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Elastic and Inelastic Scattering of Fast Neutrons from Co, Cu, and Znf
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Cross sections and angular distributions were measured for the elastic and the inelastic scattering of
neutrons from natural Co, Cu, and Zn in the energy range 300 keV to 1.5 MeV. The measured values are
compared with the results of optical-model calculations using spin assignments which are either known or
consistent with shell-model predictions. The effect of resonance width fluctuations is investigated. The
theoretically calculated elastic scattering angular distributions are in good agreement with the experimental
cross sections. Theoretical consideration of resonance width fluctuations tends to result in better agree-
ment with the measured Cu inelastic cross sections.
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INTRODUCTION

NUMBER of studies of fast-neutron scattering
from Co, Cu, and Zn have been reported.'=8 At
incident neutron energies above the thresholds for in-
elastic scattering, however, the methods employed in
these studies have often failed to separate the elastic
and the inelastic processes. Studies of inelastic neutron
scattering have largely been confined to incident neu-
tron energies above several MeV or have consisted of
indirect studies of the gamma-ray emission following in-
elastic scattering.®—'? The latter method is particularly
useful near the reaction thresholds but is troubled with
normalization and resolution problems and with un-
certainties in the respective gamma-ray transitions.
This direct study of elastic and of inelastic scattering
from Cu, Co, and Zn was undertaken with the objec-
tive of providing experimental knowledge suitable for
definitive theoretical interpretations based upon the
optical model. It was also desirable to obtain this basic
neutron information for use in macroscopic applied
work.

EXPERIMENTAL METHOD AND RESULTS

The pulsed-beam fast time-of-flight technique was
utilized to achieve the necessary experimental velocity
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resolution. A pulsed Van de Graaff machine was coupled
to a magnetic bunching system to provide proton bursts
of ~1-nsec duration at duty cycles of 0.3 to 1.59,. The
subsequent neutron bursts were derived from the
Li’(p,n)Be’ reaction in metal targets 15 to 30 keV thick.
The scattering samples were right cylinders 1.78 c¢m
long and 1.78 cm in diameter suspended approximately
10 cm from the target. Neutrons scattered from these
samples were timed over flight paths of 1 to 2 m. A de-
tailed description of the experimental method and
apparatus is given elsewhere.!

The time spectra of elastically scattered neutrons
were measured at ten or more angles between 20
and 145 deg. The measurements were made at incident
neutron energy intervals of ~50 keV from 0.3 to 1.5
MeV. A representative experimental time spectrum is
shown in Fig. 1. The elastic components, the inelastic
groups, and the gamma rays originating in the source
and the sample are resolved. The measured intensities
of the neutron groups were corrected for the attenua-
tion of the incident beam and for multiple scattering
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within the sample, using a Monte Carlo procedure de-
scribed elsewhere.!’® All measured cross sections were
normalized to the known differential elastic scattering
cross section of carbon and were expressed as cross sec-
tions of the natural element.!

The measured differential elastic scattering cross sec-
tions of Cu, Co, and Zn were fitted, by the method of
least squares, with a series of Legendre polynomials of
the form
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where P; is the Legendre polynomial, and w; and ¢ are
derived from the fit to the experimental data. The meas-
ured elastic scattering cross sections, expressed in the
form of Eq. (1), are given in Fig. 2 and Tables I(a),
(b), and (c). The errors pertaining to the coefficients
w; are standard deviations derived from the least-square
fitting procedure. As such, they represent the “good-
ness” of the fit of Eq. (1) to the actual experimental re-
sults. The uncertainties in the ¢ values are estimated

4 . . . .
d—a=i|:1 +3 wPi] 1) to be 5 to 89, including the error in the cross section of
1)
dQ 4r i=1 the carbon standard.
TasLE 1. Elastic scattering from Cu, Zn, and Co expressed in the form of Eq. (1).

