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63Cu AND %Cu NEUTRON ELASTIC AND INELASTIC SCATTERING
CROSS SECTIONS ‘FROM 4.07 TO 8.50 MeV

W. E. Kinney and F. G. Perey

ABSTRACT

~ Measured neutron elastic and inelastic scattering cross sections for *’Cu and
%Cu between 5.50 and 8.50 MeV are presented and compared with elastic data of
Holmgyvist and Wiedling’ and with ENDF/B 111 MAT 1085 and 1086. Our elastic
differential cross sections are in fair agreement with those of Holmqvist and
Wiedling in shape. Our angle-integrated differential elastic cross sections are
systematically higher by as much as 28% than those of Holmgvist and Wiedling
above 5 MeV, a situation similar to that found in comparing the two sets of data
for other elements. ENDF/B 11l MAT 1085 and 1086 angular distributions
underestimate the elastic forward peak below 20 deg. when compared with
experimental results and display unphysical fluctuations due to the use of a
Legendre series of order 20 where order 9 is the highest required by the data. An
evaporation model with temperature ranging from 0.8 to 1.05 MeV reasonably
describes inelastic scattering to levels in the residual copper nuclei of excitation
energy above 3.2 MeV..

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 elastic
and inelastic scattering cross sections for **Cu and **Cu from 5.50 to 8.50 MeV. To assist in
the evaluation of the 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 III (Evaluated
Neutron Data File B, Version 11I) MAT 1085 and 1086. Tables of numerical values of the .
elastic scattering cross sections and cross 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. Pulsed (2 MHz),
bunched (approximately 1.5 nsec full width at half maximum, FWHM) deuterons
accelerated by the ORNL Van de Graaffs interacted with deuterium in a gas cell to produce
neutrons by the D(d,n)’He reaction. The gas cells, of length 1 and 2 cm, were operated at
pressures of approximately 1.5 atm and gave neutron energy resolutions of the order of £60
keV. .



The neutrons were scattered from solid right circular cylindrical samples of *Cu and
*Cu placed approximately 10 cm from the gas cells when the detector angles were greater
than 25 degrees. For smaller detector -angles the cell-to-sample distance had to be increased
to 33 cm in order to shield the detectors from neutrons coming directly from the gas cells.
the *Cu sample was 2.00 cm in diameter, 2.20 cm in height, with a mass of 52.43 gm. The
®Cu sample was also 2.00 cm in diameter, and 2.20 cm in height, but had a mass of 50.14
gm.

The scattered neutrons were detected by 12.5 cm diameter NE-213 liquid scintillators
optically coupled to XP-1040 photomultipliers. The scintillators were 2.5 ¢cm thick. Data
were taken with three detectors simultaneously. Flight paths were approximately 4 m with
the detector angles ranging from 15 to 140 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 a 56-AVP photomultiplier 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 signal, 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 components. The
electronic bias was set at approx1mately 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
polyethylene sample and by detecting source D(d,n)’He neutrons at 0 degrees’. Both
interactions gave results which agreed with each other and which yielded efficiency versus
energy curves that compared well with calculations®.

DATA REDUCTION

" Central to the data reduction process was the use of a light pen with the PDP-7
computer oscilloscope dlsplay programs to extract peak areas from spectra. The light pen
made a comparatively easy _]Ob of estlmatmg errors in the cross sectlon caused by extreme

but possible peak shapes.

' The reduction process started by normalizing a sample-out to a sample-in
time-of-flight spectrum by the ratio of their monitor neutron peak areas, subtracting the
sample-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 angles and incident neutron energies by removing
kinematic effects. It also made all single peaks have approximately the same shape and
width regardless of excitation energy (in a tlme -of-flight spectrum, single peaks broaden
with increasing flight time). A spectrum of the variance based on the counting statistics of
the initial data was also computed Flgure 1 sliows a typical time-of-flight spectrum and its
transformed energy spectrum.

The transformed spectra were read 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
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Fig. 1. A typical ®*Cu time-of-flight spectrum with its transformed energy spectrum.
The data were taken at an incident neutron energy of 6.00 MeV and at an angle of 90 deg.
with a flight path of 4 m. Note that the energy spectrum has been offset to allow negative
* excursions due to statistics in the subtraction of the sample-out background.



the difference. The variance 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 stripping 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 959% 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 a large computer.

Finite sample corrections were performed accordmg to semianalytic recipes whose
constants were obtained from fits to Monte Carlo results’. The corrections were 7 - 8% in
. the forward peak, 40 - 60% in the first minimum, and 13 - 15% on the second maximum.

~The final error analysis included uncertainties in the geometrical parameters (scatterer

size, gas cell-to-scatterer distance, flight paths, étc.) and uncertainties in the finite sample
corrections.

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

o(u = cos) = 3[(2k+1)/2)JaxPi(n)

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 differential cross
sections at the added points were chosen to approximate the dlffractlon pattern at large
angles, but were assigned 50% errors.

