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We have studied the primary and secondaryg rays (414 in 59Ni, 390 in 60Ni, and 240 in61Ni) following
thermal-neutron capture by the stable58Ni, radioactive59Ni, and stable60Ni isotopes. Most of theseg rays have
been incorporated into the corresponding level schemes consisting of 65 levels in59Ni, 88 levels in60Ni, and
40 levels in61Ni. The measured neutron separation energies(Sn in keV) for 59Ni, 60Ni, and 61Ni are, respec-
tively, 8999.28±0.05, 11 387.73±0.05, and 7820.11±0.05. The measured thermal-neutron capture cross sec-
tions (in barns) for 58Ni, 59Ni, and 60Ni are, respectively, 4.13±0.05, 73.7±1.8, and 2.34±0.05. In all three
cases, primary electric-dipolesE1d transitions account for the bulk of the total capture cross section. We have
calculated theseE1 partial cross sections(in 59Ni and 61Ni) using direct-capture theory and models of
compound-nuclear capture. The agreement between theory and experiment is good. The experimental level
schemes have been compared with the results from a large-basis shell-model calculation. The agreement was
also found to be quite good.
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I. INTRODUCTION

In a series of papers[1–16] we have examined off-
resonance slow-neutron capture by light nuclidessAø50d
and have shown that the direct-capture mechanism as origi-
nally formulated by Lane and Lynn[17,18] and further de-
veloped in Refs.[1–3] provides a sound description of the
partial cross sections of the electric-dipolesE1d primary tran-
sitions in these nuclides. In this paper, we study the primary
and secondaryg rays following thermal-neutron capture by
58Ni, 59Ni, and60Ni. In all three cases,E1 primary transitions
account for the bulk of the total capture cross section. We
calculate theE1 partial cross sections using direct-capture
theory employing the same methods as developed in the ear-
lier papers. In particular, we use a global optical model plus
a valence correction. We find again that direct capture ac-
counts for a major fraction of the cross sections of primary
E1 transitions and that the differences between theory and
experiment can be explained by admixtures of compound-
nuclear amplitudes into the direct-capture amplitudes. The
resulting average compound-nuclear cross sections are rea-
sonably consistent with theoretical expectations.

From a variety of studies[19–83] discussed in greater
detail in later sections,,200 bound levels are known below
7.6 MeV in 59Ni, ,150 levels below 10.0 MeV in60Ni, and

,170 levels below 5.5 MeV in61Ni. In each nucleus, about
a third of all known levels are populated significantly in the
currentsthermaln,gd study. For each final nucleus, we have
provided a conspectus of bound levels and their spin and
parity sJpd assignments. We have also compared the experi-
mentally known levels in59Ni, 60Ni, and 61Ni with those
calculated with a large-basis shell-model interaction.

II. EXPERIMENTAL PROCEDURES

The sn,gd measurements were carried out with enriched
targets obtained from the research materials collection main-
tained by the Oak Ridge National Laboratory. Measurements
were also made with natural nickel. Each target was studied
in the thermal column of the internal target facility at the Los
Alamos Omega West Reactor. The target was placed in a
graphite holder, which was inside an evacuated bismuth
channel. The target position was 1.5 m from the edge of the
reactor core. At this position, the thermal-neutron flux was
,631011n cm−2 s−1 . The Los Alamos facility and the data
analysis procedures have been described in detail in Ref.[1].
Gamma-ray spectra were obtained with a 30-cm3 coaxial in-
trinsic Ge detector positioned inside a 20-cm-diameter by
30-cm-long NaI(Tl) annulus. This Ge detector was located
6.3 m from the target and was operated either in the
Compton-suppressed modes0.454 keV/channeld or in the
pair-spectrometer modes0.629 keV/channeld. The latter
mode utilizes the lengthwise optical division of the annulus
so that only double-escape peaks appear in the pulse-height
spectrum. At lower energies the two annulus halves are con-
nected together electrically to operate in the conventional
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Compton-suppressed mode. The pulse-height analyzer had
16 384 channels. In the Compton-suppressed mode, the full
width at half maximum(FWHM) values for our system were
1.5, 1.8, 2.3, and 2.9 keV, respectively, forg-ray energies of
0.5, 1.0, 2.0, and 3.0 MeV. Figure 1 shows a sample spec-
trum obtained with the59Ni target in this mode. In the pair-
spectrometer mode, the FWHM values were 2.5, 3.3, 4.0,
and 4.7 keV, respectively, forg-ray energies of 3, 5, 7, and

9 MeV. Figure 2 shows a sample spectrum obtained with the
59Ni target in the latter mode.

Energy calibrations in the pair-spectrometer mode were
performed with the promptg-ray spectrum from neutron
capture in melaminesC3H6N6d. In the Compton-suppressed
mode, the promptg ray from the1Hsn,gd reaction plus the
annihilation radiation were employed for this purpose. In
both modes, nonlinearity corrections to the measured ener-
gies were made(see Fig. 2 of Ref.[15]), using precisely
knowng rays appropriate to the range of energies of interest.
The primary calibration energies were those recommended
by Wapstra and his co-worker[84,85]: 510.999±0.001 keV
for the annihilation radiation, 2223.255±0.003 keV for theg
ray from the1Hsn,gd reaction, and 4945.302±0.003 keV for
the ground-state transition in the12Csn,gd reaction. Second-
ary calibration energies were provided by theg rays in the
14Nsn,gd reaction[15].

Intensity calibrations(see Fig. 3 of Ref.[15]) were deter-
mined in the Compton-suppressed mode with a set of stan-
dard radioisotopic sources with precalibratedg-ray intensi-
ties. The efficiency curve in the pair-spectrometer mode was
derived from the relative intensities ofg rays from the
14Nsn,gd reaction[15,86]. The effect of possible variations
in neutron flux was taken into account by normalizing the
data to the neutron fluence for each run measured with a
small fission counter located near the target position in the
thermal column. The capture cross sections reported in the
current work for58Ni and60Ni are based on measurements in
which each target was studied together with a 100.0-mg CH2
standard. The cross sections are normalized to the recom-
mended value ofsgs2200 m/sd=332.6±0.7 mb[87] for 1H
present in the standard. The59Ni capture cross section is
based on the58Ni and 60Ni capture cross sections and the
isotopic composition of the sample. The thermal-neutron flux
at the target position approximates a Maxwellian distribution
corresponding to a temperature of 350 K, for which the most
probable neutron velocity is 2400 m/s. To determine the
cross sections at 2200 m/s, we have assumed a 1/v depen-
dence of the capture cross section for1H and for all target
isotopes.