E, a(el)

(MeV) (b) w1 w2 w3 w4

(a) Cu
0.30 5.56 0.2344-0.020 0.1104-0.034 0.076+0.038 0.087+0.050
0.34 4.64 0.4124-0.011 0.2144-0.019 0.097-£0.021 0.0324-0.027
0.39 4.52 0.396+0.018 0.22140.031 0.0644-0.035 0.0344-0.046
0.44 4.66 0.2844-0.016 0.184+4-0.027 0.0634-0.032 —0.00740.038
0.49 4.65 0.3604-0.011 0.1924-0.019 0.045+4-0.021 0.00640.026
0.55 4.55 0.3654-0.012 0.309+4-0.021 0.0324-0.025 0.0894-0.031
0.59 4.54 0.4024-0.008 0.3154-0.015 0.0824-0.017 0.039-+0.021
0.64 3.95 0.47140.042 0.395+0.071 0.1134-0.084 0.042+0.108
0.69 3.90 0.4964-0.028 0.3754-0.048 0.1164-0.055 0.041+0.071
0.74 3.78 0.3894-0.033 0.330+0.056 0.02740.067 0.0344-0.086
0.79 3.93 0.4394-0.017 0.405-+0.026 0.0964-0.036 0.0524-0.043
0.84 3.74 0.515+0.021 0.54140.035 0.1034-0.041 0.0424-0.053
0.88 4.24 0.4494-0.029 0.40134-0.043 0.193+0.056 0.0554-0.061
0.93 3.48 0.588+0.043 0.47040.063 0.2254-0.083 —0.058+4-0.091
0.98 3.95 0.47340.031 0.5444-0.048 0.1434-0.075 0.283+0.098
0.99 3.36 0.4654-0.033 0.625+0.055 0.3114-0.066 0.071+0.084
1.04 3.09 0.5594-0.016 0.6144-0.026 0.2424-0.031 0.038-+0.040
1.09 291 0.6034-0.026 0.70440.045 0.3504-0.052 0.11740.067
1.14 2.97 0.5334-0.010 0.755+0.017 0.3424-0.020 0.1194-0.026
1.19 2.51 0.63340.039 0.700=0.066 0.3944-0.078 0.21640.093
1.25 2.88 0.5754-0.052 0.7344-0.076 0.3944-0.099 0.246-4-0.111
1.30 2.85 0.65140.051 0.976-0.080 0.540+-0.101 0.4184-0.129
1.35 2.63 0.597+4-0.038 1.05540.057 0.4484-0.076 0.43340.085
1.40 2.60 0.7024-0.019 1.0354-0.027 0.5174-0.036 0.28140.040
1.45 2.45 0.708+0.034 0.999+0.051 0.6164-0.067 0.39540.075
1.50 2.41 0.737+0.037 1.083+4-0.052 0.598+4-0.070 0.46140.077
(b) Zn

0.30 5.55 0.31540.022 0.210+0.037 0.05140.043 0.059-£0.055
0.34 5.00 0.3844-0.036 0.2760.062 0.04840.070 0.00740.091
0.39 4.96 0.44740.027 0.3384-0.047 0.051+0.053 0.1234-0.069
0.44 5.10 0.3744-0.023 0.2124-0.039 0.0764-0.046 —0.1034-0.055
0.49 5.14 0.3904-0.014 0.2614-0.024 0.074+0.027 0.029+4-0.033
0.55 4.69 0.375+0.010 0.358+4-0.017 0.0424-0.020 0.09140.026
0.59 4.74 0.4514-0.008 0.3514-0.013 0.069+-0.015 0.0914-0.019
0.64 4.25 0.4354-0.042 0.448+-0.070 0.0664-0.084 0.11140.108
0.69 4.14 0.5094-0.020 0.4724-0.034 0.070-0.038 0.13140.050
0.74 3.77 0.40340.057 0.42540.097 0.067+0.115 0.050+0.148
0.79 4.27 0.5264-0.035 0.474+0.058 0.0964-0.068 0.0044-0.083
0.84 3.72 0.49740.012 0.4904-0.020 0.1234-0.023 0.047+0.030
0.88 4.37 0.4424-0.021 0.436+4-0.032 0.1394-0.041 0.0404-0.045
0.93 3.93 0.5834-0.020 0.4554-0.030 0.1414-0.039 0.0324-0.044
0.98 4.01 0.4814-0.019 0.5774-0.029 0.198+4-0.038 0.1574+0.049
0.99 3.77 0.561+0.014 0.682+4-0.024 0.2004-0.028 0.0784-0.039
1.04 3.22 0.556+0.023 0.7094-0.039 0.1824-0.044 0.1444-0.057
1.09 3.10 0.4944-0.058 0.779+0.102 0.2564-0.114 0.1434-0.146
1.14 3.25 0.5514+0.019 0.67740.034 0.1884-0.038 0.075-+0.048
1.19 2.67 0.6304-0.029 0.9484-0.048 0.3154-0.057 0.2424-0.068
1.25 2.95 0.62740.036 0.854+4-0.052 0.3434-0.069 0.269+0.077
1.30 2.76 0.8234-0.006 1.0104-0.009 0.487+0.011 0.04840.014
1.35 2.88 0.7114-0.040 1.0504-0.060 0.418+4-0.079 0.409+0.089
1.40 2.51 0.7654-0.030 0.895+0.043 0.4524-0.057 0.1324-0.064
1.45 2.64 0.745+0.040 1.0814-0.058 0.5824-0.077 0.408+4-0.086
1.50 2.63 0.845+4-0.018 1.10340.027 0.6144-0.035 0.3624-0.040
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TABLE I (continued)

