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NATURAL NICKEL AND “Ni NEUTRON ELASTIC AND INELASTIC
SCATTERING CROSS SECTIONS FROM 4.07 TO 8.56 MeV

W. E. Kinney and F. G. Perey

ABSTRACT

Measured neutron clastic and inclsstic scattering cross sectiors for natural
nickel between 4.07 and 8.56 MeV are presented and compared with the elastic
differential cros: sections of Holrqvist and Wiedling and with ENDF /B HI MAT
1123. Our clastic differential cross sections are in geacral agreement with those of
Holmqvist and Wiedling but our angie-integrated differential clastic cross sections
arc systematically highe- by about 10% than those of Holmqvist and Wiediing
above 4.6 MeV, a siiuation found in comparing tite two scts of data for other
clements. The ENDF/B 111 MAT 1123 elastic angular distributions are found to be

in poor agreement with experimental results from 4 to 8.5 MeV though the
ENDF/E 11l MAT 1123 angle-integraied differential elastic cross sections agree
generally within experimental uncertainties with our results over this energy range.
Additional measurements of ““Ni ncutron eclastic an~' inclastic scattering cross
secticns at 4.34 and 4.92 MeY' are given and compared with our previous results
from 6 to 8.5 MeV and with our natural mickel sesults. Agreement is showa to be
exceilent. Inclastic scattering cross sections to the 1.450 MeV level in “Ni are
computed from the natural nickel and “Ni data. An evaporation mode! of inclastic
scattering to lewels of excitation energy in the residual nucleus below 6 MeV is
found to be of questionable validity.

INTRODUCTION

The data reported here are the results of one of a series of experiments to measure
neutron elastic and inelastic scattering cross sections at the ORNL Van de Graaffs.
Reports in the series are listed in Reference 1. This report presents measured neutron ciatic
and i.aclastic scattering cross sections for natural nickel at 11 energies between 4.07 and
8.56 McV and “Ni at six energics between 4.07 and 5.50 MeV. To assict in the evaluation
of thr data, the data acquisition and reduction techniques are first briefly discussed. For the
purposes of discussion the data are presented in graphical form and are compared with the
results of Holmqvist and Wiedling’ and with ENDF/B 11} (Evaluated Neutron Dats File B,
Version 111) MAT §123. Tables of numerical values of the elastic scattering cross sections
and crcss sections for inelastic scattering to discrete levels in the residual nucleus are given
in an appendix.

DATA ACQUISITION

The data were obtained with conventional time-of-flight techniques. Puised (2 MH?7).
bunched (approximately 1.5 nsec full width at half maximum, FWHM) deuterons
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accelerated by the ORNL Van de Graaffs interacted with deuterium in a gas cell to prodice
neutrons by the N(d,n)’He reaction. The gas cells, of length | and 2 cm, were operated at
pressures of approximately 1.5 atm and gave neutron energy resolutions of the order of +6()
keV.

The neutrons were scattered from a solid right circular cylindrical sample of natural
nickel, 1.52 cm diameter, 2.58 ¢m high of mass 41.86 gm and placed approximately 10 cm
from the gas celis when the detector angles were greater than 25 degrees. For smaller
detector angles the cell-to-sample distance kad to be increased to 33 cm in order te shield
the dereciors from neutrons coming directly from the gas cells. The **Ni sample was 2 solid
right circular cylinder of metallic “*Ni (greater thar. 99.9% “’Ni) of diameter 1.76 cm, height
2.62 cm, and mass 35.68 gm.

The scattered neutrons were detected by 12.5 cm diameter NE-213 liquid scintillators
optically coupled to XP-1040 photom=ttipliers. The scintillators were 2.5 cm thick. Data at
three argles were taken simultarcously with detectors equally spaced at 7.5 deg. intervals.
Flight paths were approximately S m with the detector angles ranging from 15 to 40
degrees. The gas cell neutron production was monitored by a time-of-flight system which
used a 5 cm diameter by 2.5 cm thick NE-213 scintillator viewed by a2 56-AVP
photomultiplicr placed about 4 m from the cell at an angle of 55 degrees with the incident
deuteron beam.

For each event a PDP-7 computer was given the flight time of a detected recoil proton
event with reference to a beam pulse signai, the pulse height of the recoil proton event, and
identification of the detector. The electronic equipment for supplying this information to
the computer consisted, for the most part, of standard commercial compon:nts. The
clectronic bias was set at approximately 700 keV neutron energy to ensure good pulse
shape discrimination against gamma-rays at all energies.

The detector efficiencies were measured by (n,p) scattering from a 6 mm diameter
polycthylene sampie and by detecting source D(d,n)’He neutrons at ¢ degrees’. Both
interactions gave results which agreed with each other and which yielded effic.2ncy versus
encrgy curves that compared weil with caicutations’.

DATA REDUCTION

Central to the data reduction process was the use of a light pen with the PDP-7

computer oscilloscope display programs to extract peak areas fro.: spectra. The light pen
made a comparatively easy job of estimating ervors in the cross section caused by extreme
but possibie peak shapes.

The reduction process started on an IBM-360 by normalizing a sample-out to a
sample-in time-of-flight spectrum by the ratio of their monitor neutron peak areas.
subtracting the sampie-out spectrum, and transforming the difference spectrum into a
spectrum of center-of- mass cross section versus excitation energy. This transformation
allowed ready comparison of spectra taken at different angies and incident neutron energies
by removing kinematic effects. It also made all single reaks have approximately the sauic
shape and width regardiess of excitation energy (in a time-of-flight spectrum, single peaks
broaden with increasing flight time). A spectrum of the variance based on the counting




statistics o: the initial data was also computed. Figure | shows a typical time-of-flight
spectrum and its transformed energy spectrum.