III. PRESENTATION OF RESULTS

This paper contains a large body of data on three nickel
isotopes. There are common threads among the tables pre-
sented in this paper. We discuss our overall philosophy and
methods of presentation in this section.

A. Previous measurements

Because almost all the reactions that are likely to give
useful information on the energy levels in59Ni, 60Ni, and
61Ni have already been studied—some several times—and
because of the lessened activity in conventional nuclear spec-
troscopy expected in future years, significant new informa-
tion on these levels will likely appear with greatly reduced
frequency. Thus we feel a review of the currently available
information is timely. We start with a list of references to
previous measurements. When several references are avail-

FIG. 1. Gamma-ray spectra from thermal-neutron capture by
59Ni. The Ge detector was operated in the Compton-suppression
mode. All energies are in keV.

FIG. 2. Gamma-ray spectra from thermal-neutron capture by
59Ni. The Ge detector was operated in the pair-spectrometer mode.
All energies are in keV.
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able for a given reaction, we list only those that we feel give
definitive results.

B. Known energy levels

From the list of references to previous measurements, we
select those that give information leading to a skeleton level
scheme. We specifically exclude previoussn,gd studies. The
construction of this skeleton level scheme is nontrivial be-
cause it is necessary to establish a one-to-one correspon-
dence between the levels reported in different experiments.
In this paper, we have provided critically evaluated lists of
the bound states in59Ni, 60Ni, and 61Ni and their spin and
parity sJpd assignments. Our summaries are independent of
similar summaries appearing in Refs.[88–96].

C. Observedg rays

The energies and intensities ofg rays observed in this
work from the respectivesn,gd reactions are given in sepa-
rate tables. Unplaced and multiply placedg rays are noted
and, for each placedg ray, the preferred placement is indi-
cated in the table. Alternate placements are given at the end
of the table.

D. Level schemes

The construction of a level scheme based onsn,gd data is
somewhat akin to solving a jigsaw puzzle. The problem is
rendered easier to the extent to which the energy levels and
their branching ratios are known from other experiments.
Each and every known level that could reasonably be ex-
pected to receive population in thesn,gd reaction was
checked against theg-ray data. In this paper, the level
schemes of59Ni, 60Ni, and 61Ni based on oursn,gd studies
are presented in tabular form. The level energies listed in
these tables were obtained through an overall least-squares fit
involving all placed transitions except those noted as multi-
ply placed. In deducing these level energies, nuclear recoil
was taken into account. Also presented in these tables are the
summed cross section for populating each level, the summed
cross section for deexciting each level, and the intensity im-
balance. The level scheme based on oursn,gd work is then
carried over to an earlier table for comparison with the pre-
vious bestsn,gd level scheme and with all previously known
levels.

Multiple placements ofg rays are inevitable in a complex
level scheme. In this work, we initially placedg rays in all

TABLE I. Partial list of references to previous measurements on59Ni levels. See Ref.[89] for additional references.
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possible positions in the level scheme warranted by the spin
change and agreement—within twice the energy
uncertainty—between the level energy difference and the
g-ray energy. We then either removed or retained multiple
placements, depending on the intensity balance consider-
ations for each level. Multiply placedg rays were excluded
in the overall least-squares routine used to determine the best
level energies and their uncertainties.

If a level scheme is complete and internal conversion can
be neglected, the quantitiesoIg (primary), oEgIg /Sn, and
oIg (to ground state) should all be the same within their
stated uncertainties. We have listed these quantities for all
three isotopes.

E. Previous „n ,g… measurements

For all three nickel isotopes, the current spectroscopic
data are more extensive and definitive than previoussn,gd
studies. The detection limit(for a g ray in the 0.1–10.0 MeV
region), enrichment of the sample, and sample purity were
all better than in previous measurements. This improvement,
in turn, has resulted in a significant increase in the number of
g rays identified in this work as belonging to a particular
isotope. This increasing complexity is quantified in respec-
tive tables for the three nickel isotopes. A limiting factor in
the current measurements was the presence of trace impuri-
ties in the enriched targets. In separate experiments, we have

TABLE II. Known energy levels in59Ni.
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obtained spectra under similar conditions from several com-
monly occurring elements to aid in the identification of peaks
resulting from impurities and to correct for them in case of
interference. We have also made use of existing compilations
of g rays from neutron capture by natural elements[97,98].

F. Comparison of capture data with calculations

In most, if not all, light nuclei, the direct-capture mecha-
nism accounts for the major part of the thermal-neutron cap-
ture cross section in which the primary transition is electric
dipole. In simple terms, direct capture can be described as

the transition from the orbit of a neutron being scattered by a
smooth potential field representing the target nucleus to the
single-particle component of the bound final state. Because
the major part of the integrand in the radial matrix element
lies beyond the nuclear potential radius(this part is “channel
capture”[17,18]), the direct-capture cross section to a given
final state can be calculated quite accurately if thes-wave
neutron scattering length and thep-wave single-neutron
spectroscopic factor of the final state are known. It has been
shown[1,2] that the direct-capture cross section can be con-
structed from a potential-capture amplitude calculated from

TABLE II. (Continued.)
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the real part of the scattering wave function in a global op-
tical potential model and a valence amplitude resulting from
the neutron width amplitude of one or more local resonance
levels that account for the difference between the global po-
tential scattering length and the actual thermal-neutron scat-
tering length. The direct-capture cross sections of theE1
transitions observed in the58Ni and 60Ni neutron capture
reactions have been calculated in this way; the results are
given in this paper. The direct-capture cross sections of tran-
sitions in the59Ni capture reaction cannot be estimated be-
cause there are no spectroscopic factors available from the
sd,pd reaction.