E,
MeV)
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a(el)
(b) w1 we w3 wy
(c) Co

5.03 0.2934-0.013 0.1104-0.020 —0.0043-0.026 —0.01240.029
4.16 0.196+0.035 0.2444-0.051 0.082+40.067 0.0844-0.075
391 0.3434-0.008 0.14640.011 0.0284:0.015 0.022+0.017
4.45 0.271+0.027 0.27240.040 —0.028+0.052 0.0794-0.059
4.88 0.2784-0.020 0.2154+0.029 0.0894-0.037 —0.008+0.042
3.65 0.4004-0.023 0.3084-0.033 0.0154-0.044 0.1174:0.049
4.11 0.355+0.010 0.331+0.015 0.1234-0.020 0.0394-0.022
412 0.378+4-0.021 0.4884-0.031 0.1194-0.040 0.062+0.045
4.27 0.36040.015 0.4404-0.021 0.10740.028 0.01240.031
3.66 0.5014-0.036 0.511+40.052 0.11040.069 —0.0254-0.077
3.47 0.4064-0.018 0.5324-0.038 0.1264-0.039 —0.0534-0.042
3.47 0.320+0.016 0.72940.024 0.02740.031 0.2454-0.035
3.15 0.3514+0.018 0.6644-0.026 0.1634-0.034 0.024+0.038
3.68 0.4464-0.015 0.709-+0.027 0.2244-0.040 0.1064-0.041
2.94 0.4224-0.041 0.79340.059 0.27940.078 0.18540.087
3.36 0.440+0.027 0.8454-0.039 0.2134:0.052 0.1444-0.058
3.05 0.5824-0.021 0.74940.030 0.19640.040 0.076£0.045
3.30 0.4184-0.030 0.779+0.044 0.3334-0.058 0.1594-0.065
3.36 0.5254-0.025 0.8414+0.041 0.3634-0.054 0.178-+0.060
3.30 0.5844-0.020 0.9044-0.030 0.4034-0.039 0.1604-0.044
3.18 0.6324-0.026 1.07640.038 0.50940.049 0.27840.055
2.84 0.5624-0.017 0.940+0.025 0.4844-0.034 0.1604-0.038
2.75 0.6694-0.024 1.047+0.035 0.5294-0.046 0.25840.051
2.89 0.58040.040 1.027+4-0.059 0.49840.077 0.248+40.086
2.65 0.7624-0.016 1.1624:-0.024 0.62040.031 0.290+0.035

It is evident in Fig. 2 that the measured elastic cross
sections of Co, below an incident neutron energy of
~500 keV, vary considerably more than would be ex-
pected from the estimated error. In the case of Co, and
to a lesser extent Cu and Zn, these variations are princi-