RESULTS
FElastic Scattering Differenu"al Cross Sections

Our differential elastic scattering cross sections for *’Cu and *Cu are shown in Figures
2 and 3, respectlvely, along with Legendre least squares fits to the data. Wick’s Limit is
shown and was used in the fitting. :

Both our **Cu and 65Cu differential elastic scattermg cross sections are compared with
the natural copper results of Holmgyviist and Wiedling® in Figures 4 and 5.The ENDF/B
III MAT 1086 angular distributions normalized to integrals of the experimental data are
also shown.

The ENDF/B III MAT 1086 is the *Cu evaluation but ENDF/B III MAT 1085,
which is the ®*Cu evaluation, has the same angular distributions as ENDF/B 111 MAT
1086. The ENDF/B III MAT 1086 angular distributions are described by a Legendre series
of order 20.

It might first be noted that our **Cu and **Cu data generally agree within experimental
uncertainties. Our results at 7.00 * 0.06 MeV appear to agree with the measurements of




g4 CUS3 ELASTIC
L Ey=5.50 MEV i i
X * WICK {
10 _
]
10° -
o ]
J
= i
3 10% | e
3 [ ]
o [ s -]
/
102 & /3
- /]
N N ]
i . ]
N _f)g_-
10" — ;7 —
[ / 7
- % a
100 1 1 { 1 1 1 1 .l . 1 1 1 1 1 1 1 L 1
0 30 60 90 120 150, 180

8oy (DEG)

. Fig. 2. Our *Cu neutron differential elastic center-of-mass scattering cross sections
with Legendre fits to the data. WICK indicates Wick’s Limit which was used.in the fitting.
The 7% uncertainty in absolute normalization common to all points is not included in the
error bars.
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Fig. 3. Our ®’Cu neutron differential elastic center-of-mass scattering cross sections
with Legendre fits to the data. WICK indicates Wick’s Limit which was used in.the fitting.
The 7% uncertainty in absolute normalization common to all points is not included in the
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Holmgqvist and Wiedling at 7.05 = 0.09 MeV within experimental uncertainties and appear
to agree qualitatively in shape at other energies.

The ENDF/B III MAT 1086 angular distributions were based on the results of
Holmqvist and Wiedling hence are in good agreement with their results. The use of a
Legendre expansion of order 20 is open to serious question in that variatioris in the data
attributable to experimental uncertainties are faithfully reproduced in the ENDF/B
description and lead to spurious structure. An expansion of order 9 is the most required to
fit the experimental data adequately. The ENDF/B forward peaks are underestlmated and,
where it is shown, fall below Wick’s Limit — at 7 MeV by a factor of 2.

Our differential elastic data might more quantitatively be compared with that of
Holmqvist and Wiedling with the help of Figures 6 and 7 where the normalized Legendre
expansion coefficients resulting from fits to our $Cu and *Cu data and to the data of
Holmgvist and Wiedling are plotted as a function.of incident neutron energy. The curves
result from quadratic least squares fits to our $3Cu and **Cu coefficients with constants
given in the equations. Our coefficients are systematically higher than those resulting from
fits to the data of Holmqvist and Wiedling. Higher coefficients imply more structure, e.g. a
larger ratio of second maximum to first minimum, and this is the case upon closer
inspection of Figures 4 and 5. :

Inelastic Scattering Differential Cross Sections

Our differential cross sections for combined inelastic scattering to the 1.327, 1.412, and
1.547 MeV levels in **Cu are shown in Figure 8 and are isotropic wfthin.experimental
uncertainties.

Our differential cross sections for inelastic scattering to the 1.115 MeV level in 65Cu at
an incident neutron energy of 5.50 MeV and the combined inelastic scattering to the 1.481,
1.620, and 1.720 MeV levels in *Cu at incident neutron energies from 5.50 to 8.50 MeV are
shown in Figure 9. Within experimental uncertainties these also are isotropic.

Excitation Functions

Our angle-integrated differential cross sections for ’Cu and ®*Cu are shown as a
function of energy in Figure 10 along with the elastic data of Holmqvist and Wiedling” and
the curve from ENDF/B 111 MAT 1086.

The systematic difference among our data and that of Holmqv1st and Wnedlmg above
5 MeV seen in comparisons of elastic data for other elements' is also seen hére. While the
data agree above 8 MeV in this case, the average of our 7 MeV $Cu and **Cu data is higher
by 506 mb, 28%, than the result of Holmqvist and Wiedling at 7.05 MeV. The average of

r Cu and ®Cu data at 5.50 MeV is higher by 403 mb than the value obtained by
linearly interpolating to 5.50 MeV the results of Holmqvist and Wiedling at 4.56 and 6.09
MeV. L
_ The ENDF/B II1 MAT 1086 curve is in good agreement with our data. Even though

ENDF/B MAT 1086 based its angular distributions on the data of Holmgqvist and
Wiedling between 1.46 and 8 mev, ENDF/B evaluations commonly obtain’ 'their‘i'nteg'rated
elastic scattering cross sections from the differencebetween the total and non—elastlc Ccross
sections in this energy region.