The transformed spectra were rcad from magnetic tape written by the 1BM-360 into
the PDP-7 computer and the peak stripping was done with the aid of the light pen. A peak
was stripped by drawing a background beneath it, subtracting the background, and
calculating the area, centroid, and FWHM of the difference. The vanance spectrum was
used to compute a counting statistics variance corresponding to the stripped peak. Peak
stripping errors due to uncertainties in the residual background under the peaks or to the
tails of imperfectly resolved nearby peaks could be included with the other errors by
stnpping the peaks several times corresponding to high, low, and best estimates of this
background. Although somewhat subjective, the low and high estimates of the cross
sections were identified with 95% confidence limits; these, together with the best estimate,
defined upper and lower errors due to stripping. When a spectrum was completely stripped.
the output information was written on magnetic tape for additional processing by the
IBM-360.

Finite sample corrections were performed according to semianalytic recipes whose
constants were obtained from fits to Monte Carlo results’. The corrections were 6 - 14% at
forward angles, 40 - 70% in tke first minimum, and 14 - 17% on the second maximum.

The final error analysis included uncertainties in the gecometrical parameters (scatterer
size, gas cell-to-scatterer distance, flight paths, etc) and uncertainties in the finste sample
corrections.

The measured differential elastic scattering cross sections were fitted by least squares
to a Legendre series:

o(u = cosf) = Z[(2k+1)/ 2)}aPr(u)

the points being weighted by the inverse of their variances which were computed by
squaring the average of the upper and lower uncertainties. The common 7% uncertainty in
absolute normalization was not included in the variances for the fitting. In order to prevent
the fit from giving totally unrealistic values outside the angular range of our measurements.
we resorted to the inelegant but workable process of adding three points equally spaced in
angle between the largest angle of measurement and 175 degrees. The differentizl cross
sections at the 7dded points were chosen to approximate the diflraction pattern at large
angjes, but were assigned 50% errors.

RESULTS
1he Isotopes of Natural Nickel

Natural nickel contains § isotopes with natural abundances*: 67.76% “Ni, 26.1¢7 ‘"Ni.
1.25% *'Ni, 3.66% *’Ni, and 1.16% *Ni. Inelastic scattering to the 0.0674 and 0.284 McV
levels in *'Ni was not separated from clastic scattering with our resolution but because of
the Jow natural abundance of *'Ni the contribution is negligible. The first excited states of
“INi and **Ni have excitation energics of 1.172 and 1.34 MeV, respectively, and inclastic
scattering to these levels is included in the natural nickel inelastic scattering to the 1.45
MeV level in *Ni and to the 1.332 MeV level in “Ni.
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Fig. 1. A typical time-of-flighi spectrum for natural nickel with its transformed
energy spectrum. The data were taken at 6.44 McV incident neutron energy at 85 degrees
with a 5.2 m flight path. The sample-out spectrum has not been subtracted from the
time-of-flight spectrum. Note that the energy spectrum has been offset to allow negative
excursions due to statistics in the subtraction of the sample-out. The energy spectrum
terminates at approximately | MeV scattered neutron energy - very nearly channel 350 in
the time-of-flight spectrum. The large pcak to the left of both spectra is the elastic peak.




Elastic Scattering Differential Cross Sections
Natural Nickel

Our differential elastic scattering cross sections for natural nickel are shown in Figure
2 with Legendre fits to the data. Wick’s Limit is shown and was used in the fitting.

Figures 3 and 4 compare our differential elastic scattering cross sections with those of
Holmqvist and Wiedling (H+W)’. The angular distributions of ENDF/B 111 MAT 1123
normalized to the integrals of the experimental differential elastic scattering cross sections
are also shown in the figures. The two sets of experimental data appear to be consistent so
far as shapes are concerned with the first minimum failing at s«bout the same angle in both
sets and slowly moving toward smaller angles with increasing energy.

The ENDF/B 111 MAT 1123 angular distributions are generally in poor agreement
with experimental results. The forward peak i© poorly described and the ENDF/B first
minima lie roughly 15 degrees beyond the experimental first minima. ENDF/B MAT 1123
uses a Legendre series of order 16 to describe the elastic angular distributions while the
maximum order needed to fit the experimental distributions is 9. The use of a Legendre
series of order larger than mecessary often introduces unphysical structure into angular
distributions and needlessly complicates the application of an ENDF/B evaluation.

The degree of agreement among our eclastic differential cross sections and those of
Holmgqvist and Wiedling might be estimated with the help of Figures S and 6 wher:
normalized Legendre exgpansion coefficients (a0 = 1) resulting from fits to both sets of data
are plotted as a function of incident neutron energy. The curves are quadratic least-squares
fits to both sets of data with the resulting coefficients given in the figures. The Legendre
coefficients resulting from fits to our data are uniformly higher than those resulting from
fits to the data of Holmqvist and Wiedling Th- somewhat higher contribution of all the
Legendre Polynomials in the fits to our data implies somewhat more structure, i.c. larger
ratios of maxima to minima, in our data than in the data of Holmqvist and Wiedling. This
indeed seems to be the case upon closer inspection of Figures 3 and 4. About equal
numbers of coefficients from each set of data lie outside one standard deviation of the
curve fitting both sets. Until, if ever, a preference for one set of data over another can be
established, the quadratic fits to both sets should offer the best experimental description to
date of neutron elastic scattering angular distributions on natural nickel from 4 to 8.5¢
MeV.

*N;j

Our recently measured *Ni differential elastic scattering cross sections at 4.34 and 4.92
MeV are shown in Figure 7 with our p.eviously reported results (PLK)' at higher energies.
Legendre fits to the data are shown. WICK indicates V/ick’s Limit and was used in fitting
the 4.34 and 4.92 MeV data.