O (el), barns

COEFFICIENT VALUES

pally due to resonance effects. At incident energies of
~500 keV, the ~20-keV energy spread of neutrons
leaving the source is not large compared to the reso-
nance widths and spacings. Thus, the values of the Co
cross section given in Fig. 2 are not a “good” average of
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Fic. 2. Differential elastic scattering cross section of Co, Cu, and Zn expressed in the form of Eq. (1).
Curves represent calculated values.
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the resonance structure. This prominence of the reso-
nance structure is evident in Fig. 3, which shows the
total cross section of Co measured from 0.35 to 0.55
MeV with resolutions of 1.0 to 1.8 keV.These total cross-
section measurements were made using pulsed beam
techniques on a flight path of 25 m. The time of transit
of the neutrons transmitted through the sample, over
this flight path, was measured to precisely determine
the neutron energy. Recent precision total cross-section
measurements with Cu show a much smaller resonance
effect!4 than in the case of Co.

Below the inelastic thresholds, the elastic cross sec-
tions given in Fig. 2 and Table I are in good agreement
with the total scattering angular distributions of
Langsdorf et al.! When the latter results are corrected
for the inelastic content, the agreement extends through-
out the measured energy range. The results of this ex-
periment are also in good agreement with those ob-
tained by a number of workers studying elastic scat-
tering at isolated incident energies and/or angles.3:5:8

Four neutron groups resulting from inelastic scat-
tering to levels in Cu at 670, 770, 960, and 1110 keV
were observed. These levels correspond to the known!®
668- and 961-keV states in Cu®® and the 770- and 1114-
keV states in Cu®. Scattering to the 670-, 770-, and
960-keV level was measured to be isotropic to within

TasLE II. Inelastic scattering from Cu, Zn, and Co.

(a) Cu
En ¢(0.67 MeV) o (0.77 MeV) a(0.96 MeV) o (1.11 MeV)
(MeV) (b) (b) (b) (b)
1.00 0.124 +0.030
1.09 0.121 +0.020
0.151 +0.020
1.10 0.139 +0.020
0.141 4-0.020 0.029 0.015
1.14 0.097 £0.020 0.040 +0.015
1.15 0.104 =0.020
1.19 0.117 £0.020 0.057 +0.015
0.167 £0.020
1.20 0.129 +-0.015
1.29 0.138 +0.015 0.090 :0.020 0.241 4-0.060
1.30 0.076 £0.020
0.136 +0.015 0.091 £0.020 0.131-+£0.050
1.35 0.136 +£0.015 0.124 -£-0.025
1.40 0.148 4-0.030 0.070£0.020 0.195 +0.040
0.13340.015 0.0714+0.020 0.200 4-0.040
0.258 +-0.030 <0.145
1.44 0.133 +0.020 0.076 £0.020 0.229 4-0.030 0.118 +-0.035
1.45 0.137 £0.025 0.141 +£0.025 0.209 4-0.030
1.50 0.138 4-0.025 0.111 40.020 0.206 £0.030
0.162 £0.025 0.121 +0.020 0.232 +0.030
0.183 +-0.025 0.120+0.020 0.300+0.035 0.2200.040
(b) Zna
o (sum of
En three levels)
(MeV) (b)
1.40 0.760 £0.150
1.45 0.690+0.100
1.50 0.760 +0.100
(c) Co
En o (1.068 MeV) o(1.190 MeV)
(MeV) (b) (b)
1.45 0.082 -+0.020
1.50 0.140£0.030 0.39040.110

a Intensity ratio 990; 1040; 1080 keV =1.72: 1.514: 1.0.

1S, A. Cox (private communication).
18 Nuclear Data Sheets (National Academy of Sciences—National
Research Council, Washington, D. C., 1960), NRC 60-5-58.
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F16. 3. Total cross section of Co from 330 to 550 keV.

~15%. Scattering to the 1110-keV level was determined
at only one angle (90 deg) and was assumed isotropic.
The measured cross sections for the excitation of these
levels are given in Fig. 4 and Table I1(a). All values refer
to the natural element. The errors shown are estimates
including uncertainties in the carbon standard cross sec-
tion, the energy dependence of the detector sensitivity,
and the statistical precision of the actual measurements.
Each measurement was independently carried out and
normalized. The results are in good agreement with the
results of recent studies!!'? of gamma-ray emissions
following inelastic neutron scattering from Cu.