The differences between the calculated direct-capture
cross sectionssdir,g and the experimental valuessexpt,g are
attributed to the admixture of a true compound-nuclear com-
ponentsCN,g whose value is found from the formula

sexpt,g
1/2 = sCN,g

1/2 + sdir,g
1/2. s1d

The signs ofsexpt,g
1/2 and sdir,g

1/2 are unknown, of course.
This uncertainty implies that there are two possible values of
the compound-nuclear capture cross section for each transi-
tion. In many of our previous studies of capture by light
nuclei[4,11,16], the values of the measured cross section and

TABLE II. (Continued.)
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the calculated direct capture were similar, implying that di-
rect capture was the predominant component and that it
could therefore be assumed that the lower value of the pair of
compound-nuclear cross-section values was the correct one.
In capture by the nickel isotopes, it appears that the direct

and compound-nuclear amplitudes are of similar magnitude
and therefore we cannot selecta priori the correct
compound-nuclear cross section. We have therefore devised
a statistical method to extract the magnitude of the average
compound-nuclear capture cross section for each isotope. We
compare these averages with theoretical models of the cap-
ture mechanism.

Briefly, in this method, we examine certain statistical
properties of sequences ofsCN,g values drawn from the pairs
of values of all measured transitions and thus determine a
range of meansCN,g that is consistent with the Porter-
Thomas[99] distribution for individual transitions. In prin-
ciple, it is possible to do this for all possible sequences, but
since there are 226s<673106d sequences that can be formed,
for example, from the 26 primaryE1 transitions measured in
the 58Ni capture reaction, we believe that random sampling
from the pairs of values should give a sufficiently accurate
picture of the statistical properties of the sequences.

We first assume that the expectation value of the
compound-nuclear cross section for a transition with energy
«g is given by

ksCN,gl = as«gdb. s2d

The values ofa and b are to be compared with the predic-
tions of various theories. The value ofb is expected to lie
between 3(the Weisskopf model[100] and variants) and 5
(Brink-Axel model [101,102]). We use the maximum likeli-
hood method to determine the mean values ofa andb for a
given sequence(n in number) of sCN,g values (which are
labeledyi with transition energies«i). For an assumed Porter-
Thomas distribution ofsCN,g / s«gdb, the estimates ofa andb
are given by the simultaneous equations

TABLE II. (Continued.)

FIG. 3. DeviationD of the 59Ni level energies measured in the
sd,pd reaction [33] from the currentsn,gd values. Applying the
correction given by the solid line in(a) removes the systematic
differences as shown in(b). The corrected values are given in Table
II.
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a = Fo
i

yi/s«idbGY n s3d

and

ao
i

ln «i − o
i

yis«id−bln «i = 0. s4d

In practice, we assume a value forb, calculatea, and the
left-hand side of Eq.(4) which we callMb. We also calculate
the maximum likelihood estimator for thex-squared family
of statistical distributions with characterizing parametern
(known as the “number of degrees of freedom”). The Porter-
Thomas distribution is a member of this family withn=1.
The expression for this maximum likelihood estimator is

TABLE III. EnergiessEgd and intensitiessIgd of g rays from the58Nisn,gd59Ni reaction.
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Mn = Fo
i

sln yi − b ln «idGY n − ln a. s5d

The expectation value ofMn is −1.24 forn=1 with a stan-
dard deviation depending onn. For n=26s58Nid the standard
deviation is ±0.28, while that forMb is ±1.25. For n
=16s60Nid, it is ±0.34 for Mn and ±1.5 forMb. Sequences
of sCN,g values that lie within these ranges of the maximum

likelihood estimators are considered statistically acceptable
and thus give us an estimate of the mean value ofa and its
error range for a given value ofb. More detail on the appli-
cation of this method can be found in Secs. IV C and VI C.

G. Shell-model calculations of energy levels

We have carried out large-scale shell-model calculations
for the three nickel isotopes59,60,51Ni using the shell-model

TABLE III. (Continued.)
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code ANTOINE [103]. The full pf shell (orbits
0f7/2,1p3/2,0f5/2, and 1p1/2) was used as valence space with
the KB3G effective interaction[104]. Because the number of
possible levels is very large, it is necessary to limit the total
number of possible configurations using some truncation
scheme. The configurations included in the calculations are
of the typesf7/2d16−t ,sp3/2, f5/2,p1/2dn+t, wheren=3,4, and 5
for 59Ni, 60Ni, and61Ni, respectively, andt, which is either 0,

1, 2, or 3, is the additional particles excited outside thef7/2
shell.

IV. REACTION 58Ni„n ,g…

A. Skeleton level scheme of59Ni

Table I lists the variety of previous measurements that
have been carried out concerning the energy levels in59Ni.

TABLE III. (Continued.)
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Based on these measurements, we have assembled a list(see
Table II) of ,217 levels below 7.54 MeV. Eleven works
[19–21,23,31,33,35–38,41] out of the 25 listed in Table I
contain additional information leading toJp values for,90
levels. We have critically evaluated this information and our
adoptedJp values are also listed in Table II.

The58Nisd,pd59Ni study by Cosman, Paris, Sperduto, and
Enge [33] is the backbone of the skeleton level scheme.
Herein lies a problem. These authors have listed 173 levels
up to an excitation energy of 7.5 MeV. They estimate the
uncertainties in the excitation energies as “±5 keV for the
lowest states and ±10 keV for the highest excited states.”
Quite early in our attempts to construct ansn,gd level
scheme, we began to suspect that serious systematic uncer-
tainties are present in thesd,pd excitation energies. This sus-
picion arose while trying to establish the expected one-to-
one correspondence between energy levels populated
strongly by primaryg rays in thesn,gd reaction and levels
with ,n=1 angular distributions in thesd,pd reaction. The
systematic differences that exist between thesd,pd andsn,gd
level energies are illustrated in Fig. 3(a). It is then straight-
forward to apply corrections to thesd,pd energies. These
corrected values are used in Table II in constructing a cumu-
lative list of ,217 levels from a variety of experiments.
About 30% of these are populated significantly in the current
(thermaln,g) study.

B. Thermal-neutron capture g-ray data

The 58Nisn,gd reaction with thermal neutrons has been
studied previously with Ge detectors at the Pelindaba, Mc-
Master, and Grenoble reactors by Hofmeyr[27], Ishaqet al.
[28], and Harderet al. [30], respectively. The study by
Harderet al. [30] at Grenoble is the most extensive of these
three studies. The table ofg rays published in Ref.[30] is an
abridged version of a more extensive table contained in the
unpublished thesis of Harder[29]. (In the published paper,
she chose to omit the unplacedg rays and those that were
very weak and therefore questionable.) The thesis[29] was
made available to us and this report was of considerable help
in our analysis of theg-ray spectra.

