 3.6 x 1077 cm for all

higher waves. We selected the larger value for the
s-wave radius so that the calculated hard-sphere
phase shifts at lower energy roughly agreed with
the fitted potential phase shifts.

The ratios of the neutron width to the total
width (Fn/F) for the various resonances are based
upon several considerations. We estimated this
ratio for many of the resonances by comparing the
areas under the resonance peaks in the (n,p) and
(n,a) cross sections to the areas under the peaks
in the total cross section. We also obtained infor-
mation on Fn/F from Ajzenberg-Selove's compilation
(Aj70). The change in total cross section (AOT)
over a resonance is also related to Fn/F through the

expression (Wi63)

2
AG. = 2m X

T -3 (23 + 1)

T ,
where J is the total angular momentum of the reso-
nance and X is the reduced wavelength for the inci-
dent neutron beam, Where Fn /T was uncertain, we
chose the ratio to be consistent with the angular
momentum of the resonance and with the measured
value of AOT. Often, the reverse situation occurred,
and we chose the unknown spin J to be consistent with
the available information on Fn/F.

We took the spins and parities for many of the
resonances below 3 MeV from an analysis like ours
performed by Fowler and Johnson (Fo55) or from

Ajzenberg-Selove's compilation (Aj70). Sometimes,



TABLE IX
NITROGEN RESONANCE PARAMETERS

E E Regonant

R X Phage T T
(MeV)  (MeV) A shift (Mev) /T
0.4336 11.239 ~ 3/2” 2p3/2 0.0051 1.0
0.4926 11.294 1/2° zpl/z 0.0087 0.29
0.647 11.438 1/2% 231/2 0.041 0.70
0.996 11.764 3/2% “s3/2 0.040 0.95
1,1164 11.876 5/2° 4p5/2 0.0159 0.99
1.1840 11.939 3727 2n3/2 0.0019 1.0
1.2090 11.963 1/2” 4p1/2 0.0146 0.99
1.3490 12,003 5/2% 4Ds/z 0.0173 0.92
1.406 12.146 3/27 4p3/2 0.044  0.61
1.5974 12,325 5/27 4p5/2 0.0172 0.99
1.784  12.499 5/2F zns/z 0.041  0.85
2.229 12,914 1/2° zPl/z 0.070  0.70
2.5105 13.177 9/2” 4F9/2 0.0038 0.15
2.7081 13.361 1/2% 4Dl/z 0.0164 0,50
2.75  13.40 1727 zsl/2 0.075  0.50
2.9576 13.594 7/2° 4n7/2 0.0116 0.84
3.087 13.714 3/2% 4n3/2 0.032 0.25
3.205 13.824 372 2n3/2 0.064 0.78
3.5101 14.109 7/2F 4n7/2 0.0219 0.74
3.5689 14.164 7/2° 4F7/2 0.0143 0.40
4,055 14.617 /27 zsl/2 0.059  0.60
4.195 14.748 5/2% 4D5/2 0.183 0.8
4.515 15.046 3/2% 4n3/2 0.072 0.7
4.599 15.125 7/2° 4D7/2 0.112 0.8
4.85 15.36  3/2% 433/2 0.32 1.0
5.10  15.59  5/2° 4p5/2 0.18 0.8
5.572 16,032 3/2 2n3/2 0.071 0.3
5.965 16.399 5/2% 4D5/2 0.112 0.3
6.198 16.616 7/2% 4n7/2 0.192 0.4
6.550 16.945 3/2% 433/2 0.207  0.55
7.295 17.640 1/2% 4n1/2 0.061 0.7
7.437  17.772  5/2° 2F5/2 0.122 0.8
7.883 18.188 5/2° 4F5/2 0.149 0.9

however, we chose values in disagreement with one
or both of these sources in order to produce better
overall agreement with the estimates of AoT and with

the angular-distribution measurements.

Very little is known about the spins and pari-
ties of resonances above 3 MeV in nitrogen, and all
such values in Table IX are from our analysis. We
made these assignments on the basis of AOT and the
available angular-distribution measurements, requir-
ing that the potential phase shifts vary smodthly
with energy. For many resonances, however, there
Were no angular-distribution data or the resolution
of the available measurement was tao broad to be
useful, Then we were forced to estimate the value
of & from the total width of the resonance, 80 uncer-
tainties in most of the assignments above 3 MeV are
fairly large. The actual fits to the experimental
angular distributions, however, remain reasonhably
good out to 8 Mev.

The s~ and p-wave potential phase shifts result-
ing from this analysis are given in Fig. 71, The
angular-distribution measurements used in determining
the various phase shifts are indicated by the differ-
ent symbols. The Fowler (Fo55, Fo66) measurements
were the only high-resolution data available for
nitrogen.* From 3.5 to 5.5 MeV we encountered con-

siderable difficulty in obtaining satisfactory simul-

taneous fits for the £ = 0 and 2 = 1 phase shifts.

Consequently, in this region we fitted the s-wave
phase shifts to the measurements while holding the
p-wave phase shifts fixed at the values given by
the £ = 1 curve.