The predominant isotopes of natural zinc are 64, 66,
and 68. The first excited states are at 990, 1040, and
1080 keV, respectively. Inelastic scattering to each of
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3 /ﬁé—m eters, apart from the radius which is usually taken to
S o3l 63 vary with 4 as R=7,A%+r,. A commonly used po-
o) cu tential shape is
g 0.2 961 kev n\? 1dg
£ —Vq(r)—in(r)Jrvso(—) b, @
S o M€ rdr
Z with form factors
% o2l o . r—R\ T
Sl Se _ -
2o~ a

I -7 and 3)

06 0.7 08 09 10 LI L2 1.3 1.4 1I5
NEUTRON ENERGY, Mev

F16. 4. Inelastic excitation cross sections of copper. Curves
indicate calculated values (see text).

these states was observed with the respective relative
intensities of 1.7, 1.5, and 1.0. These ratios are similar
to the relative abundance of the isotopes of the natural
element. The combined excitation of these three levels
was found to be isotropic to within ~259,. The meas-
ured inelastic cross sections for the combined excitation
of the three levels are given in Table II(b) and Fig.
5(a). In Co, the intensity of inelastic neutron groups
corresponding to the excitation of known levels at 1097
and at 1189 keV were measured. In each case the meas-
urements were made at only one angle (90 deg). The
angular distributions were assumed to be isotropic in
deriving the integrated cross sections given in Table
II(b) and Fig. 5(b).
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F16. 5. Inelastic excitation cross sections of Co (a) and Zn (b).
Curves indicate calculated values (see text).

e (2]

A good fit to s-wave neutron strength functions, total
cross sections, and elastic angular distributions (below
inelastic thresholds) was recently obtained!® by means
of the following set of parameters:

W=14MeV b=050F d=05F
V=46 MeV 7,=116F 7r,=06F
Vo= 7MeV a=0.62F. )]

The curves on Fig. 1 represent elastic scattering cross
sections and angular distribution coefficients calcu-
lated using this parameter set. Above inelastic thresh-
olds, the calculated values depend on the use of the
Hauser-Feshbach approximation.l” All calculations of
elastic cross sections and angular distributions were per-
formed by means of the ABACUS-2 computer code.18

The parameters of Eq. (4), which were chosen to give
the best over-all fit for 40< 4 <150, actually yielded re-
sults which agree very well with the present experi-
mental measurements. The largest disagreement occurs
in w;, for which the calculated values are perhaps
slightly too small. If the parameter d is increased to
0.75 F, the values obtained for w; are about 259,
larger. At the same time, w; is increased by about 159,
o(el) by 8 or 99, and w4 by 5%, while the inelastic cross
sections are decreased slightly at low energies and in-
creased slightly at high energies. The improvement in
the w; fit is considered too small to justify modification
of the general set of parameters.

16 P, A. Moldauer, Nucl. Phys. 47, 65 (1963).

17 W. Hauser and H. Feshbach, Phys. Rev. 87, 366 (1952).

18 E. H. Auerbach, Brookhaven National Laboratory Report,
BNL-6562 (revised version), 1962 (unpublished).
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Inelastic Scattering

Since the optical model does not provide a way of de-
termining the branching ratios between various decay
modes of the compound nucleus, a more specific model is
required for the discussion of inelastic scattering. A
model which is widely used is the one developed by
Hauser and Feshbach,'” according to which the cross
section for the excitation of level b is given by

Car=1822 a7 §5(TITe7 /2y To7), (5)

where a and 8 indicate the angular momenta (Z,j) for
the incident and outgoing neutrons, respectively, where
J represents the angular momentum and parity of the
compound nucleus, while >, implies a summation over
all open channels.