The current(thermaln,g) measurements were made with
a 120.5-mg,99.93%-enriched58NiO target. The results are
given in Table III. In most measurements made at the Los
Alamos Omega West reactor, the detection limit for ag ray
in the 0.1–10.0 MeV region is typically 2–4 photons per 104

thermal-neutron captures, which is a factor of 2–5 better than
in measurements at other facilities also using Ge detectors.
(The weakestg ray that we have detected is the 7120-keV,
primary transition from the neutron-capturing state to the
696-keV, first-excited state in144Nd with an intensity of only
,3 photons per 105 captures[105], but this was a case re-
quiring special efforts.) The limitations on sensitivity arise as
a result of the Compton tails of higher energyg rays and
room background. In the case of the58Nisn,gd reaction,
however, the sensitivity was much better than usual. We have
detected nearly 50g rays with intensities smaller than one
photon per 104 captures, including teng rays below 2 MeV
with intensities less than five photons per 105 captures. There
is a reason for this apparent improvement in the sensitivity.
In the 58Nisthermaln,gd reaction, the two highest-energyg
rays at 8534 and 8999 keV account for nearly 75% of the
capture cross section of,4 b. The Compton backgrounds
from these twog rays are either eliminated by the pair-
spectrometer requirement or reduced by Compton suppres-
sion. The ability to detect otherg rays remains largely unaf-
fected except that when the sensitivity is expressed in units
of photons per 104 neutron captures, there is now an apparent
gain by a factor of,4.

The level scheme resulting from this work is presented in
Table IV. Nearly three-fourths of the observedg rays, total-
ling 414 in number, have been incorporated into this scheme
consisting of 65 bound levels. According to Harderet al.
[30], 41 levels in59Ni are populated significantly in the(ther-
mal n,g) reaction. We confirm this conclusion for all except
the levels at 3858.26 and 5994.17 keV. The 3858.26-keV
level was introduced in Ref.[30] to accommodate a primary
g ray of energy 5140.76 keV and secondaryg rays of ener-
gies 2178.63, 2980.59, and 3858.04 keV. The strongest of
the secondaryg rays at 2178.63 keV has a reported intensity
of eight photons per 104 neutron captures. The relevant por-
tion of theg-ray spectrum from 2140 to 2190 keV is shown
in Fig. 4. We do see a very weak shoulder at 2177.3 keV but
the intensity of a peak at this energy is only,6 photons per

TABLE III. (Continued.)
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TABLE IV. Level scheme of59Ni from this work in tabular form.
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TABLE IV. (Continued.)
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105 captures. Therefore, the strongest argument in favor of a
level at 3858.26 keV is invalid. The level at 5994.17 keV
was introduced in Ref.[30] to accommodate eightg rays.
Theseg rays are(i) not seen in the current more sensitive
study,(ii ) seen but remain unplaced, or(iii ) are placed else-
where in the level scheme.

In our level scheme(see Table IV), there is ansn,gd level
at 4949.16±0.05 keV corresponding to asd,pd ,,n=1 level
(see Table II) at 4948±5 keV. This level is fed by a primary
g ray of energy 4049.99±0.05 keV and deexcites by emit-
ting seveng rays (see Table III). Out of the eightg rays
connected with this level, six were observed by Harder and
listed in Table A3 of Ref.[29]. However, she carried only the
strongest two out of these six to Table VI of the published
paper[30]. Her primaryg-ray energy, 4049.94±0.07 keV, is
in excellent agreement with our value, but her secondary
g-ray energy, 4949.68±0.09 keV, is drastically different

from our value of 4949.02±0.10 keV. We have no explana-
tion for this discrepancy.

In addition to the 39 levels common to this work and the
earlier work by Harderet al. [30], 26 levels are populated

TABLE V. Increasing complexity in the study of the58Nisn,gd59Ni reaction.

FIG. 4. Selected portion of theg-ray spectrum from the
58Nisn,gd59Ni reaction with thermal neutrons. See Sec. IV B for
related discussion concerning a possibleg ray at 2178 keV.

FIG. 5. Selected portions of theg-ray spectrum from the
58Nisn,gd59Ni reaction with thermal neutrons. See Sec. IV B for
related discussion concerning theg rays at 6371.2 and 7050.1 keV
which are possible primaryE3 transitions.
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TABLE VI. Direct-capture cross sections for primary E1 transitions in the58Nisn,gd59Ni reaction. Columns 1, 2, and 3 give the energy,
Jp value, and thel =1 sd,pd, spectroscopic factor multiplied by(2J11) for the final state, respectively. Column 4 is the primary transition
energy. Column 5 is the average valency capture width and column 6 the potential-capture cross section, both calculated using a global
optical potential(see Eqs.(4)–(7) of Ref. [3]). The entries in column 5 do not include the spin-coupling factor and the spectroscopic factor;
those in column 6 do. Column 7 is the calculated cross section using the global plus valence(G1V) procedure[11]. The measured cross
sections are given in column 8. Column 9 gives the hypothesized compound-nuclear contributions deduced from the differences between

column 7 and column 8 via Eq.(8) of Ref. [3]. In the table subheading a(X) refers to the experimental scattering length, while a(G) andḠn
0/D

refer to the scattering length and the neutron strength function, respectively, both calculated using the global optical potential.
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significantly in the58Nisthermaln,gd reaction, bringing the
total to 65 levels(see Table V). Of these, 60 levels corre-
spond well with known levels in59Ni. The remaining five
levels (at 3540.05, 4352.45, 5702.11, 6101.73, and
7270.54 keV) are common to both this work and Ref.[30].

The Jp assignments for the levels populated in the
58Nisthermaln,gd reaction were initially assumed to be the
same as the known assignments(see Table II). In Table IV,
we have further narrowed theJp choices for the levels at
3686, 3730, 4140, 4715, 4783, and 5385 keV by considering
the decay properties of these levels. For common levels, our
branching ratios are in reasonable agreement with those re-
ported in the58Nis3He,2pgd [23], 59Cosp,ngd [25,26], and
58Nisn,gd [30] reactions. For the 1680-keV level, our
branching ratios agree withsp,ngd and not withs3He,2pgd;
the reverse holds true for the 2627-keV level.