The elastic-scattering angular distributions
are represented in the evaluation with Legendre co-
efficients. The coefficients from 0 to 4 MeV are
given in Fig, 72f* The values shown were calculated

from the smooth curves through the fitted s- and

*
Perey and Kinney (Pe7l1) have recently made new
measurements with good resolution near 7 Mev.

Jk
Throughout this evaluation the Legendre coeffi-
cients are given using the ENDF normalization so
that dg/dQ =

s *m em
a o, E o 2 fgPg(cosd), with £/ = 1 and lfll<§.
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p-~wave potential phase shifts of Fig. 71, The ef-
fects of the many resonances in nitrogen below 4 MeV
are evident in the Legendre coefficients., The coef-~

ficients from 4 to 8 MeV are included in Fig. 73.
Here, the coefficients vary more smoothly with energy,
although some structure is still present.

In Figs. 74-79 the evaluated elastic angular
distributions are compared to the experimental re-
sults used in obtaining the s~ and p-wave potential
phase shifts., The solid curve given with each meas-
urement represents the evaluated shape averaged
over the energy resolution (assumed rectangular) of
the measurement and normalized to the experimental
data; the dashed curve represents the same shape
normalized to the evaluated elastic cross section,
also suitably corrected for the resolution of the
The arrows on the left-hand scale be-
low each curve indicate Wick's limit (Wi43) for the

measurements.

minimum differential cross section at 0°, The values

for Wick's limit, which are based on the evaluated
total cross section, have also been averaged over
the quoted resolution of the measurements.

The elastic angular-distribution measurements
of Powler (Fo55, Fo66) between 0.8 and 1.35 MeV are
compared to the evaluation in Fig. 74. The evaluated
and measured angular distributions agree well except
for the three distributions near the 1.1164-MeV reso-~
nance. This disagreement occurs because of the J=5/2
assignment for this resonance, as much better fits
to the angular distribution can be obtained with
J=3/2, which is the assignment given by Fowler and
Johnson (Fo55). The change in Carlson and Cerbone's
total cross section (Ca70) over this resonance, how-
ever, is inconsistent with the J=3/2 assignment and
suggests J & 5/2, which is the basis for our assign-
ment. A possible explanation for the discrepancy
between the evaluated and experimental angular dis-~

tributions might be that the energy spread in the
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Potential-~scattering phase shifts up to 8 MeV deduced from fits to elastic angular distributions.
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Fig. 72. Legendre coefficients deduced using the phase shifts of Fig. 71 for elastic scattering below
4 MeV, The coefficients are normalized according to the ENDF/B definition.
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Fig, 73. Legendre coefficients deduced using the phase shifts of Fig., 7). for elastic scattering from
4 to 8 MeV. The coefficients follow the ENDF/B definition.
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up to 1.35 MeV,

neutron beam used in the measurement was greater
than realized.

The good agreement between the measurements at
0.97 and 1.35 MeV and the evaluated results in Fig.
74 supports the Jw agsignments in Table IX for the
0.996~ and 1.349-MeV resonances. The measurements
in Fig, 74 provide no information on the resonances
at 0.4336, 0.4926, 0.647, 1,184, and 1.209 MeV. Ex~
cept for the 1.184-MeV resonance, we obtained the
parameters in Table IX for these regsonances from
The 1.184-~MeV

resonance was assumed to be d-wave from its narrow

Ajzenberg-Selove's compilation (Aj70).

width, and the assignment J=3/2 is consistent with
the observed AOT and Fn/F-l. However, because this
resonance is very sharp (1.9-keV wide), it may have
a substantial reaction width not observed in meas-
urements and a higher value of J.

The evaluated results are compared in Fig. 75
to the Fowler measurements (Fo55, Fo66) between 1.377

and 1,756 MeV. The evaluated and measured shapes
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Measured and evaluated differential cross sections for elastic scattering from nitrogen

agree well in this region and support the JTr assign-~
ments in Table IX for the 1.406- and 1.5974-MeV
resonances.

The elastic measurements between 1.779 and 2.54
MeV are compared to the evaluated curves in Fig. 76.
The comparisons for the 1.779-MeV measurements sup-
port the 5/2+ assignment for the 1,784-MeV resonance.
Our choice of J"=1/2" for the 2.229-MeV resonance
disagrees with the Fowler (Fo55) assignment of
J“=3/2-; in fact, there was little to choose between
our J“ﬂl/Z- and J“-3/2- fits for the 2.25-MeV meas-
urement, and the 3/2" assignment is a suitable alter-
native, No information on the 2.5105-MeV level is
provided by the measurements in Fig. 76, and our J"
assignment for this level is based on its narrow
width and on the observed AOT together with our esti-
mate of Fn/F.