Elastic scattering from natural nickel and **Ni should bc about the same both in
magnitude and in angular distributions. Our eclastic differential cross sections for both
natural nickel and **Ni are compared in Figure 8 where it is seen agreement is excellent.
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Fig. 2. Our_ natural nickel neutron differenti.! elastic center-of-mass cross sections
with Legendre fits to the data. WICK indicates Wick’s Limit which was used in the fitting.
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Fig. 3. Our natural nickel neutron differential elastic center-of-mass cross sections
compared with the data of Holmqvist and Wiedling (H+W)’ and with the angular
distributions of ENDF/B III MAT 1123 from 4.00 to 6.09 MeV. WICK indicates Wick’s
Limit. The 7% uncertainty in absolute normalization common to all points is not inciuded

in the error bars.
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Fig. 4. Our natural nickel neutron differential elastic center-of-mass cross sections
compared with the data of Holmqvist and Wiedling (:4+W)’ and with the angular
distributions of ENDF/B 111 MAT 1123 from 6.44 to 8.56 MeV. WICK indicatcs Wick’s
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Inelastic Scettering Differential Cross Sections
Natural Nickel

Meaningful inclastic scattering cross sections cowld be extracted oamly for imelastic
scattering to Jevels in *Ni and “Ni with th: astural nickel sample since the isotepic
abundances of the other isotopes are so small. Figure 9 shows owr differential cross sections
per atom of natural nicke! ior inelastic scattering to the 1.333 MeV level in “*Ni and the
1.450 MeV level in **Ni. These are both 2* levels and the angular distributions of inclastic
scattesing to the levels migit be expected to be asymmetric about 90 deg. due to the effect
of direct interactions. Indeed, the normalized values of the coefFcients of the first and third
Legendre Polynomials in the Legeadre least squares fits to the data increase from 0.09 ond
—0.0057, respectively, at 4.92 MeV to 0.2 and 0.03, respectively, at 8.56 MeV vhile the
normatized value of the coefficient of the second Legeadre Polynomial stays roughly
constant around 0.05 (See Appendix).

At incident neutron encrgics cther than 4.34, 4,92, 6.44, 7.54, and 8.56 MeV data were
taken at three angles only. Values of the angle-integrated cross sections for imelastic
scattering to the 1.333 MeV level in “Ni and to the 1.450 MeV level in **Ni in natural
nickel at these energies were corrected for anisotropy by

1) linearly interpolating the normalized Legendre coefficient resulting from the fits
to the measured differential cros sections at adjacest energies for which more
2) adjusting the magnitudes of the interpolated Legendre coefficients to give a
reasonabie fit to the data at the three angles.

ENDF/B IlI MAT 1123 assumcs that the angular distributions of all inelastically
scattered neutrons are isotropic.

“Ni

Our recently measured differential scattering cross sections for inclastic scattering to
the 1.733 MeV level in “Ni are shown in Figure 10 with our previously reported data
(PLK)'. Anisotropy in the angular distributions is not evident at 4.34 and 4.92 McV but
becomes 30 at the higher energies.

Excitation Functions

Our angle-integrated differential cross sections per atom of natural nickel are shown as
a function of energy in Figure 11. The data of Holmqvist and Wiedling (H+W)’ are also
shown togzther with the curve from ENDF/B III MAT 1123.

Our data appear to be in ag-eement with that of Holmqviet and Wiedling below §
MeV but at higher energies our data are systematically approximately 200 mb higher,
roughly 10%, than that of Holmqvist and Wiedling, though the error bars of interpolated
values overlap. We find a similar situstion in comparing our chcomium and copper data
with that of Holmqvist and Wiedling'. Holmqvist and Wiedling used the T(p.n)'He
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reaction to produce neutrons of energies less than 4.6 MeV. To produce neutrons of higher
cergies, they used the P(d,n) He reaction. Our neutrons were always produced Uy the
D(d,n)’He reaction but we used a 3 MeV Van de Graaff to produce neutrons of encrgies
less than 5.5 MeV and used a 5.5 MeV Van de Graaff to produce neutrons of encrgies
greater than 5.5 MeV. Our data taken on both accelerators at nearly the same incident
ncutron energy are in agreement’, e.g. >*Fe and natural iron at 5.5 MeV. Deuterons striking
beam tubing, collimators, and target structure give nise to higher backgrounds than do
protons. An overestimate of backgrounds might possibly explain some of the differences in
the two sets of data.

The ENDF/B 111 MAT 1123 curve lies within experimental unce-tainties of all cur
data save the point at 7.54 MeV and clearly is in better agreement with our higher vaiues
than with those of Holmqvist and Wiedling. ENDF/B Il MAT 1123 cuts off all its
inelastic scattering to discrete levels in the isotopes of natural nickel at an incident neutron
energy of 4 MeV and relies or inclastic scattering to a continuum above this energy using
an evaporation model with a constant nuclear “temperature” of 1 MeV.

A comparison is made in Figure 12 of sur angle-integrated differential cross sections
for “Ni and natural nickel as a function of incident neutron energy. The angle-integrated
differential cross sections per atom of natural nickel for inelastic scattering to the 1.533
MeV level in “Ni are shown togetber with the angle-integrated cross sections per atom of
natural nickel for scattering to the 1.450 MeV level in >*Ni obtained by subtracting the *Ni
inelastic data from the data for natural nickel for inelastic scattering to these two levels in
the respective isotopes. These data are given in Table 1.

Table 1. Angle-integrated differential cross sections per atom of natural nickel for
inelastic scattering to the 1.333 MeV level in “Ni and to the 1.450 MeV level in **Ni.

E,,,Mev 01_333 60Ni 0|_4so SBNi
4.34 +0.07 77 £+ 6 mb 188 £+ 28 mb
492 £+ 0.06 61 £5mb 155 +23 mb

6.44 £ 0.07 383 mb 94 £ 14 mb
7.54 £ 0.06 29+2 mb 56 £ 10 mb
8.56 £ 0.05 21t 2mb 5127 mb

Inelastic Scattering to the Continuum

The rapidly increasing density of levels in the isotopes of natural nickel above an
excitation energy of 2 MeV, particularly in *Ni, produced inelastically scattered neutron
spectra which we reduced as inelastic scattering to a structured “continuum” of final states
rather than attempting to extract cross sections for inelastic scattering to groups of levels or
to bands of excitation energy. Figure 13 shows our “continuum” inelastic scattering data
where our angle-averaged double-differential cross sections for scattering to an excitation
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energy (or to an equivalent out going cnergy, E’) are plotted as a function of the excitation
energy for all our energies of measurement. The preferential excitation of the 4° levels in
**Ni and “Ni around 2.5 MeV is dlearly seen as is that of the 3 level in *Ni at 4.5 MeV.
But also there are additional levels or groups of levels which were excited to produce the
o’her structure which is evident.

