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ABSTRACT 

High-resolution neutron measurements for 58Ni-enriched targets were made at 
the Oak Ridge Electron Linear Accelerator (ORELA) from 100 eV to %20 MeV 
in transmission, from 10 keV to 5 MeV in differential elastic scattering, and from 
2.5 keV to 5 MeV in capture. The transmission data were analyzed from 10 to 
813 keV with the multilevel R-matrix code SAMMY which uses Bayes' theorem 
for the fitting process. This code provides energies and neutron widths of the 
resonances inside the 10- to 813-keV region as well as a possible parameterization 
for resonances external to that region to describe the smooth cross section from 10 
to 813 keV. The differential elastic data at different scattering angles were compared 
to theoretical calculations from 30 to 813 keV using an R-matrix code based on the 
Blatt-Biedenharn formalism. Various combinations of spin and parity were tried to 
predict cross sections for the well defined l > 0 resonances, and comparison with 
the data then provided spin and parity assignments for most of these resonances. 
The capture data were analyzed from 5 to 450 keV with a least-squares fitting code 
using the Breit-Wigner formula. In this energy region 30% more resonances were 
observed in the capture data than in the transmission data. 

From 5 to 813 keV, 477 resonances are reported. The reduced widths of the 62 
s-wave resonances follow the Porter-Thomas distribution and their nearest neighbor 
spacings agree with the Wigner distribution. The average s-wave level spacing is 
equal to 13.6 f 0.5 keV and the s-wave strength function to (3.1 f 0.6) x 
The staircase plot of the s-wave reduced level widths and the plot of the Lorentz- 
weighted strength function show only a slight possibility of doorway states. The 
level densities calculated with the Fermi-gas model for l = 0 and l > 0 resonances 
are compared with the cumulative number of observed resonances. The average 
radiation widths were deduced from resonances analyzed in the three data sets 
below 450 keV. The mean values of the distributions of the radiation widths are 
equal to 2.3 eV for the s-wave resonances, 0.77 eV for the pwave resonances, and 
1.3 eV for the d-wave resonances and the standard deviations are 1.7 eV, 0.33 eV, 
and 0.5 eV respectively. The correlation coefficient between the s-wave reduced 
neutron widths and radiation widths is equal to 0.66 f 0.11. The average capture 
cross section as a function of the neutron incident energy is compared to prediction 
based on the tail of the giant electric dipole resonance. 

vii 





1. INTRODUCTION 

The cross sections of structural materials in the iron region are important in 
reactor applications because of the stainless steels that are used. The ENDFIB-V 
evaluation (DIV79) of the nickel resonance parameters is based on measurements 
taken prior to 1971 and is identical to ENDB/B-IV and ENDF/B-III'versions. 

High-resolution neutron measurements were performed at ORELA in the reso- 
nance region. In previous publications (PER82, PER83) the resonance parameters 
obtained from the simultaneous analyses of the transmission and capture data for 
60Ni were reported. In the present work, in addition to the transmission and cap- 
ture, the differential elastic scattering was also measured for 58Ni and the three 
types of data were analyzed simultaneously. 

The parameters given in this publication supersede the preliminary results re- 
ported earlier (PER77, PER85). The analysis, up to 650 keV, of the transmission 
data taken at the 78-m flight path (PER85) had been done with a single channel 
radius of 6.5 f. The data above 180 keV were properly fitted only if an extra energy 
dependent background correction (in addition to the usual corrections) was applied 
to the data. Since such a background correction was not previously observed in 
ORELA transmission measurements we decided to repeat the measurements but 
with a 200-m flight path rather than with one of 78 m. These new data, which 
have much improved resolution (see Fig. I), are in complete agreement with the 
earlier data. The difficulties encountered in the previous analysis (PER85), i.e., the 
need to introduce an arbitrary background correction, can be removed by using a 
different channel radius for the pwave channel than for the s- and d-wave channels. 

The experimental procedures used in each of the three measurements are de- 
scribed in Sect. 2 with discussions of the various background and deadtime correc- 
tions. In Sect. 3 the analysis methods are given in detail. 