4500

10

o a S5y O  H+W

G3CU :

R, = 0.1028 + 0.0399€ - 0.0006E2

-4000
" 3500
.3000
o I T R B B
2000 I
2 S.00 5.50 - 6.00 6.50 7.00 7.50 8.00 8.50 9.00
E (MEV)
.6000 :
.5500 Ry = 0.1694 + 0.0639E - 0.0023t?
.5000
< 4500 _+_
o t
3500 |
3000 I I I [ I I |
$.00 S.50 600 6.50 7.00 7.50 8.00 8.S0 9.00
E (MEV)
.8000
7500 — R, = 0.1317 + 0.1133E - 0.00SSE2
7000 |
6500 [
o 6000 |
.SS00
.S000 | .
4500 | . :
4000 | | I 1 I | |
S.00 S.50 6.00 6.50 7.00 7.50 8.00 8.50 9.00
E (MEV)
1.00 -
ffg A, = 0.1420 + 0.1752€ - 0.0109E2
.8500 | +
o 8000 | -
7500
7000
6500 |
6000 I | | I | I I
S.00 S.50 6.00 6.50 7.00 7.S0 68.00 8.50 9.00

E (MEV)

Fig. 6. The first through fourth normalized Legendre expansion coefficients obtained
from fitting our $Cu and *Cu elastic differential cross sections and the data of Holmgvist
and Wiedling’ (H+W). The curves are quadratic least squares fits to our data with

constants given in

the equations.



11

" .0100
.0080 [ _
.0080 [
0070 [
o SB[,U .0080 | _
‘ ™ 0050 [
0040 | __
a S5y .0030 |
. 0020 |
o +W . 0010
e L
7.50 8.00 9.00
E (MEV)
.0300
0250 |
Ry = 0.0518 - 0.0180€ + 0.0017€2 1
.0200
0
[on
S.00 S5.50 6.00 8.50 7.00 7.50 8.00 8.50 8.00
CUE (MEV) '
.1000 -
.0800 | .
% — A, = 0.0943 - 0.0310E + 0.0031€2
.0600 [
™~ .0500 | _
0400 |
.0300 |
.0200 j
.0100 [ * :
X N N N N .
500 550 6.00 6.50 7.00 7.50 6.00 8.50 9.00
€ (MEV)
.2000
.1800 [
.1 L =
.lfgg — Rg = 0.0534 - 0.0111€ + 0.0024€2
200 [
© 1000 |
< .0s00 [
0400 |___
0200 | _ :
0 | | 3 | || l
5.00 5.50 6.00 6.50 7.00 7.50 8.00 6.50 9.00
€ (MEV)
.3000
.2500 Ry = 0.0123 + 0.0242E + 0.0004€2
o 150 r +
1000 | ' ‘
.0500 |
. | I | | |1 I
S.00 S.50. 6.00 .6.50 7.00 7.50 8.00 6.50 9.00 -

€ (MEV) .

Fig. 7. The fifth through ninth normalized Legendre expansion coefficients obtained
from fitting our **Cu and *Cu elastic differential cross sections and the data of Holmqvist
and Wiedling’ (H+W). The curves are quadratic least squares fits to our data with
constants given in the equations.



12

ORNL-OWG 73-7297

53¢y

T—1T T LA U B S NR RERD RS SR SRS AN SRS SN

Ex=1(1.327+1.U12+1.547) MEV

]

A1 1 4L

T Tlllll

T
i

T
I

fy= 5.5040.09 MEV !

10' | ? T T ]
L |
SO ]
2 | |
I ® AVERAGE |
@ |
o

0
10 Ex= 7.00%0.06 MEV

lllll

TR
: + T';JT T o ¢

+ 1

IOO L . 1 i 1 1 ) S SN 1 1 1 d 1 1 L L L

0 30 60 90 120. 150 180
Bcw (DEG)

Fig. 8. Our -*Cu neutron differential center-of-mass cross sections for combined
inelastic scattering to the 1.327, 1.412, and 1.547 MeV levels in $Cu. The 7% uncertainty in
absolute normalization common to all points is not included in the error bars.



13

ORNL-DWG 73-7296

65
101 T T T 7T 1T T 1‘_7_-—1[;LJI T T T T T T "l'___
F T ]
i Ey= 1.115 MEV ]
I g o %
‘ ! + It ‘
+ . - ;
) Ey= 5.50%0.09 MEV
107 =
= ]
I ® AVERAGE
i  Ex=(1.481+1.620+1.720) MEV ]
'—.101 -~ + : o : -
@ - .‘ .
L - [ I+ 3
o f TTTTITT%ﬁ +T ¢
o [ Ex= 5.50+0.03 MEV 3
s
6 10° .
: = ' ;
i T ? T ]
[ 4?*? Tf $
] En= 7.00+0.06 MEV 1
10°F - E
- N
I T f - ]
I ¢ f + . ¢/
0 Ex= 8.50£0.05 MEV ? :
035~ 80 80 120 150 180

8cn (DEG)

Fig. 9. Our *Cu neutron center-of-mass differential inelastic scattering cross sections.
The 7% uncertainty in absolute normalization common to all points is not included in the
error bars.