Figure 77 includes the evaluated and experimental
results between 2,742 and 4.30 MeV,
of 7/2+ for the 2.9576-MeV resonance and 3/2+ for the

Our assignments
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3.205-MeV resonance are supported by the good agree-~
ment between the evaluation and the Fowler (Fo66)
data at 2,95 and 3.207 MeV. The assignments for
other resonances in this energy region are uncertain
and are not discussed in detail., They are generally
bagsed upon estimates of AUT and Pn/F congistent with
reasonable fits to the angular-distribution results.
The large errors and energy spread in the Bostrom
(Bo57) measurements make precise assignments diffi-
cult.,

The evaluated and experimental results for En=
4,5 to 6.78 MeV are given in Fig. 78. Again, the
precise J"r assignments in this region are uncertain
and are not discussed in detail. The general d-wave
character of the resonances here gseems to be supported
by the measurements, particularly above 5.5 MeV.

Finally, the elastic angular distribution re-
sults between 7.1l and 7.93 MeV are given in Fig, 79.
Bauer's measurements at 7.41 and 7.93 MeV are a little
difficult to reconcile with Wick's limit, and we in-

cluded artificial points at 0° in fitting potential
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Measured and evaluated differential cross sections for elastic scattering from 1.37 to 1.76 MeV.

phase shifts to these data. The dashed curves in
Fig. 79 (and Fig. 78) indicate the significant renor-

malizations used in the evaluation at these energies.

4,1.2 Elastic Angular Distribution for En > 8 MeV

We obtained the elastic angular distributions
above 8 MeV by fitting the available measurements
with Legendre expansions and then drawing smooth
curves through the fitted Legendre coefficients. We
augmented the Fexperiment:al data with several ficti-
tious points to anchor the fits at front and back
angles., We estimated the supplementary points used
near 180° (usually just one point per distribution)
from optical-model fits to the measurements. At for-
ward angles, we anchored the fits by a single point
at 0° based upon Wick's (Wi43) limit, Ow(0°), which
was varied from (1.4i0.2)0w(0°) between 7 and 11 MeV
to (l.OSt0.0S)Ow(O°) near 14 MeV. We included the
indicated standard deviations with the 0° points so
that the fitted 0° cross sections were not dictated
by the fictitious points but were strongly influ-

enced by them. Our decision to use values greater
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Fig. 76. Measured and evaluated differential cross sections for elastic scattering from 1.78 to 2,54 MeV.

than Wick's limit at 0° was based upon preliminary
information from Edgewood Arsenal, where measurements
of elastic scattering at very small angles (2.5-15°)
were in progress. The final results (Bu7la) of this
experiment indicate that the 0° cross sections for
nitrogen at 7.55£0,06 MeV and 9.50£0.05 MeV are 40
and 20% greater than Wick's limit, respectively.

The evaluated cross sections at 0° agree with the
final Edgewood results to within about 10%.

The Legendre coefficients from 8 to 20 MeV that
resulted from this analysis are smooth functions of
energy and are shown in Fig. 80. We based the ex-
trapolation of the curves from 15 to 20 MeV upon
optical-model calculations using parameters obtained
from the 14-MeV measurements by Bauer et al, (Ba63).
We adjusted the coefficients to produce agreement
with Wick's limit at all energies.

The elastic angular-distribution measurements
between 8.0 and 10.1 MeV are compared to the evalu-
ated curves in Fig. 8l. The inclusion of the points
at 0° tended to "stretch" the shape obtained from
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the Bauer (Ba67) results at small angles. The Nellis
results (Ne70) at 9 MeV are preliminary and have
since been increased approximately 15% (Ne7l) so that
now they agree very well with the integrated elastic
cross section used in the evaluation (see Fig. 70 of
Sec. 3.10).

The elastic angular-distribution results from
10,93 to 13.5 MeV are included in Fig. 82, In this
region the shapes of the Bauer (Ba67), Nellis (Ne70),
and Chase (Ch6l) measurements are quite consistent.
The final Nellis results (Ne7l) at 11 MeV are again
roughly 15% higher than the data (Ne70) in Fig. 82,

Fig. 83 shows the angular-distribution results
near 14 MeV., Wick's limit in this and subsequent
figures is given by the intersection of the dashed
line and the cross-section axis at 0°. At this energy
we emphasized the 1963 measurement by Bauer et al.
(Ba63) in the evaluation.
well with the 1967 Bauer results (Ba67) and the 1966

Beach measurement (Be66) but not with the Strizhak

The resulting shape agrees

data (St62) or, to a lesser extent, the Lundberg
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result (Lu67) at 14.8 MeV. Further, a significant
normalization difference between the evaluation and
the Beach and Lundberg results is evident. The
Bostrom measurements (Bo57) at 14.92 and 15.83 MeV
given in Fig. 84 exhibit similar differences in
shape and normalization; however, these results are
not expected to be as accurate as more modern meas-
urements.