In the sn,gd reaction, the observed primaryg rays (those
originating from the capturing state) are predominantlyE1 or
M1. Of these two, primaryE1 transitions are generally stron-
ger than primaryM1 transitions. PrimaryE2 transitions are
extremely rare in thesn,gd reaction[106–109]. In 59Ni, we
observed a weak primaryE2 transition with an intensity of

,6 photons per 104 captures to the known52
+ state[36,37] at

4494 keV. (There are no other definite52
+ states known in

this nucleus.) PrimaryM2 transitions are rarer than primary
E2 transitions and only one viable candidate(in 20F) has
been reported[14] till date. In this work, we sought but did
not observe primaryM2 transitions to the known52

− levels at
339, 1189, and 1680 keV.

As shown in Fig. 5, we have detected very weak peaks at
6371.2 and 7050.1 keV with intensities of,13 and ,10
photons per 105 captures, respectively. The energies of these
g rays and the purity of the58Ni target virtually guarantee
that theseg rays do not originate from an impurity[97]. The
most logical placements for theseg rays are between the
capturing statesJp= 1

2
+d and the levels at 2627 and 1948 keV,

respectively. These two levels have definiteJp= 7
2

− assign-
ments from spolarizedp,dd measurements[41]. If these
placements and theJp assignments are correct, theseg rays
would represent the first examples of primaryE3 transitions
in the sn,gd reaction. According to the Weisskopf estimates,
anE3 transition of energy,6.7 MeV should be weaker than
anE1 transition of similar energy by a factor of,107. How-
ever, it is known that the strengths of the(primary) E1 tran-
sitions are themselves reduced by a factor of,103 as a result
of the drawing away of theE1 strength by the giant dipole
resonance. The net result is that the weakness factor is only
,104 instead of 107 and the current measurement is sensitive
enough to detect such weak transitions.

The neutron separation energy determined in this work is
Sns60Nid=8999.28±0.05 keV, where the uncertainty includes
the uncertainties in the primary calibration energies and in
the nonlinearity curve. The value obtained by Harderet al.
[30], Sn=8999.15±0.23 keV, is consistent with our value,
but the value obtained by Ishaqet al. [28], Sn
=8999.91±0.20 keV, is not. Harderet al. [30] have pointed
out that the uncertainty in the latter value is probably under-
estimated.

C. Capture cross sections of58Ni

The measured valuesoIg sprimaryd=4.110±0.050 b,
oEgIg /Sn=4.145±0.020 b, and oIg sto ground stated
=4.130±0.030 b agree within their stated uncertainties. Our
recommended cross-section value of 4.13±0.05 b for the
58Nisn,gd reaction is significantly more precise than the cur-
rently accepted value of 4.6±0.4 b[110].

Strictly speaking, the three measured values for
oIg sprimaryd, oEgIg /Sn, and oIg sto ground stated are
lower limits because we cannot claim that we have either
detected all possibleg rays from the58Nisn,gd reaction or
placed allg rays correctly in the level scheme. The total
intensity of the observed but unplacedg rays is,1.9%. We
estimate that any systematic uncertainty in our measured
cross-section values is unlikely to exceed,2%. This uncer-
tainty is not included in our recommended cross-section
value.

The lowests-wave resonance in the neutron cross section
is at 15.35 keV neutron energy. From its resonance param-

FIG. 6. Comparison between the shell-model predictions and the
experimental level scheme of59Ni. The levels are labeled by 2Jp on
the left and by level energies(in keV) on the right.
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eters, we compute that its contribution to the thermal capture
cross section is about 0.4 b. Resonances at higher neutron
energy contribute less than 0.04 b. Most of the capture cross
sections<3.7 bd can therefore be attributed to one or more
bound levels. The large thermal-neutron scattering length
aJ=1/2=14.2 fm indicates that the most important bound level
either lies very close to the neutron separation energy or has
a very large reduced neutron width. If we assume that only
one level affects the scattering length, we can obtain an es-
timate for its ratio of reduced width to binding energy; it is
about 2. From the capture cross section that we estimate as
arising from the bound levels<3.7 bd, we can then obtain
the ratio of its radiation width to binding energy; this is about
2.2310−4. The measured radiation widths of thes-wave neu-
tron resonances range from about 1 eV to 3 eV. We conclude
therefore that the energy of the first bound level is about
−10 keV.

The cross sections for the individual primaryE1 transi-
tions are given in Table VI along with theirg-ray energies
andsd,pd spectroscopic factors of the final states. From these
and the thermal-neutron scattering length, the direct-capture

cross sections are calculated. These are also presented in
Table VI. In general, there are significant differences be-
tween the direct-capture cross section and the experimental
value. These differences are attributed to the admixture of
compound-nuclear capture resulting from the nearest reso-
nance levels(bound and unbound). The two possible magni-
tudes of the compound-nuclear cross section, extracted using
Eq. (1), for each transition are listed in the final column of
Table VI.

The method for determining combinations of these
compound-nuclear cross sections is described in Sec. III F.
Before applying this method to the58Ni data, we note that
the higher value for the ground-state transition seems to be
excessively large compared with nearly all other values.
Quantitatively this conclusion is confirmed by our findings
that this value, combined with the lower values for all other
transitions, givesMn=−3.2, Mb=6.9 for b=3 and Mn
=−2.2, Mb=5.6 for b=5. If the value for the ground-state
transition is fixed at the higher of the two possible values and
the values for the rest of the transitions are chosen randomly,
we find that, for b=3, none of the randomly chosen se-
quences have an acceptable value ofMn (in the range −1.52