14

10% g r l — - . :
I ELASTIC ’
I o 0 —¢ o % &
10° & | E
¢ o :
I Ex= 0.962 MEV f -
i .
10 o ®cu f .
F a Pru | .
- @O H+W ' ]
[ — ENDF/B 111 1086 : 1
2. 0L Ey=(1.327+1.U12+1.SUTMEV
t C (L) : -
E
o =< ]
i ¢ 9 o & % ]
10 £ Ex= 1.115 MEV E
- X— e a
N N R 1 } ]
ot L Ex=(1.481+1.620+1.720) MEV |
i- a 3 3
T : ! .
- P ]
: ;7
10 3 u 5 6 7 8 g9
E (MEV)

Fig. 10. Our ®*Cu and *Cu angle-integrated differential cross sections as a function
of incident neutron energy with the elastic data of Holmqvist and Wiedling’ (H+W) and
the curve from ENDF/B 111 MAT 1086. The 7% uncertainty in absolute normalization is
included in our error bars.
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ENDF/BIII MAT 1085 and 1086 describe all inelastic scattering above an incident neutron
energy of 1.75 MeV as continuum inelastic scattering.

Inelastic Scattering to the Continuum .

At excitation energies above 1.55 MeV in ®Cu and 1.72 MeV in ®Cu we treated
inelastic scattering as scattering to a continuum rather than attempting to extract cross
sections for inelastic scattering to groups of levels or bands of excitation energy. Figures 11
and 12 show our angle-averaged double-differential cross sections for scattering to an
excitation energy as a function of excitation .energy for %Cu and *Cu, respectively. The
differences in resolution at which the measurements were made at various energies is
readily apparent, underscoring the fact that what is called a continuum is very much a
matter of resolution. Both isotopes display structure but not nearly to the extent that the
even-even isotopes have shown in our other work. :

The success one might expect m»applymg an evaporation model to the copper isotopes
may be judged from Figures 13 through 16 where SIG(E — E’)/F’ is plotted versus E’ with
SIG(E — E’) = our angle-averaged cross section for inelastic scattering-from incident
energy E to outgoing energy dE’ about E’. The fits have been made to an excitation energy
of roughly 3.5 MeV for both *Cu and *Cu. The straight lines are least squares fits to the
logarithms of the data with resulting temperatures and their fitting uncertainties given.
Again, the adequacy of an evaporation'model depends on-the resolution at which the data
were taken. In this case, an evaporation model would seem to offer an adequate description
of continuum inelastic scattering to levels as low as 3.5 MeV excitation -energy in the
residual nucleus. Note that the temperatures increase from about 0.8 MeV ‘at an incident
neutron energy of 5.5 MeV to a value of roughly 1.05 MeV at an incident energy of 8.5
MeV. - T _

ENDF/B III MAT 1085 and 1086 describe all inelastic scattering above an incident
neutron energy of 1.75 MeV as inelastic scattering to a continuum and use an evaporation
model with a constant temperature of I MeV.
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Fig. 15. Our ®Cu angle-averaged double-differential cross sections for scattering
from incident neutron energy E to outgoing neutron energy dE” about E’ divided by E" as a
function of E’. The straight lines are least squares fits to the data corresponding to
excitation energy > 3.5 MeV with resulting temperatures indicated. The uncertainties on
the temperatures are fitting uncertainties only.
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Fig. 16. Our **Cu angle-averaged double-differential cross sections for scattering
from incident neutron energy E to outgoing neutron energy dE’ about E’ divided by E’ as a
function of E’. The straight lines are least squares fits to the data corresponding to
excitation energy > 3.5 MeV with resulting temperatures indicated. The uncertainties on
the temperatures are fitting uncertainties only. - '
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CONCLUSIONS

Our *Cu and *Cu differential elastic scattering cross sections are in good agreement
both in shape and magnitude. These data are in fair agreement with the natural copper
elastic data of Holmqvist and Wiedling. Our differential cross sections show somewhat
more structure than do theirs. The systematic differences among our angle-integrated
differential elastic data and the integrals of the data of Holmqvist and Wiedling above 5
MeV which occur in comparisons of the two data sets for other elements are also present
here, our data being higher by 28% at 7 MeV. ENDF/B 111 MAT 1085 and 1086 elastic
angular distributions when normalized to experimental integrals underestimate the forward
peak at angles less than 20 deg. and introduce unphysical fluctuations through the use of a
Legendre series of order 20.