The adequacy of an evaporation model in describing our inelastic “continua™ may be
judged from Figure 14 where SIG(E — E")/E’ versus E’ is plotted where SIG(E — E) =
the angle-averaged differential cross section for scattering from incident energy E to exit
center-of-mass energy dE’ about E’. The straight lines are least squares fits to the data with
temperatures resulting from the fits being indicated. The uncertainties on the temperatures
are uncertainties in the fiting only. Two fits have been made to each set of data: one
covering nearly the entire range in E’ for which we extracted data and the other to an E’
below which an evaporation model might be more appropnate. The values of E’ to which
the fits were made are indicated. The fits over the entire range of E’ would su.cm to offer a
poor description of the daia with there being differences of a factor of 2 among the data
and the cross sections given by an evaporation model. Fits over more limited ranges in E’
not surprisingly offer a better descr'ption of that data to which they are fitted as structure
becomes less pronounced with increasing excitation energy (decreasing exit energy E’). As
mentioned above, ENDF/B 111 MAT 1123 describes all inelastic scattering above inc*dent
neutron energie~ of 4 MeV by an evaporation model with a constart temperature of 1

MeV, a number in good agreement with the temperatures resulting from our fits over a
limited range in exit energy.
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CONCLUJSIONS

Our natural nickel differential eiastic scattering cross sections are in agreement with
those of Holmqvist ani Wiedling in shape though differ slightly in that our shapes change
somewhat more than theirs with ang'= as seen by our uniformly higher Legendre expansion
coefficients. Our angle-integrated differential cross sections agree with theirs below 5 MeV
but are in the order of 200 mb higher from 6 to 8.56 MeV, a situation similar to that found
in comparisons of other data. Our **Ni differential elastic cross sections are in gratifying
agreement with our natural nickel results.

The ENDF/B 111 MAT 1123 elastic angular distributions are in poor agreement with
experimental results from 4 to 8.56 MeV and use a Legendre approximation of order 16
where the highest order required by the experiivental data is 9. The ENDF/B 1li MAT
1123 angle-integrated differential ciastic cross sections agree with our results hence are
higher than the result: of Holmgvist and Wiedling above 6 MeV.

An evaporation model of inclastic scattering to levels of excitation energy in the
ressdual nuclcus greater than 6 MeV appears to offer a fair description of inelastic
scattering to these levels but becomes questionable in its representation of inelastic
scattering to levels of lower excitation energy.
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APPENDX

Tabulated Values of Natural Nickel and “Ni
Neutror. Elastic Scattering Cross Sections
and
Cross Sections for Inclastic Scattening
To Discrete Lewels

Our measured values fc. natura’ nickel and “’Ni neutron elastic scattering and cross
sections for inelastic scattering to discrete levels are tabulated below. The uncertainties in
differential cross sections, indicated by A in the tables, are relative and do mot include a
+7% uncertainty in detector efficiency which is common to all points. The 7% uncertainty
is included in the integrated and average values. The total cross sections, 04, are those we
used in the computation of Wick’s Limit and were not measured by us.

We have not included the cross sections for inelastic scattering to the continuum. They
are available from the National Neutron Cross Sect.ion Center, Brookhaven National
Laboratory, or from us.

Natural nickel angle-integrated differential cross sections for combined inelastic
scattering to the 1.333 MeV level in “Ni and to the 1.450 MeV level in *Ni at those
energics at which data were taken at only three angies have been corrected for anisotropy in
the angular distributions as discuss~d in the text. The correction was not made to similar
“Ni data hence no integrated values are given for inclastic scattering to the 1.333 MeV level
for the “*Ni data in those cases.

Natural nickel cross sections may be found on: pages 26 through 31. The cross sections
for “Ni may be found on pages 32 through 36.
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NATURAL NICKEL CRSSS SECTIONS

F. =4.07 * 0.08 MeV
(m.n) to: 1.333 MeV Leved
> 1.450 MeV Level

[ I do’'de A %)
deg. mb/str + -
7.1 24.74 19.5 256
.0 24.67 11.1 1.4
86.22 26.75 9.1 14.1

J(do/du)de = 321.26mb + 102 %

6.
odex.
10.1
17.90
17.81
25.%2
25.42
25.42
3303
3303
40.63
48.22
48.24
55.%0
55.81
63.37
63.37
7092
78.46
85.98
95.98
103.46
110.92
12234
129.76
137.18

F. = 4.34 £ 0.07 MeV

Elastic Scattenng
do de A (%)
mb sir +
1:99.29 78
1544.69 4.6
1415.06 10.7
1149.57 69
1104.50 53
989.67 53
619.46 6.0
837.53 5.5
329.92 €3
169.02 7.8
184.69 68
76.01 10.1
60.36 148
27.13 17.2
26.14 263
19.92 250
27.55 00
42.18 10.2
9.67 100
62.42 10.8
57.2° 10.3
46.25 93
35.74 123
24.43 15.7