Finally, the calculated differential cross sec-
tions at 16, 18, and 20 MeV are given in Fig. 85.
These curves were extrapolated from the l4-MeV meas-
urements using optical-model parameters, as noted

above,

4.2 Inelastic Neutron Angular Distributions

The only direct measurements of 14N (n,n') angu-
lar distributions available when this evaluation was
completed were the l4-Mev results of Bauer et al,

(Ba63) and Bobyr et al. (Bob62).

neutron energies we based our evaluated (n,n') angu-

Therefore, at most

lar distributions upon measured (p,p') angular dis-
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Measured and evaluated differential cross sections for elastic scattering from 2.74 to 4.30 MeV.

tributions. The near-equality of (n,n') and (p,p')
differential cross sections for charge-conjugate
reactions has been pointed out by Lutz and Anderson
(Lu66; also see An67) and is based upon the charge
gymmetry of the nuclear two-body force. This argu-~
ment is expected to be valid for inelastic reactions
to low-lying states, where the outgoing proton energy
is high enough that Coulomb penetrability effects are
small. The approximation is probably best at higher
neutron energies where direct interactions are domi-~
nant,

We used the (p,p') measurements by Oda et al.
(0d60), Donovan et al. (Do64), Freemantle (Fr54), and
Hangsen (Ha70) in the analysis. We did not incorpo-
rate the extensive (p,p') data by Boreli et al, (Bo68)
in the study, but their results are qualitatively
very similar to the measurements used. We determined
the minimum odd number of coefficients required to
produce a statistically acceptable fit to the (p,p')
data for all levels below 8,.5-MeV excitation in 14N.

We then plotted the resulting coefficients as a func-~
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tion of incident energy, and drew smooth curves
through the points. Because there are no measure-~
ments below 7 MeV for any level and because the simi-
larity between (n,n') and (p,p') cross sections is
probably least at the lowest energies, we estimated
the variation of the coefficients near threshold

from Hauser-Feshbach calculations using an energy-
dependent local optical model. The extrapolation of
the coefficients from 15 to 20 MeV was also based
partly on these calculations. The (p,p') data were
insufficient to determine the cross section for the
8.061~ and 8.589-MeV levels at back angles, 8o we
assumed these angular distributions to be symmetric
about 90°,

all incident energies to insure nonnegativity of the

We tested the smoothed coefficients at

resulting angular distributions before adopting them
in the evaluation.

The evaluated (n,n') angular distributions for
the 2.313-MeV level of 14

to the (p,p') measurements upon which they are based.

N are compared in Fig. 86

The solid curves are the evaluated shapes normalized
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Measured and evaluated differential cross sections for elastic scattering from 4.50 to 6.78 MeV.

to the measurements; the dashed curves are the evalu-
ated shapes normalized to our (n,n') cross sections
and are shown only where the maximum difference

occurred. The 14.15-MeV measurement by Bauer et al.

.(Ba63) is the only (n,n') experiment included in

Fig. 86. The shape deduced from the (p,p') data of
oda et al. (0d60) at 14,10 MeV agrees nicely with
the Bauer (n,n') measurement.
Similar results are given in Fig. 87 for the
inelastic angular distributions to the 3.945-MeV
14
level of 7 'N.

in Fig. 86.) Again, the shape of the angular distri-

(The solid and dashed curves are as

bution obtained from the 14,10-MeV (p,p') data of
Oda et al. (0d60) agrees well with the (n,n') measure-
ment by Bauer et al. (Ba63) at 14,15 MeV.

Complete graphs of the evaluated Legendre co-
efficients as functions of neutron energy are in-
cluded in Appendix C for all states in 14N below
8.5~MeV excitation energy. Sample angular distribu-
tions are also given for each level at various inci-

dent neutron energies. The angular distributions
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for all states with excitation energy higher than
8.5 MeV are assumed to be isotropic in the center-of-
mass reference system.

The excellent agreement between the 14-MeV (p,p')
and (n,n') results should not be agssumed necessarily
to hold trueat lower energies, particularly within a
few MeV of the threshold for particular reactions.

The agreement between the integrated (p,p') cross
gections and the (n,n') cross sections deduced from
(n,n'y) measurements is no better than semiquantita-
tive. Therefore, although we expect the evaluated
shapes to be reasonably good, calculations that de-
pend critically on the inelastic angular distribu-
tions below, say, 10 MeV should be treated with

gome skepticism,

4.3 Angular Distributions for the 14N(n,2n)13N

Reaction

The cross section for the (n,2n) reaction is
small at all neutron energies (<12 mb), so no great
effort was expended in estimating the neutron angular
distribution from this reaction. We obtained the
evaluated angular distributions by simply integrating

the phase~space expression for the differential cross

section used in Sec. 3.9 over outgoing neutron energy.
The resulting average angular distribtuions are shown
in Fig. 88.

5. PHOTON ANGULAR DISTRIBUTIONS

The thermal-capture gamma rays from the 14N
(n,Y)lSN reaction are assumed to have isotropic angu-
lar distributions. This should be a good approxima-~
tion as the first p-wave resonance does not occur
until 434 keV, and s-wave capture must be dominant
at lower energies. The single ground-state transi-
tion from the 14N(n,Y) reaction in the MeV region is
given the same highly anisotropic angular distribu-
tion observed by Kuan et al. (Ru70) for the 14N(p,Y)
reaction, with an appropriate adjustment of the en-
ergy scale as described in Sec. 3.2.