An evaporation model of inelastic scattering to the continuum offers a reasonable
description for inelastic scattering to levels above an excitation energy of 3.5 MeV in the
residual nucleus. Nuclear temperatures rise from a value of 0.8 MeV at an incident neutron
energy of 5.5 MeV to a value of 1.05 MeV at an incident energy of 8.5 MeV.
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APPENDIX

Tabulated Values of Cu and *Cu
Neutron Elastic Scattering Cross Sections
and '
Cross Sections for Inelastic Scattering
to Discrete Levels

Our measuired values for ®*Cu and *Cu 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 not 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, T, 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’ contmuum They
are available from the National Neutron Cross Section Center, Brookhaven Natlonal
Laboratory, or from us.

$Cu cross sections may be found on pages 26 through 29. %Cu cross sections may be
found on pages 30 through 33.



ecm

deg.

13.10
20.70
27.93
28.30
35.53
43.12
48.18
55.75
63.31
70.86
78.39
83.41

85.91.

. 90.91
93.42
98.41

100.90

108.38

119.31

126.74

134.17

E, = 5.50 £ 0.09 MeV
Elastic Scattering

do/dw
mb/str
2136.28
1505.76
1038.49
957.21
570.27
239.07
96.60
26.45
19.83
34.39
46.15
53.30
50.24
50.84
49.42
4231
39.80
29.47
17.04
11.41
8.63

26

%Cu CROSS SECTIONS

A (%)

+ -_—
4.8 4.8
6.2 5.3
4.6 5.6
6.7 5.1
53 5.8
5.2 7.2
9.1 7.3
15.8 18.2
20.0 26.4
16.0 16.0
9.4 12.4
7.5 8.8
9.2 13.6
7.2 9.7
7.4 13.2
6.8 11.5
7.7 14.2
16.0 12.1
15.1 17.9
17.0 20.7
120.7 27.9

J(do/dw)dw =2125.28mb * 7.5 %
Wick’s Limit =2351.97mb * 9.2 %
or= 380bf30%

W VNAUMEWN - X

ax

338.24878
263.57153
200.75175
152.51503
101.93570
52.20876
20.54915
5.87353
1.05246

Legendre Fit, Order = 8

A%)

2.0
23
2.6
2.8
32
49
9.2
215
74.8

E, = 5.50 £ 0.09 MeV
(n,n’) to: 0.962 MeV Level

Ocm do/dw A (%)
deg. mb/str + -
63.40 3.32 30.5 30.5
83.50 4.60 14.0 25.8
91.01 5.16 10.2 36.0

Avg. do/de = 4.05mb/str£19.2%
J(do/dw)dw = 50.92mb £ 19.2 %

E. = 5.50 + 0.09 MeV
(n,n’) to: 1.327 MeV Level
+ 1.412 MeV Level
+ 1.547 MeV Level

Ocm do/dw A (%)
deg. mb/str + -
43,22 10.33 13.5 26.2
55.87 9.03 11.4 23.0
63.44 7.42 12.1 30.2
71.00 6.90 23.5 335
78.53 8.58 11.0 346
83.55 7.58 9.6 239
86.06 5.40 13.2 30.2
91.06 8.42 11.8 20.6
98.55 8.46 9.8 27.5
101.05 6.68 15.6 35.5

Avg. do/dw = 6.67mb/str+10.5%
J(do/dw)dew = 83.80mb * 10.5 %

En = 6.00 = 0.04 MeV
(n,n’) to: 0.962 MeV Level

Ocm do/dw A (%)
deg. mb/str + -~
83.49 3.81 11.9 347
91.00 438 14.2 317
98.49 4.22 14.1 316

Avg. do/dw = 3.89mb/strt12.9%
S(do/dw)dw = 48.89mb * 12.9 %



E. = 6.00 = 0.04 MeV

(n,n’) to: 1.327 MeV Level
+ 1.412 MeV Level
+ 1.547 MeV Level

Ocm do/dw

deg. mb/str

83.53 C 471

91.04 6.22
98.53 4.36
Avg. do/dw =

A (%)
+ —_
147 - 240
1.2 234

164 - 24.1

471 mb/str+14.1%

J(do/dw)dw = 59.19mb £ 14.1 %

E, = 6.49 *+ 0.04 MeV

(n,n’) to: 0.962 MeV Level

' Bem do/dw
deg. mb/str
83.48 2.49
90.99 3.67
98.48 4.29
Avg. do/dw =
J(do/dw)dw =

A (%)

+ —_
413 351
190 332
132 301

3.33mb/str+21.6%
419Imb £ 21.6 %

E. = 6.49 + 0.04 MeV
(n,n’) to: 1.327 MeV Level
+ 1.412 MeV Level
+ 1.547 MeV Level

Ocm do/dw

AR
deg. mb/str + -
83.52 4.40 15.3 28.1
91.03 4.45 24.1 20.9
98.52 5.01 16.4 29.3
Avg. do/dw = 4.49mb/strx14.1%

S(do/dw)dw = 56.45mb x 14.1 %
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ch

deg.