§(do ' dw)des =2076.67mb + 7.2 ;
Wick's Limit =1588.95mb + 8.1 ¢;
o= 3520b0%20%

B VAV EAEWN=O X

a
330.51318
226.07143
168_84065
125.09531

67.60181
26.00876
9.41905
2.20549
—0.04448

Legendre Fit. Order = 8

A(%)
1.8

22
25
27

41
8.7
19.4
619
2336.3

90
5.7
1.2
5.3
9.6
57
89
7.0
7.2
7.2
1%
10.4
15.5
15.5
19.1
164
19.0
9.1
88
87
82
15
120
104
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E. = 4.34 * 0.07 MeV E. =492 %036 McV
(n.n") 10: 1.333 MeV Level Llastic Scattering
+ i.450 McV Level
0. do ‘des 4 (%)
8. do dw A(R) deg. mb sty + .
deg. mb . str + - 10.19 184838 4.8 64
255 24.33 16.9 228 15.28 1%30.60 44 6.5
KX N b 3240 19 19.3 17.81 147558 74 40
40.77 24.98 18.5 209 7288 1099.00 79 9.1
48 38 21.99 16.7 16.3 25.4; 984 47 7.1 74
48 41 24.73 14.8 109 25.42 974.62 44 49
55.98 2323 126 15.2 30.50 i 80 6.8 7.1
55.99 24.46 13.6 100 3303 618.36 64 6.6
63157 1303 189 147 40.63 323.78 6.1 5.2
63.57 20.26 164 144 48.23 147.27 538 6.7
71.13 2N 130 178 558° 50.62 170 18.5
78.67 19.68 16.8 127 63.27 20.14 25 19.6
86.20 19.19 13.8 11.2 70.94 20.68 380 380
96.19 16.75 20.5 16.1 78.46 31.87 28 318
103.67 21.32 173 i34 8598 41.66 2.7 2.7
1113 15.94 119 144 95.98 424 10.5 813
122.52 269 10.1 11.7 103.46 42.34 10.6 94
12993 21.20 11.4 144 11052 40.83 110 6.3
137.33 18.21 175 159 122.34 29.18 123 10.0
129.76 21.56 17.7 1.9
f(do/dm)des = 265.5Imb *+ 78 & 137.18 16.10 214 148
Legendre Fit. Order = 0 J(do/dw)de =1897.71mb + 712 G
[y o A%) Wick’s Limit =1801.30mb + 8.1
0 42.25T4 34 o= 352b*20%
Legendre Fit. Order = ¢
k o A%)
E. = 4.05 * 0.07 MeV 0 302.03101 1.8
(n.n) tn: 1.332 32V Level I 221.71973 20
+ 1.450 MeV Level 2 166.72736 2.2
3 123.82963 24
0.. do/do A (%) 4 72.72192 34
deg. mb; str + - b 3275404 6.2
VAR 16.87 14.8 129 6 +2.73978 139
78.65 16.56 126 13.9 7 3.86275 RO
86.18 15.46 17.1 139 8 0.86518 104.2

J(do/ dw)dw = 204.24 mb + 10.5 &



6=
deg.
25.50
33.13
40.75
48.36
55.96
63.53
71.12
78.64
86.16
96.16
103.64
111.10
122.50
129.9i
137.30

E. = 42% 0.06 MeV
(n.n’) to: 1.333 MeV ¢ _cvel
+ 1.450 MeV Level

do;de
mb/str
28.12
25.45
21.06
19.33
18.36
' 7.41
20.06
1IS.39
19.53
12.96
13.89
11.83
16.42
16.30
15.00

A (%)

+ -—
125 395
124 219
13.7 199
21.6 21.3
15.2 17.7
160 13.5
is1 1.1
20.1 233
146 i7.8
146 120
18.7 10.7
15.7 125
15.8 93
145 18.3
148 100

§(do/du)de = 216.27Tmb + 8.2 %

lu”—g*

a
4.42029
3.10666
1.86345
—0.19829

Legendre Fit, Order = 3

M%)
42
34.7
426
3470

6m
deg.
71.08
78.62
86.15

E. = 523 + 0.05 MeV
(n,n") to: 1.333 MeV Level
+ 1.450 McV Level

do/de
mb/str
11.47
13.66
13.66

A (%)
+

18.9
15.3
16.6

9.1
12.2
13.0

J(do/dw)dw = 160.80mb * 10.5 %

28

E. =550 % 0.05 MeV
(n.n) to: 1.333 MeV Leved
+ 1.450 MeV lew!

6. do: dew A (D)
deg. mk  sir + -
48.34 13.33 15.0 179
55.94 11.20 184 19.0
63.51 11.52 258 18.2

f(do/de)des = 150.39mb + 123 ¢;

-



E.= 6.44 £ 0.07 MeV
Elastic Scattening

[/ . do,/dw A (%)
deg. mb| str + -
15.27 2306.81 4.2 5.¢
22.88 1437.00 43 5.8
27.96 1030.85 438 46
35.56 518.87 48 5.2
43.17 205.96 64 7.6
48.22 12297 6.6 12
55.80 25.03 14.4 14.7
63.37 9.90 217 269
70.92 20.87 13.7 i5.5
78.46 30.80 11.9 10.5
85.98 35.96 8.6 8.0
93.48 3269 6.9 10.1
100.97 25.64 R2 9.1
108.44 20.89 94 9.6
120.35 1224 13.8 13.6
127.78 7.13 247 222
135.20 5.28 339 284

f(do/dw)dw =2100.94mb * 7.3 G
Wick's Limit =2507.46mb * 8.1 &

0= 363b*209

Legendre Fit, Order = 8

k a L (%)
0 334.37500 2.1
| 273.78979 2.3
2 213.88176 2.6
3 159.74303 2.8
4 105.06142 34
h) 54.79439 47
6 23.45544 7.8
7 7.44447 15.1
8 1.87806 34.7

6
ueg.
2293
28.02
35.64
43.25
43.32
55.91
63.49
7i.04
78.59
86.11
93.6i

10i.10
108.56
120.47
127.87
135.29

E. =644 % 0.07 MV
(n.n”} to: 1.333 MeV 1 e\l
+ 1.450 McV Level

do dw
mb  str
24.79
18.80
14.60
12.69
13.1N
11.43
993
9.46
9.60
10.03
9.12
8.4
9.35
9.53
8.53
8.3