This expression [Eq. (5)] should, however, be multi-
plied by a width fluctuation factor'®-20 which depends on
the distribution of level widths in the compound nucleus
(a Porter-Thomas distribution?! has almost always been
assumed for the neutron widths). A more careful aver-
aging process applied to the R-matrix theory expressions
for the cross sections has led to the conclusion®-22
that the transmission coefficients 7 which occur in
Eq. (5) should, furthermore, be replaced by analogous
quantities which under circumstances which apply to
the cases considered here, have the form

§=T+2(1—¢)[1—(1—-T)"], (6)

where ¢ is a known function of the total width to spac-
ing ratio and can have values ranging from 0 to 1. When
these modifications are introduced, one finds that the
inelastic cross sections reach their largest values when
¢=0. Calculations of inelastic scattering cross sections
were carried out by means of the NEARREX computer
code?® for the Hauser-Feshbach case and with the in-
clusion of the width fluctuation correction and the
modification of Eq. (6) (using ¢=0). The optical-model
transmission coefficients were calculated by means of the
ABACUS computer code.

The inelastic scattering calculations require a knowl-
edge of the spins and parities of the initial and final
nuclear states. The Co® ground-state spin of 7/2 is
easily understood in terms of a hole in the 1f7/, proton
shell, which is filled in nickel with Z=28. Similarly, the
3/2- ground states of Cu®® and Cu® are due to the addi-
tion of a 23,2 proton to the Z=28 closed shell. The posi-
tions of the single-particle excited states in these nuclei

19 A, M. Lane and J. E. Lynn, Proc. Phys. Soc. (London) A70,
557 (1957). L. Dresner, Columbia University Report CU-175,
1957 (unpublished), p. 71.

2 P, A. Moldauer, Phys. Rev. 123, 968 (1961) ; Bull. Am. Phys.
Soc. 7, 334 (1962).

21 C, E. Porter and R. G. Thomas, Phys. Rev. 104, 483 (1956).

2P, A. Moldauer, 1963 (unpublished), and Phys. Rev.
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can be estimated by making use of the average level
spacings observed?* in this mass number region. Thus, in
cobalt, one could expect a 3/2~ state anywhere from 1.3
to 1.9 MeV and a 3/2+ state between 1.3 and 3.1 MeV.
The 1f5/2 and 2py/2 excitations in the copper isotopes
can be expected to occur near 1 and 2 MeV, respectively.

Actually the lowest states of these nuclei are usually
assumed to be due to a 2% excitation of the even-even
core?’ rather than to single-particle excitations. If pure
J-j coupling is assumed, such an excitation gives rise
to a group of levels whose center of gravity agrees with
the excitation energy of the 2+ level in the corresponding
even nucleus. Thus, the 1097-keV (5/2) and 1289-keV
(3/27) levels in Co® probably belong to such a group.
In order to agree with the 1332-keV 2+ level in Ni®,
the 1189-keV level in cobalt must have a spin value
7/2~ or 9/2~. The latter value was assumed for cal-
culational purposes. Using 7/2~ instead would tend to
reduce the cross sections for the excitation of any of the
first three levels in cobalt.

Recent experimental measurements?® on inelastically
scattered protons and on gamma rays following Cou-
lomb excitation of the copper isotopes indicate spins
1/2- for the 668- and 770-keV levels (in Cu®® and Cu®®,
respectively), 5/2~ for the 961- and 1114-keV levels
and 7/2— for the 1327- and 1482-keV levels. If these
levels are assumed to correspond to pure excited core
states,? one is faced with the absence of the expected
single particle 5/2 state. It appears,? however, that the
1/2— and 5/2~ levels contain about 309, admixtures of
the single particle pi/2 and fs/s states, as well as almost
2097, admixtures of higher core excitations.

The results of the inelastic scattering calculation for
the copper isotopes are shown in Fig. 4. For the 668-
and 961-keV levels, the cross sections according to the
Hauser-Feshbach theory are indicated by the solid
curves while the dashed curves include the width
fluctuation correction and modified transmission coef-
ficients. The agreement with the experimental data
points, although perhaps slightly better for the former,
is good for both solid and dashed curves. For the Cu%
levels, only the Hauser-Feshbach cross sections are
shown. The calculated values are on the low side for
both levels. The angular distribution of the inelastically
scattered neutrons was also calculated for the 668-keV
level. Even at a neutron energy of 1500 keV w, [see
Eq. (1)] is found to have a value of only 0.077. This
difference of 79, between the 0-deg and 90-deg cross sec-
tions is smaller than the uncertainty in the measured
values, which supports the observation of isotropy.