13.10
20.70
27.92
28.30
35.53
43.12

- 48.17

55.75
63.31
70.86
78.39
83.41

- 85.91

90.91
93.41
98.41

100.90

108.37
119.30

126.74
134.16

En = 7.00 £ 0.06 MeV
- Elastic Scattering

do/dw
mb/str

2688.82 "

1883.52
1073.98
" 1055.67
481.56
“171.10
80.56
11.29
15.81

- 31.96
42.97
46.75
43.12°
39.29
28.24
27.73

' 24.60
‘11.37
5.86
4.52
3.25

14.4

522

$294

A (%)

+ N
55. 46
48 4.8
5.4 6.5
55 55
7.4 5.2
100 70
16 99
130.2
16.1  29.6
144 143
100 142
88  15.3
84 139
76 119
153
92 151
82 149
253 185
297 287
326 331
- 50.1

J(do/dw)dw =2212.25mb * 7.3 %
Wick’s Limit =2915.16mb * 9.2 %
or= 375b+3.0%

Legendre Fit, Order = 8

k & A(%)

0 352.09058 2.1

1 293.65063 2.3¢
2 232.30872 2.6

3 177.39481 - 2.7

4 125.08156 3.0

5 71.44493 3.9

6 32.85547 6.0
7 11.38279 10.8

8

3.32904- 21.0
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E,=7.00 £ 0.06 MeV
(n,n") to: 1.327 MeV Level
+ 1.412 MeV Level
+ 1.547 MeV Level

Ocm do/dw A (%)
deg. mb|str + -
4826 - 585. 252 25.2
55.83 4.75 20.6 20.6
63.41 3.35 26.8 26.8
70.96 3.23 29.9 29.9
78.49 4.17 23.4 34.1
83.51 3.81 14.5 34.6
91.02 4.59 19.1 35.4
93.52 3.09 22.7 35.8
98.51 3.99 20.2 29.4

101.01 3.84 20.0 32.0

108.47 3.77 22.2 31.7

119.40 3.55 19.3 33.4

126.82 3.10 15.4 29.4

Avg. do/dw = 3.56mb/str£ 10.7%
J(do/dw)dw = 44.79mb £ 10.7 %

E, = 7.50 £ 0.03 MeV
(n,n’) to: 0.962 MeV Level

Ocrm - do/dw A (%)
deg. mb/str + -
83.47 2.48 0230 47.9

Avg. do/dw = 2.48mb/str+36.1%
J(do/dw)dw = 31.12mb * 36.1 %

E., = 7.50 * 0.03 MeV
(n,n’) to: 1.327 MeV Level
+ 1.412 MeV Level
+ 1.547 MeV Level

Ocm do/dw A (%)
deg. mb/str + -
83.50 4.15 10.1 32.1
91.01 3.77 17.4 38.1

Avg. do/dw = 3.84mb/str£17.0%
J(do/dw)dw = 48.31mb * 17.0 %

E. = 8.01 + 0.03 MeV
(n,n’) to: 0.962 MeV Level

Bem do/dw D (%)
deg. mb/str + -
83.47 0.82 62.5 30.8

Avg. do/de = 0.82mb/str£47.2%
f(do/dw)dw = 10.25mb £ 47.2 %

E. = 8.01 £ 0.03 MeV
(n,n") to: 1.327 MeV Level
+ 1.412 MeV Level
+ 1.547 MeV Level

Ocm do/dw | A (%)

deg. mb/str + -
83.50 2.52 29.7 279

Avg. do/dw = 2.52mb/str+29.7%
J(do/dw)dw = 31.73mb * 29.7 %



ocm
deg.
13.10
20.70
27.92
28.30
- 35.53

43.12

48.18
+ 55.75
63.31
70.86
78.39
83.41
85.91

90.91
93.41 :

98.40
100.90
108.37
119.30
126.74
134.16

E, = 8.50 = 0.05 MeV
Elastic Scattering

" do/dw -
mb/str
2451.66
1839.83
954.23
993.12
435.92

131.22
33.67
4.00
12.24
23.73
30.11
29.20
23.59
23.02
19:62
15.56
13.90
8.88
6.13
3.81
4.83

A (%)
+ -_—
4.2 4.5
5.2 5.4
4.9 6.3
7.5 6.6
59 6.2
9.9 8.9
13.6 15.5
67.0 59.1
27.0 20.2
16.2 12.9
11.9 13.7
8.1 8.5
18.9 12.5
15.7 11.8
10.3 13.9
11.3 13.4
15.6 15.9
18.8 '18.2
24.8 23.7
37.4 41.5
36.0 30.4

J(do/dw)dw =2021.02mb * 7.3 %
Wick’s Limit =3262.31 mb + 9.2 %
or= 3.60b+3.0%

V-J- IR NV N S

Legendre Fit, Order =9
' (%)

ax
321.65503
273.79541
227.04007

175.76830

127.89275
78.67165
41.06406
17.54846

5.91547
1.53630

2.2

24

25
2.7
3.0

38

54

9.3 =
165 -
38.7°
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E, = 8.50 + 0.05 MeV
(n,n’) to: 1.327 MeV Level
"4 1.412:MeV Level
-+ 1.547 MeV Level