The only available measurements of gamma-ray
angular distributions from (n,xy) reactions at more
than two angles are the results of Morgan et al.
(Mo64) at 14.8 MeV.

that most of the angular distributions are essen-

These measurements indicate

tially isotropic, and the only anisotropic distri-
butions entered into the evaluated files were for
the 1.632- and 4,913-MeV gamma rays from the (n,n'y)
reaction and for the 3,854-MeV gamma ray from the
(n,dY) reaction. We obtained the evaluated angular
distributions by fitting the 14,8-MeV measurements
with even-order Legendre coefficients and then allow-

ing the evaluated coefficients to vary linearly from
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Pig. 85, Differential cross sections for elastic

scattering between 16 and 20 MeV, calcu~
lated from an optical model fitted to the
14-MeV data.
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Fig. 86.
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Fig. 88, Evaluated laboratory angular distributions

for the (n,2n) reaction. The curves are
normalized to unit area and averaged over
outgoing neutron energy, as described in
the text.

zero at threshold up to the measured value at 14.8
MeV. At higher energies the coefficients are held
congtant at the 14.8-~MeV values. The ratio of
0(0°)/0(90°) for the three anisotropic photons is
approximately 1.3 at 14,8 MeV. The new TNC compila-~
tion (Bu7l), which supersedes the Morgan et al, (Mo64)
results, states that all gamma rays at 14.8 MeV are
igotropic to within 10%.,

The (n,xy) measurements made by Dickens and
Perey (Di69), which include data at 55° and 90°,
provide further information on the anisotropies in
the photon angular distributions. These results are
generally consistent with the assumption that the
anigotropy in the angular distributions is small,
although there are occasional exceptions. A better
set of evaluated angular distributions could prob-
ably be obtained by a theoretical analysis, but we

did not attempt such a study in this evaluation,

6. DISCUSSION

While preparing this report, we have found sev-
eral areas where the evaluation might be improved.
The most obvious possibilities for improvement come

from the new measurements (Bu7la, Ne7l, Pe7l, Yo69)

that were unavailable for the evaluation. 'Although
these measurements generally agree with our results,
some improvement could be made by their inclusion.
A second area that might be improved is the theo-
retical calculations used in the evaluation. Spe-
cifically, all the partial cross sections above 15
MeV and perhaps some at lower energies could be
estimated better with recently improved nuclear-~
theory codes. Similarly, our estimates of the (n,n'py)
and (n,n'dY) cross sections could be improved by
better calculations, and a more-complete resonance-
theory analysis might be made, although significant
improvement in the elastic angular distributions

would probably require additional information on
states in 15N. Finally, the angular distributions
of photons from (n,xy) reactions could be estimated
better using existing theories.

It is useful in many practical applications to
be able to estimate the effects of uncertainty in
nuclear data on measurements or calculations of
various quantities. As an aid to such estimates,
we have summarized in Table X the uncertainties
associated with most of the cross sections evaluated
for nitrogen at several selected neutron energies.
Note that these are gsemiquantitative estimates that
are not expected to hold true in great detail. Fur-
ther, the errors are averaged over the structure in
the cross section, and no allowance for the effect
of unknown structure is included. Where possible,
the uncertainties are based on quoted errors in the
experimental measuréments, although in several in-
stances we have modified the original estimates.
The errors near threshold for the negative-Q reac~
tions are much larger than those given in Table X.

The evaluated elastic angular distributions
are expected to have relative errors of the order
of 10%.
substantially less well known, and their accuracy

Above 10 MeV the distri-

The inelastic angular distributions are

ig difficult to estimate,
butions probably have relative errors of about 20%,
and at lower energies the accuracy is undoubtedly
worse. For the thermal (n,Y) photon spectrum, we
egtimate the relative error for the strong lines

to be about 5%, rising to ~ 20% for moderately weak

lines and a factor of 2 for the very weak lines,
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TABLE X

ESTIMATED ERRORS IN THE EVALUATED NITROGEN CROSS SECTIONS

ENDF/B
Cross Section Designation 10—5 eV Thermal 0.1 MeV 1 MeV 2 MeV 5 MeV 8 MeV 11 MeV 14 MeV 20 MeV
Totsl MF=3,MI=1 8% +32 3% 31z $1Z 12 1% 31z +1% 1%
Elastic MF=3,MI=2 3% 32 32 1z 1Z loZ 10% 152 10% 122
Nonelastic MF=3,MT=3 5% 5% 302 30% 30% 30% 20% 20% 152 20%
Total (m,n') MF=3,MT=4 - - - - - 302 20% 20% 202 25%
Disczete (n,n') MF=3 - - - - - 30% strong Strong Strong Factor
E (1 N)<8.5 MeV MT=51-62 levels levels levels of 2
x 152 152 15%
Weak Weak Weak
levels levels levels
30% 30% 30%
Disczete (n,n') MF=3 - - - - - - - 50% 502 502
E (1%N)>8.5 Mev  MT=63-82
(n,Y) MF=3,MT=102 102 10Z Factor Factor Factor Factor Factor Factor Factor Factor
of 4 of 4 of &4 of 2 of 2 of 2 of 2 of 2
Total (n,p), MF=3 5% 5% 30% 30% 302 30% 402 40% 302 Factor
(n,d) and (n,t) MT=103,104,105 of 2
Total (n,a) MF=3,MT=107 - - - - 402 302 30% 302 302 Factor
of 2
(n,2a) MT=3,MT=108 - - - - - - - - 50% 50%
(n,2n) MF=3,MT=16 - - - - - - - - 202 20Z
Total (n,xy) MF=13 Sum of - - - - - 30% 20% 202 20% 25%
MT=4, 103-107
Individual MF=13 - - - - - 302 Strong Strong Strong Factor
(n,xy) lines MT=4, 103-107 levels 1levels levels of 2
15% 152 15%
Weak Weak Weak
levels levela 1levels
30% 30% 30%
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APPENDIX A