The results of the analysis are presented in Sect. 4 and compared with previous 
works in Sect. 5. The results and the behavior of the average resonance parameters 
are discussed in Sect. 6. 
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Fig. 1. The effective Gaussian resolution (FWHM) is shown as a function of the 
neutron incident energy for the five experimental configurations in the regions where 
the data were analyzed. 



2. DATA ACQUISITION AND DATA PROCESSING 

2.1 TRANSMISSION MEASUREMENTS 

2.1.1 Data Acquisition 

The transmission measurements were made by the time-of-flight technique using 
neutron pulses from the ORELA water-moderated tantalum target. Collimators 
were utilized to focus primarily on moderated or unmoderated neutrons from the 
target, depending on the measurement. Two measurements were made with a 
78.217 rt 0.004 m flight path with two different neutron detectors using only water- 
moderated neutrons. The transmission measurement with a 201.578k0.005 m Aight 
path used mainly unmoderated neutrons produced in the tantalum target. 

The measurements with moderated neutrons using a 78-m flight distance were 
made on two samples weighing 49.98 and 4.997 grams with thicknesses of 0.0764 
and 0.00770 atoms/b of nickel enriched to 99.93% in 58Ni. 

For the energy region from 100 eV to 200 keV, transmission data were acquired 
using a 1.3-cm-thick, 11-cm-diameter, 6Li glass scintillator mounted on a RCA 4522 
photomultiplier tube. The electron beam burst was 40 ns wide, producing a beam 
power on the target of 50 kW at 800 Hz. At low energies, the energy resolution is 
determined by the moderator and by the detector thickness while at high energies 
the 40-ns burst width determines the resolution. The moderation length is less 
than 25 mm (COC83) for neutrons below 30 keV. Two filters were inserted in the 
beam at 5 m: a 1-g/cm2 I0B filter ( l / e  transmission at approximately 1 keV) to 
eliminate low-energy neutrons due to preceding bursts, and a 0.6-cm-thick lead 
filter to reduce the gamma flash intensity. Transmission data from 4 to 1500 keV 
were obtained using a 2-cm-thick, 7.8cm-diameter NE- 110 proton recoil scintillator 
mounted on a RCA 4522 photomultiplier. The electron beam burst was 4 ns wide, 
producing a beam power of 8 kW at 1000 Hz. The energy resolution obtained with 
this NE-110 scintillator was determined by the moderation time at lower energies 
and the 4-ns burst width at higher energies. Two filters were again inserted in the 
neutron beam at 5 m; a 1-g/cm2 1°B filter and a 0.6-cm-thick 238U filter. For these 
transmission measurements, the detectors were gated off during the gamma flash 
and the succeeding a 5  ps to eliminate possible extraneous events due to phototube 
afterpulsing. 

The 200-m transmission measurement was made with an ''effective" sample 
enrichment of 99.99% 58Ni achieved by the use of a 0.005-cm-thick foil of natural 
nickel in the open beam to compensate for the 60Ni in the 52.40 grams of nickel 
enriched to 99.93% in 58Ni; the sample thickness was 0.172 atoms/b. A 2.5-cm-thick, 
5.2 x 8.9 cm NE-110 scintillator mounted between two RCA 8854 photomultipliers 
was used as the neutron detector. The neutron beam was collimated to pass only 
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through the scintillator. The electron beam burst was 5-ns wide producing a beam 
power of 6 kW at 800 Hz. The measurements covered the energy region from 100 
keV to 20 MeV. The energy resolution in percent was determined mainly by the 
burst width and is given approximately by 0.07 [E(M~v)]'/~. Two filters were 
inserted in the beam at 5 m: a 0.3-g/cm2 lDB filter to reduce overlap neutrons and 
4.4 cm of uranium to reduce the intensity of gamma rays from the tantalum target. 

Data were acquired using an EG&G time digitizer and stored in one of the 
ORELA Data Acquisition Computers (BET69). 

2.1.2 Data Reduction 

The data were first corrected for the deadtime (1104 ns) of the digitizer and 
then corrected for the backgrounds. 

For the 78-m transmission data taken with the 6Li glass detector the maximum 
deadtime corrections were 15% with the open beam, 10% with the thick (0.0764 
atomsib) sample in and 14% with the thin (0.00770 atoms/b) sample in. With 
the NE110 detector these corrections were 23% with the open beam, 18% with the 
thick sample in and 22% with the thin sample in. For the 200-m data the maximum 
deadtime corrections were 10% with the open beam and 6% with the sample in. 