TABLE VII. Partial list of references to previous measurements on60Ni levels. See Ref.[93] for additional references.
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to −0.96) and Mb (in the range −1.25 to +1.25). For b=4
about 1% have acceptableMn andMb values. Forb=5, 29%
have acceptable values of bothMn andMb. The value ofa
in this acceptable range iss3.5±1.4d310−5 b MeV−5. This
result is to be compared with the result from Lone’s formula
[111] from the Brink-Axel photonuclear model[101,102] for
the neutron capture mechanism which would give for this
bound level (and the observed averages-wave resonance
spacing of <20 keV) a value of a=10−4 b MeV−5. Con-
versely, if we fix the compound-nuclear cross section of the
ground-state transition at the lower of the two possible val-
ues, we find that 30% of sequences are statistically accept-
able forb=3 with a=s4.3±0.8d310−4 b MeV−3; about 40%
satisfyb=4 with a=s1.1±0.3d310−4 b MeV−4; and 22% are

acceptable forb=5, giving a=s2.0±0.5d310−5 b MeV−5.
Brink’s theory(unadapted by Axel) [101] for the radiation

width gives b=4, a=7310−5 b MeV−4. Cameron’s semi-
empirical estimate[112] for the radiation width givesb=3,
a=1.7310−4 b MeV−4. The Weisskopf model[100] gives
b=3, a=10−3 b MeV−4 while a generalized valence model
assessment[113] givesb=3, a=6310−4 b MeV−4. All these
theoretical estimates have at least a ±50% uncertainty, be-
cause of the uncertainty in the energy of the bound state,
placing all, except possibly the Brink-Axel-Lone[111] and
Cameron models[112], into agreement with the data. It is
clear that the differences between the calculated direct-
capture cross sections and the experimental data may be fully
attributed to the admixture of a compound-nuclear mecha-

TABLE VIII. Known energy levels in60Ni.
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nism, but the present results cannot distinguish between a
photonuclear giant resonance model and a Weisskopf-type
model for that mechanism.

D. Shell-model calculations of59Ni levels

The calculated spectrum is compared with experiment in
Fig. 6. There is good agreement between theory and experi-
ment for the first ten states. It is pleasing that the two gaps at
465–878 keV and 1948–2349 keV, where no level is found
experimentally, are reproduced by the theoretical spectrum.

However, the doublet of92
− states at 1739 and 1767 keV

[19,21] is not reproduced by our calculations.

V. REACTION 59Ni„n ,g…

A. Skeleton level scheme of60Ni

In Table VII we have listed the previous measurements
that have been carried out concerning the energy levels in
60Ni. From this list, we considered a subset of measurements
and results given in Refs.[46,50,52,54,58,64,68,69] which
led to the skeleton level scheme of 136 levels given under
columns 1 and 5 in Table VIII. The backbone of this scheme

TABLE VIII. (Continued.)
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is the Aldermaston spectrographsp,p8d measurements made
by Tee and Aspinall[64]. These authors quote ±7 keV for
the energies of levels below 5 MeV and ±10 keV above.
More significantly, unlike in the59Ni case, we found no sys-
tematic errors in the level energies quoted by Tee and Aspi-
nall [64].

TheJp assignments for60Ni levels arise from a variety of
measurements. A convenient way to trace the evolution of
these assignments is to follow the reasonings presented in
Ref. [90].

B. Thermal-neutron capture g-ray data

The enriched59Ni material used in this work was prepared
about three decades ago. Five grams of 99.9% enriched58Ni
were irradiated with neutrons for over 1 yr as part of the
Savannah River High Flux Demonstration[114]. After return
to Oak Ridge National Laboratory(ORNL), the target mate-
rial, which had originally been loaded in 12 aluminum cans,
was stored to allow short-lived activities to decay. Early in
1971, the nickel target material was reclaimed, and a chemi-
cal separation using anion-exchange techniques was made to
remove the60Co impurity. After further chemical treatment
(hydroxide precipitation, electrolysis, etc.) to remove other
minor radioactivities, the nickel sample was recovered as
NiO and loaned to Knolls Atomic Power Laboratory(KAPL)
for a preliminary cross-section measurement. The59Ni con-
tent at this point was 4.3%. Upon return from KAPL, the
4.16-g nickel sample was again chemically processed, con-
verted to low-fired oxides600°Cd, and used as charge mate-
rial by passing carbon tetrachloride over the oxide positioned
directly in the ion source. The technique of introducing

NiCl2 into the ionization region by chlorination with carbon
tetrachloride was established on an experimental basis using
normal nickel oxide. The isotopic separation, which was per-
formed in a calutron outside the contained area, resulted in a
recovery of 30 mg of nickel that was assayed to be 95.35%
59Ni. A portion of this materials7.0 mgd was available for
our measurements. Subsequently, we diluted the sample with
natural nickel such that the59Ni enrichment dropped to
s44.3±0.4d%. We used 6.9 mg of the diluted material in a
second set of measurements. Sample spectra obtained with
the 7.0-mg metal sample of 95.35% enriched59Ni are shown
in Figs. 1 and 2.

The energies and intensities of 390g rays assigned to
60Ni are given in Table IX. The 11 386.5-keV transition from
the capturing state to the ground state is exceptionally strong
(,30% of all captures). Since the early 1970s, the Negev
group has been using this transition for photon scattering
studies[115,116]. Because the ground state of59Ni has Jp

= 3
2

−, thermal-neutron capture leads to a 1− or 2− capturing
state. The strength of the 11 386.5-keV transition to the 0+

ground state of60Ni indicates that the capturing state is pre-
dominantly a 1− state. The nearest neutron resonance at
203 eV is known to be a 1− resonance[117] and thermal-
neutron capture in59Ni is believed to result primarily from
the tail of this resonance. Even though there are no known 2−

neutron resonances below 5 keV, there is some indication
that the capturing state is partly 2− from the presence of a
primary transition to the 3186.1-keV, 3+ state, which is prob-
ably anE1 and not anM2 transition.

The level scheme resulting from this work is presented in
Table X. Of the 132 known levels below 6.9 MeV, 59 levels
are populated significantly in thesn,gd reaction. The two

TABLE VIII. (Continued.)
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TABLE IX. EnergiessEgd and intensitiessIgd of g rays from the59Nisn,gd60Ni reaction.
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levels at 5446.99 and 5967.8 keV and the 27 levels above
6.9 MeV (see Table X) should be viewed with caution, based
as they are only on energy fits and not on coincidence data or
corroboration in another reaction experiment. Theg-ray
branching ratios determined in this work are reasonably con-
sistent with those adopted in Ref.[93].

The neutron separation energy determined in this work is
Sns60Nid=11 387.73±0.05 keV. The value obtained by Wil-
sonet al. [59], Sn=11 387.5±0.7 keV, is consistent with our
more accurate value.

The improved sensitivity of the current measurement has
resulted in a significant increase(see Table XI) in both the

TABLE X. Level scheme of60Ni from this work in tabular form.
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number of detectedg rays and the number of bound states
found to be populated in thesn,gd reaction.