A (%)

+ _—
222 20
36.1 1.7
379 16.7
234 20.3
13.8 17.3
13.0 10.4

7.1 13.5
14.0 11.0
133 12.7
104 17°
10.7 1.
10.9 20.1
1.8 12.8

6.7 19.3
159 12,5

82 19.1

f(do/dwMdw = 131.76mb + 8.1 %

Legendre Fit, Order =3

o
20.97054
2.73859
1.24954
0.79024

M%)
40
26.2
388
51.2

E.=17.03 % 0.06 MeV
(n.n") to: 1.333 MeV Level
+ 1.450 MceVY Lewvel

[/ do/dw
deg. mb| str
71.03 8.09
78.57 7.37
86.09 7.33
f(do/dw)dw =

A (%)
4
76
16.6
10.4

13.0
16.8
13.9

96.04mb + 98 %



..
deg.
15.26
2.¢8
21.96
35.50
43.16
48.22
55.80
63.37
70.92
78.46
85.98
93.48
100.96
198.44
120.35
i27.78
135.20

E. =754 £ 0.06 MeV
El.astic Scattering

do/dw
mb/ sty
2211.87
1361.96
385.63
450.28
161.90
67.23
9.63
8.54
17.49
25.85
25.54
21.16
16.51
9.56
471
2.56
3.15

A (%)
+ -
44 6.1
5.2 5.8
47 6.6
5.2 1.7
7.3 1.8
10.0 8.4
275 28.1
225 24.7
14.8 16.3
9.1 115
2.2 12.6
1S 1.3
14.0 12.7
18.1 19.6
30.5 333
58.2 55.4
46.7 47.4

f(do/dw)des =1934.76 mb + 7.4 %
Wick's Limit =2729.24mb + 8.1 %
or= 350b:20%

VWO NN EWN=C R

a
307.92749
263.34351
211.95624
161.85159
112.14279
65.06372
31.34418
12.52329
4.09562
0.78223

Legendre Fit, Order =9

M%)

24
2.6
28
3l
KX
41
7.2
12.6
24.2
66.6

30

E. = 7.54 + 0.06 MeV
(n.n) to: 1.333 MeV Level
+ 1.450 MeV Level

0. do’'dw A (%)
deg. mb/str +- -
35.63 12.31 40.7 24.4
43.24 12.27 i6.8 219
48.30 8.50 26.3 17.8
55.89 7.98 154 12.6
63.46 6.05 12.3 13.5
71.02 7.21 10.4 13.3
78.56 6.35 17.1 19.2
26.08 6.67 9 1.4
93.59 1.01 16.8 19.5
10:.07 5.95 234 229
108.54 5.66 19.1 18.0
2045 5.67 20.4 13.4
127.87 5.30 16.3 21.9
135.28 5.00 15.3 14.2
§(dojdw)dw = 85.80mb *+ 9.0 %
Legendre Fit, Order = 3
k a M%)
0 13.65548 5.6
[ 205175 319
2 0.58625 71.5
3 0.41234 833

0.
deg.
71.01
78.55
86.07

f(do/dw)dw =

E, = 8.04 + 0.05 MeV
(n.n’) *: 1.333 MeV level
+ 1.450 Me" Lcvel

do/dw
mb; str
6.87
6.40
6.38

A (%)

+ -—
i7.9 14.8
29.8 12.4
29.5 18.0

82.58mb* 12.7 %




E. = 8.56 + 0.05 MeV
Elastic Scattering

6.m do/dw A (%
deg. mb/str +

10.18 2772.713 44
15.26 228493 44
22.88 1372.74 4.5
2795 895.69 49

35.56 376.33 5.7
43.16 124.19 1.6
48.22 58.77 8.8
55.80 6.73 25.8
63.37 5.82 33.0
70.92 15.61 13.9
78.46 18.32 13.7
85.98 2043 14.9
93.48 18.87 1.3
100.96 14.17 1.5
108.43 9.47 15.5
120.25 4171 322
127.78 3.3% 374
135.20 2.54 528

)

5.1

5.3

7.8

6.1

6.9
10.8
49
46.7
37.7
19.0
16.8
13.0
16.6
13.9
20.1
2.3
4].2
52.5

f{do/dw)da =1887.00mb + 7.3 %
Wick’s Limit =2941.i13mb + 8.1 9

o1= 341b=20%

Legendre Fit, Order = 9

k & A(%)
H 300.32495 2.1
| 260.01099 23
2 214.45067 N4
3 167.13733 2.5
4 119.21698 28
5 72.81339 3.6
o 38.81361 5.0
7 18.00531 7.7
8 7.04049 12.4
9 1.93391 24.7

31

E. = 8.56 + 0.05 MeV
(n.n") to: 1.333 MeV Level
+ 1.450 McV Level

6. do/dm A (%)
deg. mb/str + -
28.00 11.67 22.2 23.1
35.62 11.67 202 16.4
43.23 9.70 15.6 18.7
48.29 8.49 219 16.3
55.88 6.43 16.0 10.3
63.45 5.72 120 19.0
71.00 5.1 14.3 17.4
78.54 5.07 17.1 19.1
8o.u7 542 16.4 13.2
93.57 6.19 14.1 220
101.05 5.32 15.5 12.5
108.52 498 13.8 14.1
120.43 3.95 19.5 17.5
127.86 313 23.2 227
135.26 3.89 18.4 18.4
f(do/dw)dw = 72.46mb *+ 8.5 %
Legendre Fit, Order = 3
k a Al%)
0 11.53181 4.8
{ 2.36532 18.7
2 0.63234 51.3
3 0.37798 64.9
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““Ni CROSS SECTIONS

E. = 4.07 £ 0.08 MeV
(n,n’) to: 1.333 MeV Level

Ocm do/de A (%)
deg. mb/str + -
71.1 30.52 16.1 RS
78.66 29.04 11.6 14.8
86.18 21.07 10.6 134

Ee = 4.07 * 0.08 MeV
(n,n") to: 2.158 MeV Level
4 2.286 MeV Leve!