During the transmission measurements using water-moderated neutrons, three 
sources of backgrounds were monitored: (1) a background arising from 2.2-MeV 
gamma rays produced by neutron capture in the water moderator of the target; 
(2) a time and beam independent room background; and (3) a background pro- 
duced from neutrons scattered by the detector which, with the NE110 detector, 
arises mainly from a 478-keV gamma ray from the I0B(n, ay) reaction produced 
from the absorption of scattered neutrons by the boron in the Pyrex face of the 
photomultiplier. For the 78-m transmission data taken with the 6Li glass detec- 
tor the background corrections were less than 3% of the open beam counting rate. 
To aid in the determination of these backgrounds and to optimize the signal-to- 
background ratio for the NE-110 detector, four separate pulse-height spectra were 
recorded. The contribution of all of these backgrounds was less than 1% over the 
energy region where the data were analyzed. Additional details on corrections for 
these backgrounds are given in Refs. LAR76 and LAR83. The 200-m transmis- 
sion data were corrected only for a constant background (determined at long times) 
since there was little neutron capture in the narrow water-cooling channels in the 
tantalum target and little background from 478-keV gamma rays with this two- 
photomultiplier detector. This constant background is less than 0.3% above 180 
keV. 

Transmission data covering the energy range from 100 eV to 20 MeV were sent 
to Brookhaven National Data Center. 
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2.2 DIFFERENTIAL ELASTIC SCATTERING MEASUREMENTS 

2.2.1 Data Acquisition 

The scattering measurement was also done with the time-of-flight technique 
using neutron pulses from the ORELA water-moderated tantalum target. The 
flight path was 200.192 f 0.014 m, and a collimator allowed both unmoderated and 
moderated neutrons to reach the sample. 

The scattering measurement was made using 52-45 grams of Ni powder enriched 
to 99.93% in 58Ni contained in a 5.14-gram hollow cylindrical container (5.85-cm 
high, 3.30-cm outside diameter, and 2.30-cm inside diameter) made from 0.005- 
cm-thick natural nickel foil which resulted in an effective enrichment of 97.0% in 
58Ni. The 58Ni cylinder was suspended at the center of a 183-cm-diameter scattering 
chamber which was evacuated and isolated from the flight-path beam tube by means 
of a 0.025-cm Mylar entrance window. 

The scattering data were obtained with a 0.3-g/cm2 I0B filter to eliminate low- 
energy neutrons associated with the previous burst, and with two filters of 238U to 
reduce the intensity of the gamma flash from the target. One 2 3 8 ~  filter (0.5 cm 
thick) covered the whole collimator, the other (2.5 cm thick) shadowed only the 
tantalum part of the target. The measurements covered the energy region from 
approximately 10 keV to 5 MeV. The electron beam burst width was 8 nsec result- 
ing in an energy resolution at higher energies of approximately 0.11 [E(M~v)]'/~ 
percent. 

Six neutron detectors were located 19.1 cm from the center of the chamber at an- 
gles of 39", 55", 90°, 120°, 140°, and 160" from the direction of the incident neutron 
beam. Each neutron detector consisted of a 7.62-cm-long by 4.32-cm-diam cylinder 
of NE-110 which was viewed at each end by RCA 8850 photomultiplier tubes. Ad- 
ditional details of the experimental arrangement for these scattering measurement s 
can be found in reference HOR86. 

The threshold for each phototube was set below the single photoelectron level, 
and a fast coincidence between the two tubes of each detector was required to define 
an event. The summed anode signals were split into two pulse-height windows and 
a 4500 channel time-of-flight (TOF) spectrum was taken for each window. The 
lower window was from threshold to about 14 photoelectrons, which corresponds 
to 160 keV proton energy for this detector. The upper window was for summed 
pulses greater than 14 photoelectrons. The two TOF spectra for a detector had 
equal counts at about 300 keV neutron energy. The efficiencies of the six detectors 
are quite similar since the thresholds and the two windows were set as described 
above. Details on the calculated efficiencies for these two-phototube detectors are 
given in reference HIL85. 