C. Thermal-neutron cross sections for59Ni

In 1970, Weitman, Dåverhög, and Farvolden[118] re-
ported an anomalously large production of helium gas in

nickel samples irradiated with neutrons. Nickel is a constitu-
ent of reactor construction materials such as stainless steel.
Excessive helium production can cause swelling and em-
brittlement which, in turn, can limit the useful lifetimes of
structures. In a reactor, neutrons are captured by58Ni to pro-
duce59Ni. It is now well established that the59Nisn,ad re-
action is a major factor in the helium production. Because of

TABLE X. (Continued.)
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TABLE XI. Increasing complexity in the study of the59Nisn,gd60Ni.

TABLE XII. Thermal-neutron cross sections(in b) for 59Ni. In our notation, 705[7065, 73.718[73.761.8, etc.

TABLE X. (Continued.)
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their relevance to power reactors, the thermal-neutron cross
sections for59Ni have been measured at several laboratories
[119–125]. The results are summarized in Table XII. There is
general agreement concerning the magnitudes of thesn,pd,
sn,ad, and absorption cross sections for59Ni (see Table XII)
but definitive values are not known at this time and require
additional experiments.

The sn,gd cross-section value of 70±5 b reported in Ref.
[123] was based ong-ray spectrum measurements using a
NaI detector and a 7.0-mg nickel-metal target enriched to
95.35% in59Ni [120,123]. The cross section in this case was
normalized to the value ofsgs2200 m/sd=332.6±0.7 mb
[87] for 1H present in a 97-mg, CH2 standard. The current
cross-section value of 73.7±1.8 b is based ong-ray spec-
trum measurements using a Ge detector and a 6.9-mg nickel-
metal target enriched tos44.3±0.4d% in 59Ni. The current
value agrees with the previous value, but is more accurate.
The normalization in the current case was provided by the
known value of s37.9±0.4d% for the 58Ni content in the
sample and the value ofsgs2200 m/sd=4.13±0.05 b for the
58Nisn,gd reaction as determined in this work earlier. The
60Ni content [s14.5±0.3d% of the sample] and
sgs2200 m/sd=2.34±0.05 b for the60Nisn,gd reaction(also
determined in this work) provided a cross check of the nor-
malization. The quoted uncertainty of 1.8 b in the59Ni cross
section includes contributions from all sources including the
normalization.

The measured values oIg sprimaryd=64.2±0.9 b,
oEgIg /Sn=69.9±9.9 b, and oIg sto ground stated
=73.7±1.2 b do not agree mainly because we have not de-
tected all primaryg rays. In such cases, it is customary to
adopt oIg (to ground state) as the recommended cross-
section value. The 1332.54-keV transition from the first-
excited state to the ground state and the 11 386.50-keV tran-
sition from the capturing state to the ground state together
account for,90% of this cross section. Holden[110] does
not explicitly recommend a value for the capture cross sec-
tion, but the absorption,sn,ad, and sn,gd cross sections
listed by him imply a capture cross section of 76±5 b.

Within the direct-capture theory, the two crucial quantities
entering the calculation of a partial cross section for a par-
ticular g ray are the final-statesd,pd spectroscopic strength
and the(normally spin-dependent) neutron scattering length.
Because these quantities are unknown for a59Ni target, we
have not calculated the partial cross sections given by theory.

D. Shell-model calculations of60Ni levels

The calculated spectrum is compared with experiment in
Fig. 7. There is a one-to-one correspondence between experi-
ment and theory for the first ten excited states. The theoret-
ical spectrum is compressed in energy compared to the ex-
perimental spectrum.

VI. REACTION 60Ni„n ,g…

A. Skeleton level scheme of61Ni

In Table XIII, we have listed the previous measurements
that have been carried out concerning the energy levels in

61Ni. Based on these measurements, we have assembled a list
(see Table XIV) of ,168 levels below 5.5 MeV. The back-
bone of this level scheme is the60Nisd,pd61Ni study by Cos-
manet al. [78]. Just as in the59Ni case, it was necessary to
apply a substantial correction(as large as −12 keV in the
3.2–4.0 keV region and smaller corrections elsewhere) to
the level energies reported by Cosmanet al. [78].

Nine works [69,72–74,76–79,83] out of the 20 listed in
Table XIII contain information leading to theJp assignments
given in Table XIV for about half of all known levels below
5.5 MeV.

FIG. 7. Comparison between the shell-model predictions and the
experimental level scheme of60Ni. The levels are labeled byJp on
the left and by level energies(in keV) on the right.
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B. Thermal-neutron capture g-ray data

The 60Nisn,gd reaction with thermal neutrons has been
studied previously with Ge detectors at the McMaster and
Grenoble reactors by Ishaqet al. [28] and Harderet al. [30],
respectively. The study by Harderet al. [30] at Grenoble is
the more extensive of these two studies. These authors claim
to have observed 312g rays from the60Nisn,gd reaction, but
the published paper lists only 143g rays. The unavailability
of the complete list has hampered our efforts to fully resolve
the differences between our data and the Grenoble data.

The current(thermaln,g) measurements were made with
a 200.1-mg, 99.83%-enriched60NiO target. The results are
given in Table XV. The level scheme resulting from this
work is presented in Table XVI. Nearly three-fourths of the
observedg rays, totaling 240 in number, have been incorpo-
rated into this scheme consisting of 40 bound levels.

Gamma rays of energies 3089.7, 3898.5, 6429.5, and
6752.0 keV, reported by Ishaqet al. [28], were not observed
either by Harderet al. [30] or by us. Similarly, the levels at
3590.63, 3968.49, 4290.92, and 4405.16 keV, proposed by
Ishaqet al. [28], remain unconfirmed by both latter studies.

According to Harderet al. [30], 31 levels in 61Ni are
populated significantly in the(thermal n,g) reaction. We
confirm this conclusion for all levels except those at 4713,
4886, 4963, and 5112 keV. Harderet al. [30] list 20 g rays
associated with these four levels. We have observed only
seven of theseg rays. We have placed four of the observedg
rays elsewhere in the level scheme and kept the remaining
three as unplaced. In addition, we conclude that the pub-

lished data of Harderet al. [30] contain a larger fraction of
spuriousg rays in61Nis,23%d than in59Nis,16%d.