COMPOUND-NUCLEUS REACTION-THEORY CALCULATIONS

We used the computer code JANE (Fe68) to calcu-~
late the (n,n'), (n,p), and (n,a) level-excitation
cross sections used to supplement experimental data
ag described in Sec. 3. This code, which is basged
on the optical model of the nucleus and on the com-
pound-nucleus theory of reactions, computes partial-
reaction cross sections using transmission coeffi-
cients generated from the optical model as input for
the Hauser-Feshbach (Ha52) calculations, which in-
clude refinements by Moldauer (Mo64a, Br64).

using the code, we made several minor corrections

Before

and checked the cross-section calculations against

calculations made with ABACUS (Au62) for several dif-
ferent neutron energies. In addition, the code was
modified to handle up to 50 levels for (n,n') reac-

tions and 25 levels for (n,p) and (n,a) reactions.

This was sufficient for the n + 14N calculations up
to a laboratory neutron energy of - 14 MeV.

The form of the optical potential used in the
JANE code is

-V, =V £(x) + iWg(r) + V_ E-Dh(r) + zw(x),
where the usual real, imaginary, spin-orbit, and
Coulomb terms are included.

The real part is the usual Saxon potential,

f(r) = {1 + e.xp[(z:-R)/:-x]}"l .

The imaginary part is a mixture of a volume po-

tential and a Saxon-derivative potential,
d -1
g(r) = vi(r) + (1-v) (-4b) 7= {1 + exp [(x-R)/B]} ",

where v is a mixing parameter and, normally,
0Sv<1,
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The usual spin-orbit term,

h(r) = _-é %; {1 + exp [(1---1130)/f11}"l ,

ig included.

We usually renormalized the calculated cross
sections to fit experimental measurements, 8o we
made no particular effort to optimize the optical
parameters used in the calculations. The optical-
model parameters, which are summarized in Table AI,
were obtained from the work of Bauer et al. (Bab67)
for the n + 14N channel, Rosen et al. (Ro65) for the
p + 14C channel, and McFadden and Satchler (Mc66)
for the o + llB channel. The Bauer parameters were
obtained from an optical-model study of n + 14N
elastic scattering, the Rosen parameters are from
an analysis of many proton scattering and polariza-
tion measurements, and the McFadden parameters were

27

obtained from a study of o + " Al elastic scattering.

TABLE Al

OPTICAL-MODEL PARAMETERS USED IN
THE CROSS~-SECTION CALCULATIONS

14 14 11

o+ N p+ C o+ "B
Parameter Channel Channel Channel

VvV (Mev) 52.7-0.28E 53.8-0.33E 49.1
W (MeV) 5.0 7.5 7.34
v 0. 0. 1

R (F) 2.89 3.01 4.10
a (F) 0.65 0.65 0.57
b (F) 0.47 0.70 0.57
V80 (MeV) 7.0 5.5 0

Rgo (F) 2.89 3.01 4.10

The energy levels of 14N used in the (n,n')

calculations are described in Table AII. We obtained
the level parameters from the A = 13-15 compilation
by Ajzenberg-Selove (Aj70). The parentheses in Table
AII indicate limited uncertainty in the parameters,
whereas a bracket means that no information was
available, and the value in the table was arbitrarily
chosen. To account for the different isotopic spinsg
of the states, we multiplied the (a,n') cross sec-
tions computed with JANE by (2T + l)-l.