The fast outputs of the six detectors were multiplexed to provide the stop signal 
and to set a four-bit tag generator of an EG&G clock. The system was designed so 
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that each detector could record a maximum of only one event from each accelerator 
burst (i-e., 800 s-l). The data had to be corrected for deadtime which was caused 
predominantly by detection of the gamma flash scattered by the sample. A second 
EG&G time digitizer was modified so as to provide a seven-bit tag generator, and 
this was operated in parallel with the other time digitizer but with considerably 
fewer TOF channels. This allowed direct measurement of the gamma-flash events 
recorded by each detector, i.e., singly or in any multiple coincidence. 

Data were also taken with one of the detectors placed in the direct beam to 
measure the product of the flux and the detector efficiency as a function of neutron 
energy. 

2.2.2 Data Reduction 

All spectra were normalized by means of a neutron monitor detector. After 
correcting .for deadtime and a constant room background, the scattering spectra 
were divided by the spectrum from the in-beam detector to remove the energy 
dependence of the incident flux and detector efficiency. The data were not corrected 
for multiple scattering in the sample but were corrected for geometrical factors to 
deduce an absolute differential cross section within m15%. 

2.3 CAPTURE MEASUREMENTS 

2.3.1 Data Acquisition 

The water-moderated tantalum target was used for measurements of prompt 
capture gamma ray energy as a function of neutron time-of-flight. The accelerator 
delivered pulses of electrons 1000 times a second with a time spread of 4 ns, full 
width at half maximum, and energies up to 180 MeV. Bremsstrahlung from the 
result ant elect ron-phot on cascades freed neutrons from some of the tantalum nuclei 
with kinetic energies in a broad range centered near 700 keV. Many of those neutrons 
were slowed by elastic collisions in a disc-shaped region filled with water centered 
on the tantalum. Moderated and scattered neutrons from the water region passed 
through copper collimators to the capture cross-section apparatus 40.12 m away 
while the direct neutrons and gamma rays from the tantalum were intercepted by a 
shadow bar. A diagram with isometric sketches of significant subsections has been 
published (MAC83). Neutrons with energies below about 10 eV were removed from 
the collimated neutron beam by a 1°B filter. The neutron flux was monitored by a 
thin, 0.5 mm, 'Li-glass scintillator 447 mm ahead of the sample (MAC71). 

Thin and thick 99.935% enriched 58Ni metal samples were used for the capture 
measurements. The sample size was 25.4 mm by 50.8 rnm, nearly filling the colli- 
mated beam cross section. The samples, with thicknesses of 0.0038 at/b and 0.0382 
at/b, were hung in thin mylar bags between two fluorocarbon liquid scintillator cells 
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for prompt gamma-ray detection (MAC71A). They faced and were fully illuminated 
by the ORELA pulsed neutron beam. 

Pulse heights from the scintillators were measured as a function of neutron time- 
of-flight in a 56320-ns time range corresponding to energies from 2.6 keV to 2500 
keV. Forty two hours of beam time were used for the thin sample measurement 
and 21.9 hours for the thick sample measurement. A pulse height bias of 153 keV 
was used. Detector efficiencies were calibrated by the saturated resonance method 
using the strong 4.9-eV resonance in lg7Au (MAC79) and monitored for stability 
with long-lived packaged radiation sources before, between, and after the enriched 
58 Ni neutron capture measurements. The detectors showed a steady decrease of gain 
of 0.19% per day over the 12 days encompassing the 58Ni and other measurements. 
The gain shift was interpolated to the midpoint of each sample measurement or 
calibration and a correction applied, precise to the nearest 0.4%. The standard 
deviation of the gold resonance calibrations in early 1975 was 0.7%, but they were 
analyzed by hand (PER77). Reanalysis of 16 later calibrations with the least squares 
program (MAC79) showed a (1.99 f 0.81)% bias in the earlier method and this has 
been corrected in processing the nickel data. 