2 R, H. Nussbaum, Rev. Mod. Phys. 28, 423 (1956).

2% R. D. Lawson and J. L. Uretsky, Phys. Rev. 108, 1300 (1957);
A. de Shalit, 7bid. 122, 1530 (1961).
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published), p. 22; F. Perey, R. J. Silva, and G. R. Satchler, Phys.
Letters 4, 25 (1963).

27 M. Bouten and P. van Leuven, Nucl. Phys. 32, 499 (1962).
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The Hauser-Feshbach calculations for the 1097-
and 1189-keV levels in cobalt, gave the results pre-
sented by the solid curves on Fig. 5(b). The agreement is
reasonable.

The three most abundant isotopes of Zn, comprising
more than 959, of natural zinc, have 2+ excited states at
990, 1040, and 1080 keV. The combined cross sections,
for excitation of any of the three levels, are shown on
Fig. 5(a). The solid and dashed curves in this figure have
the same meaning as above. In this case the measured
cross sections strongly favor the Hauser-Feshbach
values. This result is difficult to reconcile with current
ideas about neutron width distributions. Previous in-

SMITH, ENGELBRECHT, AND REITMANN

vestigations®?2 of Zr® and Fe® have in fact indicated
the importance of the width fluctuation for even nuclei.
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Fe*(d,p)Fe® Reaction and the Nuclear Structure of Ti*, Cr’, and Fe®}
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Energy levels in Fe’® have been investigated by means of the Fe’(d,p)Fe® reaction using 7.8-MeV
deuterons from The University of Michigan 42-in. cyclotron. Twenty-eight levels were found up to 5.4 MeV
of excitation and angular distributions obtained for eighteen of them. The £, values and reduced widths
were extracted from the data by means of a distorted-wave Born-approximation analysis. An attempt is
made to understand the spectra of the 29-neutron nuclei Ti%, Cr%, and Fe® in terms of a shell-model de-
scription involving configurations of 2, 4, or 6 (1f7/2) protons and a single neutron in the 2p3/2, 2p1/2, or

1fs/2 orbit.

I. INTRODUCTION

HE nuclei Ti%, Cr%, and Fe’ form an interesting
series because each has 29 neutrons with the last
neutron and 2, 4, or 6 protons, respectively, outside of
a closed-shell core having the structure of the nucleus
Ca®8, The interest arises because the spectrum of Ca®
as observed in the (d,p) reaction appears to be a pure
single-particle spectrum with only three energy levels
below an excitation of 3.6 MeV, corresponding to the
capture of the neutron into a pure 2ps/s, 2p1/2, or 1fs5/2
orbit.! In contrast to the situation in Ca*, the spectra of
Ti%, Cr®, and Fe® are more complex, there being from
six to eight odd parity levels below 4 MeV.28
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This paper concerns the properties of energy levels
in Fe% which have been studied experimentally by
means of the Fe®*(d,p)Fe% reaction and the nuclear
structure of Ti®, Cr5%, and Fe®®.

Thin isotopically enriched targets of Fe® were bom-
barded with 7.8-MeV deuterons from The University
of Michigan 42-in. cyclotron and the outgoing protons
analyzed with an over-all resolution of 20 keV using a
double focusing magnetic spectrometer. Twenty-eight
levels were observed up to an excitation of 5.4 MeV in
Fe®, and angular distributions were obtained for
eighteen of them in the angular range 10° to 60° at 5°
intervals and at 70° and 80°. The remaining ten levels
were all of very low cross section. Excitation energies
were measured and £, values and reduced widths ex-
tracted from the data by means of a distorted-wave
analysis.

Since the low-lying levels of the even nuclei Ti¥,
Cr% and Fe® are apparently described rather well in
terms of the 2, 4, or 6 (1f72) protons outside of the
Ca® core,? it was thought that the level structure of the
odd-4 nuclei might be understood on the basis of a
simple shell-model description in which the 29th
neutron in the 2ps/2, 2p1/s, or 1f52 orbit is coupled to
the possible states of 2, 4, or 6 protons in the 1f7, shell.
The results of the shell-model calculation for Ti%, Cr%,
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