The energy levels of 14C used in the (n,p) cal-
culations are described in Table AIII. These we also
obtained from Ajzenberg-Selove's compilation (A370).
The levels of 1
given in Table AIV. We obtained these values from

B used in the (n,a) calculations are

the earlier A = 11-12 compilation of Ajzenberg-Selove
and Lauritsen (Aj68).
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14

2,313
3.945
4,913
5.106

5,691
5.833
6.198
6.444
7.028

7.966
8.061
8.489
8.617
8.800

8.907
8.963
8.979
9.129
9.172

9.388
9.508
9.702
10.063

14

5
1+
0+
1+
(0)-
2~

1~
3~
1+
3+
2+

2¢-)
1~
(4-)
O+

0~

3~
5+
2+
2-
2+

2-
2-
1+
[3+]

TABLE AIIL

N LEVEL PARAMETERS USED IN THE COMPOUND-
NUCLEUS REACTION-THEORY CALCULATIONS

O HHOKO OO0OOOO OOOHO IH

O~
o
~

O™ KO
(=]
—

E

X
10.10
10.228
10.434
10.56
10.809

11.04

11.051
11.246
11.374
11.516

11.66
11.75
11.81
11,95
12.23

12.29
12.414
12.47
12.504
12.608

12.689
12.793
12,825
12.853
12,942

TABLE AIIL

C LEVEL PARAMETERS USED IN THE COMPOUND-
NUCLEUS REACTION-THEORY CALCULATIONS

MU I
(2)+ fo]
1(-) 0

2+ 1

1- {0]
4+ 0

1+ 0

[5+] [0}
3~ 1

1+ 0

3+ [0}
(2-) {0]
1+ [0}
2+ [0]
2+ [0}
3~ )]
[2+] [0]
4 [0]
[5+] {0]
[4+] 0]
3+ [o]
3~ [0}
4t [0l
4 [0}
[5+] {0]

4[-] fol

Ex Ex

(MeV) J" (MeV) J"
0 ot 10.433 -]
6.094 1 10.453 (371
6.583 ot 10.740 131
6.728 3" 11.350 [271
6.894 0" 11.660 i2h)
7.012 2" 11.900 (173
7.337 2" 12.601 134)
8.318 w* 12.854 [47]
9.801 Wl 12,958 (3"




TABLE AIV

Mg LEVEL PARAMETERS USED IN THE COMPOUND-

NUCLEUS REACTION~THEORY CALCULATIONS
Ex T Ex
ey g Qe gT
0 3/27 10.25 (3/27)
2.124 1/27 10.33 5/27
4,44k 5/2” 10.595 772%
5.019 3/2° 11.00 5/27
6.743 712" 11.266 (/2
6.793 w2t 11.462 (7725
7.296 s/t 11.60 [5/271
7.996 3/2t 11.884 (5/2%)
8.566 (3/2) 12.00 (3724
8.925 5/27 12,565 [3/271]
9.185 7/2% 13.00 1/2"
9.274 s/2t 13.15 (1/2)*
9.87 3/t

APPENDIX B

RESONANCE-~-THEORY PARAMETERIZATION

The resonance treatment used to derive the
elastic~scattering angular distributions (Sec. 4.1l.1)
is baged on the single-level approximation to R~
matrix theory, as described by Lane and Thomas

(La58) .
8', as complex to account for the reaction channels,

We took the nuclear-scattering phase shifts,

so that a general element of the collision matrix
is given by
Unn = exp(21i8') = T exp(2i8),

where & is the real part of ' and T is related to
the imaginary part, v, of &' by T = exp(-2v) and

must lie in the range 0 £ v £ 1., The real part of
the phase shift was divided into resonant (8) and

potential scattering (¢) components, as
Sy = b * By

where A designates the quantum numbers associated
with particular partial waves and 2 is the orbital
angular momentum of the incoming neutron. We assum-
ed the potential scattering phase shifts to be
functions of % and incident neutron energy only.

The parameters T and BA can be related to the
usual resonance parameters through the expression

(La58):

W), = T, exp(2i8))exp(21))

ir,
- exp(2i¢,)
E, +4, - E iFAIZ A

where rkn’ FA’ EA’ and EA are the partial neutron
width, the total width, the energy eigenvalue, and
the level shift, respectively, for the )\th level in

= |1+

the compound system, and E is the energy of relative
motion in the center-of-mass system, After perform-
ing the necessary algebra, one can represent the
quantities T and BA as

rkn(rk - rkn) 1/2

2 2
(EA + AA -E)” + PA /4

and

FAn (EA + AA -E)
tan BA‘ 7 2 .
[(EA+A>‘-E) + FA /41 (r)‘+1)-I‘>‘I‘>‘n/2

We constructed expressions relating the dif-
ferential-scattering cross section g(8) to the
phase shifts SA' from the general equations given
in Blatt and Biedenharn (Bl52a). Terms correspond-
ing to 2 # &' and s # 8', where £ and &' are the
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incoming and outgoing angular momenta and s and s'
are the incoming and outgoing channel spins, were
omitted from the expressions to reduce the number of
parameters. In the computer code used to fit the
measured distributions, the resonance parameters were
treated as fixed input and ¢£ for the 2 = 0 and 2 =1
potential phase shifts were varied to fit the meas-
urements,

The potential phase shifts for £ = 2 and 2 = 3

were represented by hard-sphere values, given by

by =- arctan[Fz(ka)/Gl(ka)] ,

where k is the wave dumber for the incident neutrons,
a is the nuclear radius used in the calculations, and
Fz and Gl are the regular and irregular neutron wave

The
energy dependences of the FA and AA used in the cal-

functions, as given in Lane and Thomas (La58).

culations were represented in the usual manner by

2

r B ,

2 2
A= 2Y, ka/(F)C + 6

- ' ' 2 2

B, = - v, 2ka(EF, ' + G0/ (FF + 60
where YAZ is the reduced width of the level desig-
nated by A. We obtained the values for YAZ and EA
from the resonance widths and energies derived from

the total cross-section measurements.