2.3.2 Data Reduction 

The primary two dimensional time-of-flight and prompt gamma-ray energy yield 
data were further processed (MAC7lA) by correcting for electronic deadtime losses 
which increased as a function of time-of-flight to maxima of 5.1% for the thin sample 
and 9.0% for the faster counting thick sample. The scintillator background due to 
cosmic rays, uranium, thorium, and potassium in the local environment was about 
48 c/s. Accelerator-induced radioactivities with half-lives longer than microseconds 
increased this background rate to 69 c/s for the thin sample and 79 c/s for the thick 
one as measured during each measurement by a 65536-ns time gate just preceding 
each fresh burst of neutrons. For comparison, the average detector count rate during 
the 56320-ns time-of-flight data gate was 313 c/s for the thin sample and 1461 c/s 
for the thick sample. 

Backgrounds induced by beam neutrons at short times were measured in aux- 
iliary measurements. With the beam in vacuum at the sample position one back- 
ground component attributable to collimator and lithium glass scattering, decreased 
with time after the neutron pulse but was proportional to the fast neutron inten- 
sity, so it could be scaled to the monitor count for each experiment. Expressed in 
units of 58Ni capture cross section, it decreased from 25 mb near 10 keV to 2.5 mb 
near 1000 keV for the thin Ni sample and from 3 mb to 0.3 rnb for the thick Ni 
sample over the same energy range. Another background component was due to 
neutrons scattered by a sample itself into the detector and housing. A 208Pb sample 
was used to evaluate this background since it gives little energy loss on scattering 
a neutron and has few resonances. The background component measured with it 
could be scaled to monitor counts and the scattering probability of a capture sample 
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and also shifted and broadened in energy to match the elastic scattering vs angle 
relations appropriate to the atomic mass (A) of a sample. Expressed again in units 
of the 58Ni cross section this background component ranged from 9 mb to 1.2 mb 
for the thin Ni sample and from 8.4 mb to 1.1 mb for the thick Ni sample in the 
energy range where these data were analyzed. 

Gamma-ray energy loss in the sample was calculated as 1.9% for the thin Ni 
sample and 8.9% for the thick Ni sample by a numerical integration code which 
includes the sample and detector geometry explicitly. This code was extensively 
checked against a Monte-Carlo code in France (LER75). Both of these calculations 
were based on the prompt gamma-ray spectrum produced by thermal neutron cap- 
ture. For particular resonances there may be harder spectra dominated by gamma 
rays from 6 MeV to 9 MeV for which the energy loss corrections would be smaller. 

2.3.3 Data Uncertainties 

Known sources of uncertainty in the experimental work have been tabulated 
(BEE84) and combine to -4% at the 68% probability level. While the gold- 
saturated resonance calibration has been checked against other elements with softer 
capture gamma-ray spectra such as holmium, silver, and uranium to about 1%, 
discrepancies of the order of 16% are observed for the 1.15-keV resonance of 56Fe 
(MAC87) which has a very hard spectrum. Recent investigations (GAY88, PER88, 
SOW88) have revealed that this discrepancy is due to an incorrect weighting func- 
tion for high-energy gamma rays. We do not have sufficient information on the 
spectra of the resonances of 58Ni to perform a correction to the capture data due 
to the incorrect weighting function used. It is however likely that the capture data 
for some of the resonances are systematically too high, possibly by as much as 16%. 
Correlated uncertainties associated with flux-monitor calibration above 40 keV in- 
crease slowly with energy to 3.5% at 1400 keV (MAC84). The 153-keV pulse height 
bias was adequate for all the 58Ni capture cross-section data as the threshold for 
the first inelastic gamma ray is 1480 keV. 



3. DATA ANALYSIS 

3.1 ENERGY SCALE 

The absolute energy scale adopted in this analysis is the energy scale of the 
transmission measurements at the 200-m flight path station performed in July 1985. 
This choice is justified by new accurate laser measurements of the ORELA flight 
path lengths done in 1984 (LAR85).. The uncertainties of the effective flight path 
lengths versus energy axe discussed in detail in Ref. LAR84. 

The energy scale of the transmission data below 180 keV, measured at the 80- 
m flight path, was adjusted to be consistent with the 200-m data. The relation 
between the two energy scales was determined through an overlapping region 120 
keV wide centered at 190 keV where 12 .e > 0 resonances could be clearly identified 
in both data sets. 