O = do/de ¢ A (%)
deg. ‘mb/str -+ -
8599 - 252 343 34.3
119.38 1.98 321 321

-Avg. do/dw = 2.17mb/str+24.89
J(do/dw)dw = 27.'2;9 mb * 24.8 %’



0Cm
deg.
13.10
20.70
2791
28.30
35.51
43.10
48.15
55.73
63.29
70.83
78.37
83.38
85.88
90.89
93.38
98.38
100.87
108.35
119.28
126.72
134.14

E, = 5.50 £ 0.09 MeV
Elastic Scattering

do/dw
mb/str
2422.36
1757.25
1008.22
1121.41
53591
221.66
115.66
31.26
22.15
44.10
58.36
63.78

. 60.57
56.94
48.55
49.48
44.63
32.52
20.30
11.50
8.09

A (%)
+- -
4.5 4.2
4.8 4.7
5.6 5.0
5.0 5.6
5.6 6.2
6.2 7.0
7.3 9.2
122 202
239 203
107 145
9.7 155
8.0 127
133 120
123 105
18.2 8.7
104 108
88 120
138 134
13.6  16.7
218 19.4
279 263
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Cu CROSS SECTIONS

J(do/dw)dw =2294.11mb + 7.2 %
Wick’s Limit =2354.23mb + 9.2 %
or= 380b*+30%

W0 AW bEWNN—~O X

ag

365.11890
283.26440
214.48798
164.53285
112.23418
58.81996
24.64420
7.48998
1.65033

Legendre Fit, Order = 8

A(%)

1.9
2.2
2.5
2.6
3.0
4.5
8.2
18.7
52.4

En = 5.50 % 0.09 MeV
(n,n’) to: 1.115 MeV Level

Ocm do/dw
deg. mb/str
43.17 6.03
48.24 4.71
. 55.82 4.07
70.93 2,73
78.47 4.14
83.49 3.97
90.99 434
93.50 3.24
98.49 3.39
.100.98 3.67
Avg. do/dw =
J(do/dw)dw =

Ocm do/dw
deg. mb/str
35.60 11.02
43.21] 1.72
48.28 7.38
55.86 6.62
63.43 7.15
70.99 7.31
78.53 6.70
83.53 6.46
91.05 8.16.
93.55 6.15
98.54 7.44
101.03 6.45
119.43 - 4.61
126.85 5.60
Avg. do/dw =

f(do/dw)dw =

E, = 5.50 £ 0.09 MeV
(n,n") to: 1.481 MeV Level
+ 1.620 MeV Level
+ 1.720 MeV Level

A (%)
334 413
319 395
295 439
4.5 41.2

239 379
356 422
83 407
556 340
370 399
284 379

3.78 mb/str+ 15.1%
47.44mb * 15.1 %

A (%)

+ -
35.6 30.7
17.9 31.2
19.0 379
23.2 30.8

- 10.1 30.9
10.4 349
18.5 29.7
16.5 29.1
10.6 27.2
17.3 26.2
10.7 24.9
16.3 279

- 46.1 25.8
11.0 30.3

6.22mb/str+10.3%
78.20mb + 10.3 %



E,=6.00x 0.04 MeVv
(n,n’) to: 1.115 MeV Level

Ocm do/dw A (%)

deg. mb/str + -
83.48 4.34 21.0 35.1
90.98 348 . 20.2 33.1
9848 . 4.62 10.7 . 29.1

Avg. do/dw = 3.80mb/str+17.0%
f(do/dw)dw = 47.80mb + 17.0 %

E, =6.00 £ 0.04 MeV
(n,n’) to: 1.481 MeV Level
+ 1.620 MeV Level
+ 1.720 MeV Level

Ocm do/dw A (%)

deg. mb/str + -

8352 .. 575 9.8 24.1
91.03 5.93 19.1 29.6
98.52 5.94 15.0  31.0

Avg. do/dw = 5.78mb/strx11.5%
J(do/dw)dw = 72.63mb  11.5 %

E. = 6.49 % 0.04 MeV
(n,n’) to: 1.115 MeV Level

Ocm do/dw A (%)
deg. mb| str + -
83.47 3.26 21.6 322
90.97 3.26 14.6 27.4
98.47 3.38 19.5 34.1

Avg. do/dw = 3.27mb/strx13.79%
J(do/dw)dw = 41.13mb * 13.7 %
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E. = 6.49 = 0.04 MeV
(n,n’) to: 1.481 MeV . Level
+ 1.620 MeV Level
+ 1.720 MeV Level

6 dojdew - A (%)
deg. mb/str . + =
8350 . 518 - 19.3 26.8
91.01 521 150 268
98.51 443 123 33.0

Avg. do/dw =  4.60 mb/str 12.8%
f(do/dw)dw = 57.74mb * 12.8 %



Ocrm
deg.