APPENDIX C
LEGENDRE COEFFICIENTS AND ANGULAR DISTRIBUTIONS FOR NEUTRON INELASTIC SCATTERING

Complete graphs of the evaluated Legendre co-
efficients as functions of neutron energy are given
in this appendix for angular distributions of (n,n')
reactions to the first 12 excited states in 14N. We
have used the ENDF definitions of the coefficients
throughout [i.e., the "natural" coefficients divided
by (22 + 1)].

given for each of the levels at several neutron en-

Sample angular distributions are also

ergies. The Legendre coefficients are presented in
the odd figures, Cl through C23; the sample angular

distributions are given in the even figures, C2

66

through C24. The calculated angular distributions
have been normalized to the appropriate level-exci-
tation cross sections. Almost all of the input data
consisted of (p,p') rather than (n,n') measurements.
None of the observed distributions that was adequately
defined experimentally for 8 > 90° was observed to

be symmetric about 90°, as required by Hauser-Fesh-
bach theory. Nevertheless, for lack of data to de-
termine the complete distributions, we assumed the

last two levels to have symmetric distributions.
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elaizic scattering to the 3.945-MeV level
in 1%N. This transition exhibits the
largest =2 coefficient of any inelastic
channel for nitrogen.

Fig. C4.
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Fig. C8. Evaluated differential cross sections at
gselected energies for inelagtic scattering
to the 5.106-MeV level in 1y,

Fig. C7. Evaluated Legendre coefficients for in-
elastic scattering to the 5.106-MeV level

in 14y,
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Fig. C9. Evaluated Legendre coefficients for in-

elaigic scattering to the 5.691-MeV level
in N.
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Fig. Cl0. Evaluated differential cross sections at

selected energies for inelastic scattering
to the 5.691-MeV level in 14N,
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elastic scattering to the 5.834-MeV level
in 14y. This transition exhibits the
largest 2=l coefficient of any of the in-
elastic channels for nitrogen.

>

T T
5.834 - MeV LEVEL

3l
2l En® 20 MeV ]
I+ R
o I ] ]
i 16 .
J2
B -
3 ] 14 l l 0

o (8gm), mb/sr

N o & a o =~

o

{ | {

Fig. Cl2.

0.8 -0.5 -1.0

0
cos oc.m.

Evaluated differential cross sections at
gselected energies for inelastic scatter-
ing to the 5.834-MeV level in 1%N. Note
that the maximum/minimum cross-section
ratio is close to 7.
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Fig. Cl3. Evaluated Legendre coefficients for in- Fig. Cl4., Evaluated differential cross sections at
elastic scattering to the 6.198-MeV level selected energies for inelastic scatter-
in 14N, ing to the 6.198-MeV level in lay,
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Fig. Cl15. Evaluated Legendre coefficients for in-
elaigic scattering to the 6,444-MeV level
in =N,
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Fig. Cl6. Evaluated differential cross sections at

gelected energies for inelastic scatter-
ing to the 6.444-MeV level in 14N, Note
the suppressed zero for the 13-MeV curve.
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Fig. Cl7. Evaluated Legendre coefficients for in-
elastic scattering to the 7,.028-MeV level
in 14

N.
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Fig. C18. Evaluated differential cross sections at

selected energies for inelastic scatter-
ing to the 7.028-MeV level in lay,
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Fig. Cl9. Evaluated Legendre coefficients for in-
elastic scattering to the 7.966-Mev level
in 14N,
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Fig. C20. Evaluated differential cross sections at

selected energies for inelasti

ing to the 7.966-MeV level in

scatter-
N.
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Fig. C21. Evaluated Legendre coefficients for in-
elastic scattering to the 8,061-MeV level
in 14N, There were not enough measured
points at back angles in the (p,p') data
from which these curves were constructed
to define the cross sections beyond 90°,
g0 the distributions were assumed sym-

metric.
T T T os
- 8.061-MeV LEVEL 0.6
- —10.4
B E, = 20 MeV loz
T t T 0 E
06 - €
i &
5 O 14 ) &
2 02 . ©
€ c///’———fiL 1 1 *‘\\\\\
E - —0.6
©
‘; - 1] —H04
/ \0.2
] 1 1 o)
06— 7
04 .
9
0.2k - =
ol 1 | i .
1.0 0.5 [o) -0.5 -1.0
cos 8, .

Fig. C22. Evaluated differential cross sections at
selected energies for inelastic scatter-
ing to the 8,061-MeV level in 14N, assumed Fig. C24.
symmetric about 90° in the absence of suf-
ficient data to determine the entire dis-
tribution.
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Evaluated differential cross sections at
selected energies for inelastic scattering
to the 8.489-MeV level in l4N. Symmetry
about 90° has been assumed.
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