The adjustment of the energy scale of the capture data from 5 to 450 keV was 
based on the correspondence found between the energy parameters of 59 resonances 
clearly seen simultaneously in the capture and transmission data from 10 to 400 
keV. 

The energy scale of the differential elastic-scattering data was found to be con- 
sistent with the energy scale of the 200-m transmission data. 

3.2 TRANSMISSION DATA ANALYSIS 

The transmission data were analyzed with the multilevel R-matrix Reich-Moore 
(REI58) formalism code SAMMY (LAR80). SAMMY is a constrained least-squares 
code which uses Bayes' theorem for the fitting process. In this work the code 
SAMMY was used to analyze only the transmission data since it does not yet 
include corrections for multiple scattering in the capture data. 

The 58Ni analysis documented in this report is similar to  an analysis of 60Ni 
reported in Ref. PER83, which should be consulted for more details. By using 
Bayes' equations, various data sets can be analyzed sequentially to yield a result 
equivalent to the simultaneous analysis of these data sets. 

Three data sets were analyzed between 10 and 813 keV (see Table 1). From 10 
to 180 keV the transmission data analyzed were those obtained with a 78-rn flight 
path using an enriched 58Ni sample with a thickness of 0.0764 at/b. In this energy 
range two different detectors and two neutron beam burst widths were used. Below 
53 keV the data from a 6Li glass detector taken with a burst width of 40 ns were 
used, and above 53 keV we used the data from a NE-110 detector taken with a burst 
width of 4 ns. Above 180 keV and up to 813 keV the more recent measurements 
taken with a 200-m flight path and a 5-ns beam burst width were analyzed. In this 
later experiment the sample thickness was 0.1724 at/b and a two-phototube NE-110 



10 DATA ANALYSIS 

detector was used. The effective Gaussian resolution, full width at half maximum 
(FWHM), for the three experimental configurations used in the regions given above 
is shown in Fig. 1 as a function of the neutron incident energy. An exponential 
tail was added to the Gaussian resolution below 180 keV to account for the water 
moderator, which was used as neutron source in this region. 

Table 1. Analyzed Data 

Average 
Energy range Flight path Burst width Sample thickness Detector 

(keV) (m) (ns) (at/b) 

Analvzed transmission data 

10 to 53 78.217 f 0.004 40 0.0764 f 0.0004 6Li glass 
53 to 180 78.217 f 0.004 4 0.0764 f 0.0004 NE-110 

180 to 813 201.578 f 0.005 . 5 0.172 f 0.001 NE-110 

Analvzed differential elastic scattering data 

Analvzed capture data 

As discussed earlier in this report, when the transmission analysis is extended 
above 200 keV a single channel radius is inadequate to describe the transmission 
data. Some authors chose to use an energy-dependent radius (Refs. SYM78 and 
KIK85). We found that the transmission data could be analyzed with energy- 
independent radii if a much smaller radius is used for p-wave than for s- and d-wave 
resonances. These two radii were adjusted by the code along with 457 resonance 
parameters. 

The transmission data from 10 to 813 keV are well described with 425 resonances 
of which two are negative energy resonances and three are above the analyzed 
region. These five external resonances do not correspond to actual resonances in 
58Ni but were used to describe accurately the smooth cross section in the region 
analyzed; therefore, these resonances must be included for the correct description 
of the data in this energy region. Since no transmission data below 10 keV were 
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fitted in obtaining the resonance parameters of Table 2, these parameters may 
not describe correctly the 58Ni cross sections below 10 keV. As explained below, 
in Section 6.7, the known thermd capture cross section was used in determining 
the radiation widths of the negative energy resonances; consequently, the capture 
cross sections below the 6.9-keV resonance may be described accurately by these 
parameters. Calculations performed with the parameters of Table 2 give a 28.8-b 
thermal scattering cross section, whereas the accepted value is 25.3f 0.4 b (MUG81). 
Therefore, we conclude that the scattering cross sections below 10 keV are not 
correctly described by these parameters. 

Capture data were analyzed simultaneously with the transmission data up to 450 
keV. All the resonances seen in the transmission data were also seen in the capture 
data, but 61 resonances analyzed in the capture data had too small a neutron 
width to be detected in transmission; however, these resonances were included in 
the transmission calculation to verify that the neutron widths assigned to these 
resonances are consistent with the transmission data. 