6. do/dw A (%)
deg. mb/str + -
71.36 21.36 126 19.6
78.91 17.20 139 226
86.43 19.86 121 17.2

Avg do/de = 18.59mb/str* 12.7%
S(do/da)de = 233.63mb + 12.7%

E.=4.07 £ 0.08§ MeV
(n,n’) to: 2.506 MeV Level
+ 2.630 MeV Level

Ocm do/dw A (%)
deg. mb/str + -
71.54 24.13 13.6 25.7
79.11 2290 14.0 14.3
86.63 2495 149 16.4

Avg. do/dw = 23.71mb/str*13.2%
f(do/dw)dew = 297.90mb * 13.2 %

E. = 4.34 £ 0.07 MeV

Elastic Scattening
O do/dw A (%)
deg. mbj str + -

10.18 1954.94 59 6.5
17.80 1458.84 5.9 83
17.80 1585.83 5.3 5.2
25.41 1087.56 5.8 8.6
2541 H77.17 4.7 6.7
25.41 1006.88 49 6.4
33.02 7:9.15 5.9 72
33.02 639.37 5.1 8.4
40.62 364.12 5.8 7.2

48.21 192.20 7.1 IR
55.719 72.67 2.1 15.9
63.36 26.07 24.3 239
70.90 13.54 5.2 294
78.44 28.04 29.3 224
85.96 39.51 10.1 10.1
95.96 58.93 7.2 74
103.44 61.98 6.5 10.4
i10.90 61.58 8.2 9.6
122.32 42.64 10.6 8.8
129.75 35.38 13.6 14.7
137.16 26.59 12.5 12.3

J(do/dw)uw =2175.72mb + 7.2 %
Wick’s Limit =1608.14mb * 8.6 %
nr= 3540%190%

Legendre Fit, Order = 8

k o A%)
0 346.27661 .8
1 238.59480 2.3
2 182.93558 24
3 134.19646 29
4 75.43665 4.3
S 30.45334 9.2
6 13.08883 18.0
7 5.32548% 30.7
8 1.59220 81.2




O(M
deg.
25.49
33.13
40.75
48.36
55.95
63.53
71.08
18.63
86.15
96.15

103.63
1'1.09
122.49
129.90
127.30

do/dw
mb;str

35.08
37.63
26.58
24.30
2240
2499
25.00
19.63
20.67
23.03
2344
22.05
24.36
2443
2494

E. =4.34 + 0.07 MeV
(n.n’) to: 1.333 MeV Level

A (%)

+ -—
14.5 230
24.2 239
17.5 16.8
1.4 1.1

93 8.6
13.2 1.8
1.5 8.7
13.0 169
i0.7 i0.8
10.0 10.!
11.0 13.1
13.2 15.6
10.5 9.0
14.2 9.3
10.8 9.4

S(do/dw)de = 295.72mb + 7.6 %

Legendre Fit, Order =0
A%)

k &
0 47.06590
v e e et PO . - rsygE s

E.=4.34 + 0.07 MeV
(n.n") to: 2.158 MeV Lewvel
+ 2.286 MecV Level

O do/dew A (%)
deg. mb/str + -
25.59 i7.67 280 36.7
33.24 14.13 23.5 310
40.88 18.01 22.7 29.6
48.52 27.71 1i.7 18.3
56.13 16.36 13.4 16.8
83.72 1594 19.6 2.8
71.28 14.32 16.9 19.0
78.84 12.60 209 13.2
86.36 15.42 14.2 17.0
96.38 17.89 1.8 16.8
103.84 10.74 11.0 26.0
111.30 13.75 170 19.5
122.67 15.95 14.8 126
130.07 15.11 159 169
137.45 14.53 159 il5
Avg do/dw = [4.46mb/str + 98 %,

§(do/dw)dew = 181.74mb + 9.8 %

Ocm
deg.
25.65
33.34
40.98
48.64
56.26
63.85
71.43
79.00
86.53
96.52

111.44
122.81
130.19
137.55

Avg do/dw =

do/dw
mb|sir

20.55
17.91
18.54
25.33
20.23
13.76
12.52
18.46
14.81
24.08
16.82
19.89
17.46
15.75

E. =4.3% + 0.07 MeV
(n.n’) to: 2.506 MeV Level
+ 2.630 MeV Lcvel

A (%)
+ -_—
22.7 293
29 310
26 226
17.8 324
1.5 200
240 299
154 26.1
129 10.7
21.4 222
10.5 21.4
13.9 17.2
19.0 17.2
1.7 17.7
16.1 13.8

17.82mu/str - 10.37%

J(do/dw)dw = 223.9mb + 10.3 %



e

E. = 4.65 * 0.07 MeV
(n.n) to: 1.333 McV Level

tiem do/de A (%)
deg. mb/str + -
71.0 18.17 14.3 9.7
78.61 17.27 13.7 10.9
86.14 15.18 13.5 10.5

E. =465 * 0.07 MeV
(n,n’) to: 2.158 McV Level
+ 2.286 MeV Lewvel

O de/de A (%)
deg. mb/str + -
71.24 9.60 14.5 15.3
78.80 9.33 21.5 211
86.32 11.49 18.7 229

Avg do/de = 9.82mb/str+13.3%
J(do/de)des = 123.36mb + 13.3 &

E. = 4.65 * 0.07 MeV
(n,n’) to: 2.506 MeV Level
+ 2.630 MeV Level

- do/dw A (%)
deg. mb/ssr + -
71.36 16.89 18.0 19.1
7892 16.43 15.4 13.6
86.44 15.41 21.5 11.3

Avg. do/dw = 16.32mb/sir: 13.0%
§(do/dw)dw = 205.07mb = 13.0 %

Ee =492 % 0.06 McV

Elastic Scattenng
6.n do/de A (o)
deyg. mbsir + -
0.1 1950.30 48 56
15.27 1694.91 55 76