13.10

20.70
2791
28.30
35.51
43.10
48.16
55.73
63.29
70.83
78.36
83.38
85.88
90.89

93.39

98.38
100.87
108.35
119.28
126.72
134.14

E. ='7.00 = 0.06 MeV
Elastic Scattering

do/dw
mb/str
2832.61
2093.54
111571 -
1218.05
514.77
185.82
83.90°
15.93
18.50
42.67
50.60
53.23
46.86
43.16
33.63
29.50
23.90
13.50
7.42
7.03
3.85

A (%)
+ —_
38 5.1
38 7.4
4.7 5.7
4.6 " 6.4
5.9 - 6.2
11.3 8.7
8.9 9.9
19.1 ° 264
17.4 229
10.0 10.2
10.3 9.8
7.6 10.4
8.0 11.4
8.1 9.4
8.6 13.7
10.7 10.9
9.8 15.1
14.3 21.8
22.0 23.8
234 24.8
43.2 46.1

J(do/dw)dw =2380.66mb + 7.3 %
Wick’s Limit =2917.97mb £ 9.2 %
or= 375bx30%

00 OV A WN—O X

ax

378.89355
314.23389
246.53348
188.26891
132.39656
76.09474
34.31850
11.19480
2.85958

Legendre Fit, Order = 8

A(%)

2.1
23
2.5
2.7
29
38
6.0
11.3
24.5
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E, = 7.00 £ 0.06 MeV

(n,n’) to: 1.115 MeV Level

ecm
deg.
48.21
55.79
78.44

do/dw A (%)
mb/str + -
- 2.85 449 394
2.29 64.7 33.0
2.09 55.7 37.9

Avg. do/dew =  2.44mb/str+30.1%
J(do/dw)dw = 30.69mb + 30.1 %

E. = 7.00 £ 0.06 MeV

(n,n’) to: 1.481 MeV Level

Ocm
deg.
48.25
55.82
63.39
70.95
78.48

83.49

91.00

100.99
108.46

+ 1.620 MeV Level
+ 1.720 MeV Level

do/dw AN ()]
-mb| str + -
6.12 1.5 32.8
3.54 42.8 22.3
3.24 28.3 30.0
2.73 332 27.6
3.55 20.6 31.3
4.52 17.4 28.8
4.17 20.9 28.7
3.94 16.5 30.0
2.70 36.0 30.8

Avg. do/dw = 3.5 mb/str+ 12.8%
f(do/dw)dw = 44.05mb * 12.8 %

E, = 7.50 £ 0.03 MeV

(n,n") to: 1.481 MeV Level

ecm
deg.
83.49
91.00

98.48 -

+ 1.620 MeV Level
+ 1.720 MeV Level

do/dw A (%)

mb/str + -
3.98 16.4 34.5
3.19 17.4 32.9
3.78 12.0 28.8

Avg. do/dw = 3.38mb/strx15.7%
f(do/dw)dw = 42.49mb = 15.7 %
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E. = 8.50 + 0.05 MeV
Elastic Scattering

Ocm do/dw A (%)
deg. mb/str + -
13.10 2638.89 53 4.6
20.70 1968.84 5.7 4.7
2791 936.89 4.5 5.6
28.30 997.44 5.2 6.3
35.51 426.81 5.1 59
43.10 125.05 6.6 8.6
48.15 37.61 14.6 14.9
55.73 8.36 28.4 37.1
63.29 15.64 17.0 19.1
70.83 32.90 15.3 11.7
78.37 36.68 11.6 17.9
85.88 337 9.1 14.9
93.39 24.88 8.5 17.3
100.87 15.73 15.1 16.3
108.35 8.82 16.6 20.9
119.28 7.76 20.9 17.9
126.72 6.84 21.5 26.9
134.14 7.15 24.4 24.6

J(do/dw)dw =2114.36 mb + 7.3 %
Wick’s Limit =3265.46 mb £ 9.2 %

or= 360bx30%

Legendre Fit, Order = 9

k ax AN%)
0 336.51172 2.2
1 282.43335 2.4
2 233.98256 2.6
3 182.15776 2.8
4 134.69217 3.1
5 84.46579 3.8
6 4495248 - 53
7 20.08553 8.9
8 7.84700 13.9
9 2.47074 27.7

00 m

do/dw
deg. mb/str
48.22 2.40
55.80 2.78
©63.37 2.75
100.96 2,24
126.79 1.71
Avg. do/dw =
J(do/dw)dw =

E. = 8.50 £ 0.05 MeV
(n,n") to: 1.481 MeV Level
+ 1.620 MeV Level
+ 1.720 MeV Level

A (%)

+ —_—
52.3 22.1
277 29.5
237 349
31.8 28.1

- 22.8 30.0

2.13mb/str+ 14.4%
26.82mb * 144 9
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5-24.
25.
26-128.
29.

30.

31.

32.

33.

34.

35.
36-45.
46.

78-179.
80.

81.

82.
83-309.

310-369.
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