In addition to the 27 levels common to this work and the
earlier work by Harderet al. [30], we propose that 13 more
levels are populated significantly in the60Nisn,gd reaction,
bringing the total to 40 levels(see Table XVII). Of these, all
levels except those at 3144.98, 4793.12, and 5036.24 keV
correspond well with the known levels in61Ni.

The neutron separation energy determined in this work is
Sns61Nid=7820.11±0.05 keV. The values 7820.14±0.20 and
7820.07±0.20 obtained by Ishaqet al. [28] and Harderet al.
[30], respectively, are consistent with our more accurate
value.

C. Capture cross sections for60Ni

The measured valuesoIg sprimaryd=2.308±0.018 b,
oEgIg /Sn=2.330±0.020 b, and oIg sto ground stated
=2.390±0.030 b agree reasonably well. Our recommended
cross-section value of 2.34±0.05 b for the60Nisn,gd reac-
tion is significantly more precise than the currently accepted
value of 2.9±0.3 b[110]. The total intensity of the observed
but unplaced transitions is,0.03 b. The 2.1% uncertainty
quoted for the recommended cross-section value does not
include a systematic uncertainty of similar magnitude caused
by unplaced and missing transitions.

Unlike 58Ni, the thermal-neutron capture cross section of
60Ni is mostly due to the first resonance in the cross section
at 12.5 keV. From its resonance parameters, we compute that

TABLE XIII. Partial list of references to previous measurements on61Ni levels. See Ref.[96] for additional references.
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TABLE XIV. Known energy levels in61Ni.
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TABLE XV. EnergiessEgd and intensitiessIgd of g rays from the60Nisn,gd61Ni reaction.
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its contribution to the thermal-neutron capture cross section
is about 2.1 b. Resonances at higher neutron energy contrib-
ute less than 0.05 b, leaving a bound level contribution of
perhaps 0.25 b. The small thermal-neutron scattering length
aJ=1/2=2.8 fm is consistent with the dominance of the first
resonance.

The cross sections for the individual primaryE1 transi-
tions are given in Table XVIII along with theirg ray energies
andsd,pd spectroscopic factors of the final states. From these
and the thermal-neutron scattering length, the direct-capture
cross sections are calculated. These are also presented in
Table XVIII. As with 58Ni capture, there are significant dif-

ferences between the direct-capture cross section and the ex-
perimental value. Again, these differences are attributed to
the admixture of compound-nuclear capture resulting from
the nearest resonance levels. The two possible magnitudes of
the compound-nuclear cross section, extracted using Eq.(1),
for each transition are listed in the final column of Table
XVIII.

The statistical method of Sec. III F is applied to these
results. The results are summarized in Table XIX and com-
pared with the model estimates, which are more precise than
in the 58Ni case because the energy of the resonance level is
known. Again, it is clear that the differences between the

TABLE XVI. Level scheme of61Ni from this work in tabular form.
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theoretical direct-capture cross sections and the experimental
values are consistent with one or more of the standard mod-
els of the compound-nuclear mechanism.

D. Capture cross section of natural nickel

Combining the capture cross sections for58Ni and 60Ni
measured in this work with literature values[110], we obtain
the following set(isotope, natural abundance in at. %, cap-
ture cross section): 58Ni, 68.077±0.009, 4.13±0.05 b,60Ni,
26.223±0.008, 2.34±0.05 b,61Ni, 1.140±0.001, 2.5±0.5 b,
62Ni, 3.634±0.002, 15±1 b, and64Ni, 0.926±0.001,
1.6±0.1 b. The resulting capture cross section for natural
nickel, 4.01±0.06 b, is lower and more precise than the
value 4.6±0.4 b calculated by Holden[110] from previous
literature values.

E. Shell-model calculations of61Ni levels

The calculated spectrum is compared with experiment in
Fig. 8. There is a one-to-one correspondence between experi-

ment and theory for the first 18 states. The doublet of9
2

−

states at 1807 and 1988 keV[73,76] is nicely reproduced(at
1847 and 1961 keV) by our calculations.

VII. SUMMARY

We have studied the energy levels of59Ni, 60Ni, and 61Ni
via thesn,gd reaction with thermal neutrons. Approximately
a third of the known number of levels in these nuclei below
the respective neutron separation energies are populated
measurably in this reaction. For these levels, we have deter-
mined accurate level energies and, whenever possible, good
branching ratios. We have applied the direct-capture theory
and current models of compound-nuclear capture to satisfac-
torily reproduce the partial cross sections of the strong pri-
mary E1 transitions. The low-lying portions of the level
schemes have been compared with shell-model predictions.
The overall agreement is good.

TABLE XVII. Increasing complexity in the study of the60Nisn,gd61Ni reaction.

TABLE XVI. (Continued.)
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TABLE XVIII. Direct-capture cross sections for primaryE1 transitions in the60Nisn,gd61Ni reaction. Columns 1, 2, and 3 give the
energy,Jp value, and thel =1sd,pd spectroscopic factor multiplied bys2J+1d for the final state, respectively. Column 4 is the primary
transition energy. Column 5 is the average valency capture width and column 6 the potential-capture cross section, both calculated using a
global optical properties(see Eqs.(4)–(7) of Ref. [3]). The entries in column 5 do not include the spin-coupling factor and the spectroscopic
factor; those in column 6 do. Column 7 is the calculated cross section using the global plus valencesG+Vd procedure. The measured cross
sections are given in column 8. Column 9 gives the hypothesized compound-nuclear contributions deduced from the differences between
column 7 and column 8 via Eq.(8) of Ref. [3]. In the table subheading,asXd refers to the experimental scattering length, whileasGd and

Ḡn
0/D refer to the scattering length and the neutron strength function, respectively, both calculated using the global optical potential.

TABLE XIX. Average compound-nuclear cross sections forE1 transitions in the60Nisn,gd61Ni reaction and comparison with model
predictions. See discussion in Sec. III F. The quantitya is in units ofb·MeV−b. Model 1 is Cameron’s semi-empirical result[112]. Model
2 is the Weisskopf single-particle model[100]. Model 3 is the generalized valence model[113]. Model 4 is Brink’s version of the
photonuclear giant-dipole resonance model[101]. Model 5 is Brink-Axel-Lone model[111].
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