17.80 1496.48 15 6.5
2288 1293.90 49 84
25.41 965.13 69 1.7
25.41 995.88 4.: 44
30.49 739.27 65 59
33.02 €27.66 6.0 6.2

40.62 31281 63 4
48.21 143.46 68 6.1
55.9 49 18.2 219
63.36 19.65 207 21.1
7091 33.11 154 13.6
78.44 43.86 12.2 1.9
85.96 56.62 96 73
95.96 46.24 139 8.3
103.44 45.66 1.3 i 1.6
110.91 38.74 10.5 10.0
122.32 26.82 13.8 121
129.75 18.57 17.5 15.0
137.17 13.70 221 13.2

J(do/dw)dw =1979.52mb + 7.2 ¢
Wick’s Limit =1802.5I mb + 8.6 ¢
or= 352b* 190%

Legendre Fit, Order = 7

kL a A(%)
0 315.05029 .8
| 229.18994 20
2 170.51259 2.
3 127.33780 25
4 79.11858 3.2
S 35.77414 5.6
6 12.38473 11.5
7 2.33064 41.7




E.

=402

0.06 MeV

(n.n") to: 1.333 MeV Level

Om
deg.
25.48
33.11
40.73
48.34
55.93
63.52
71.07
78.61
86.13
96.12

103.60

111.06

122.47

129.88

137.28

do/dw

mb/str
19.81
20.92
23.03
22.83
21.52
16.54
22.15
22,62
20.10
16.91
16.51
15.25
16.39
18.80
15.57

A (%)
+
472
48.¢
13.8
15.7
13.6
15.0
139
10.3
16.1
15.1
14.8
249
14.9
123
15.5

8.8
10.2
14.8
11.2
1.7
10.2
12.6

79
13.1
10.3
12.1
12.7
14.2
129
12.1

J(do/dw)dw = 234.10mb+ 79 %

k
0

&

Legendre Fit, Order =0

AMF)

7.25803 38

e e

E. =492 +0.06 MeV
(n.n’) to: 2.158 MeV Level
+ 2.286 MeV Level

binn do/dw A (%)
deg. mb/str + -
25.55 12.45 35.3 19.7
3312 9.44 279 24.1
<0.84 16.06 20.1 203
48.46 1242 15.9 26.1
56.07 12.10 138 17.9
63.68 11.00 223 23.6
71.23 13.28 20.8 19.9
78.78 13.30 17.8 24.6
86.31 13.50 124 239
96.29 893 21.2 18.7
103.77 9.02 286 18.2
111.22 10.78 129 20.0
122.60 9.6 16.4 16.0
130.01 114, 179 174
137.39 12 209 16.0

Avg dofdew = 11.17mb/str 9.7
S(do/dw)dw = 140.33mb + 9.7 %

E. = 4.92 + 0.06 McV
(n.n") to: 2.506 MeV Level
+ 2.630 MeV Level

Cem do/de A 90
deg. mb | str + -
25.60 11.27 359 16.6
33.26 12.22 23.7 17.2
409} 13.93 17.2 225
48.54 20.40 11.1 19.2
56.16 1548 204 20.6
63.78 14.43 i5.5 18.5
71.34 18.10 194 324
78.89 17.56 18.6 13.5
86.43 17.49 149 15.0
96.40 15.32 19.1 16.1

103.88 15.65 12.2 13.0
111.33 13.87 13.3 16.9
122.70 15.37 13.6 15.4
130.09 13.31 14.8 9.8
137.47 12.38 20.7 23.3

Avg do/dw = 14.84mb/str + 9.8 ¢;
f(do/dw}ew = 186.46mb + 9.8 %




E. =5.23 + (.05 MeV
(n.n") to: 1.333 MeV Level

0«.- d&/“

deg. mb/str
71.95 15.18
18.59 14.49
86.11 16.64

A (%)

+ p—
11.4 10.9
17.1 12.6

9.9 1.5

E. =5.23 + 0.05 MeV
(n.n’) to: 2.158 MeV Level
+ 2.286 MceV Lcvel

Om do/dw
deg. mo/str
7119 9.26
78.74 3.05
86.26 R42

A (%)

+ P
13 17.3
20.8 26.3
11.4 18.6

Avg do/de = 8.52mb/strt11.6%

J(dojdw)de = 107.09mb + 1.6 %

E. =5.23 + 0.05 MeV
(n,n’) to: 2.506 MeV Level
+ 2.630 McV Level

Ocm de/dw
deg. inb|str
71.28 13.72
78.83 13.10
86.36 12.35

A (%)

+ -_—
13.1 11.2
15.1 15.1
12.7 25.5

Avg. do/dw = 13.07mb/strt10.8%
J(do/dwMdw = 163.2umb + 10.8 %

E, =550 % 0.05 MeV
(n.n") to: 1.333 MeV Level

Ocm do/dw
deg. mb|str
48.3 16.06
55.91 13.79
63.49 13.28

A (%)

+ -—
25.0 15.0
19.6 18.8
18.9 10.4

36

E. = 5.50 + 0.05 MceV
(n,n’) to: 2.158 MeV Level
+ 2.286 MeV Level

6.« do/dw A (%)
dey,. mb/ str + -
484 7.19 26.7 218
56.02 6.41 245 23.5
03.61 7.91 17.6 15.3

Avg do/dw = 7.33mb/str* 14.0;
J(do/dw)dw = 92.09mb *+ 14.0 %

E. = 5.50 * 0.95 MeV
(n,n") to: 2.506 MeV Level
+ 2.630 NieV Level

0.n do/dw A (%)
deg. mo/str + -
48 .48 11.66 20.1 249
56.0% 9.54 284 223
63.68 19.73 19.2 13.0

Avg do/dw = 10.66mb,str+13.2¢;
J(do/dw)dw = 134.0Imb + 13.2 4%