All resonances showing the characteristic potential interference pattern of s- 
waves were assigned as s-waves. The differential elastic-scattering data were used 
to assign the spin and parity of E > 0 resonances whose neutron widths were large 
enough for them to be observed in the elastic scattering data (see Section 3.3). 
Below 450 keV, where the capture data were also analyzed, the resonances not seen 
in transmission data or seen in transmission data but not clearly seen in differential 
elastic scattering data, had their spin and parity assigned from the value of gr-, 
(pwave if gr7 < 2 eV and d-wave if gr7 > 2 eV). These assignments are uncertain 
since, as shown in Section 6.5, the radiation width distribution for each l value 
has a large standard deviation. However, in the case of four resonances (at 176.14, 
242.36, 285.38 and 298.09 keV), seen very clearly in the capture data but which are 
very weak in the transmission data, an s-wave assignment gives the best agreement 
with the transmission data. Therefore, these four small resonances are assigned 
as s-waves but this assignment is uncertain. Above 450 keV most of the weak 
resonances were arbitrarily assigned as p l l z .  The results of this analysis are given 
in Table 2. 

3.3 DIFFERENTIAL ELASTIC SCATTERING DATA ANALYSIS 

The elastic-scattering measurements were used as the principal tool to determine 
the spin and parity of the E > 0 resonances. The theoretical calculations of the 
cross section at different scattering angles were compared with the experimental 
data. Various combinations of spins and parities were tested. The combination of 
spin and parity which yielded the best agreement with the data was adopted. 

The theoretical cross sections were calculated as a function of the neutron in- 
cident energy with the R-matrix code RFUNCR (PER83A) which is based on the 
Blatt-Biedenharn formalism (BLA52). Doppler broadening and experimental reso- 
lution are taken into account in an approximate fashion: both effects are lumped 
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Table 2. Resonance parameters for 58Ni + n from 6 to 813 keV 

The transmission data analysis was performed with the following two charnnel radii: 
R1 = 6.304 f 0.010 fm for the l = 0 and l =  2 resonances. 

R2 = 4.234 =t 0.008 fm for the l = 1 resonances. 

The two negative energy resonances and the three s-wave resonances above 820 keV 
describe the smooth cross section in the analyzed region and are an integral part of 
the parameter file. The uncertainties are the statistical uncertainties given by the 
codes SAMMY and LSFIT except where note 3 is indicated. 

0.030 * 0.002 
0.72 + 0.01 
0.68 f 0.01, 
0.97 If: 0.30 
0.030 f 0.004 
0.077 If: 0.004 
0.29 rt 0.01 
0.76 f 0.01 



DATA ANALYSIS 13 

Table 2. (continued) 
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Table 2. (continued) 

Notes 
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Table 2. (continued) 

I?, (eV) Qa P Notes 
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Table 2. (continued) 

Qa J" Notes 
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Table 2. (continued) 
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Table 2. (continued) 

Eo (kev) r n  (ev) grnrfl (eV) r, (eV) !la JO Notes 
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Table 2. (continued) 

EO (kev) r, (ev) g e r, (eV) P P Notes 
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Table 2. (continued) 

EO (keV) r, (eV) g e l', (eV) lid P Notes 
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Table 2. (continued) 
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Table 2. (continued) 

P Notes 
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Table 2. (continued) 

EO (keV) r, (eV) g e I', (eV) Po P Notes 

@parentheses are used to indicate that the assignment is uncertain. 
b ~ h i s  resonance is seen in both data sets, but its energy is better defined in the capture data; 

therefore, the uncertainty obtained from the fit to the capture data is given. 
'This parameter was not adjusted in the final transmission fit with SAMMY. This uncertainty 

was obtained from earlier fits to the data. 

Note 1. Fictitious s-wave resonance outside the range of the analysis. 

Note 2. Resonance seen in capture data only. The value of the neutron width, r,, was chosen to 
be consistent with the transmission data. When possible, the radiation width, I',, was 
arbitrarily set at 0.50 eV. The uncertainty given for the energy of the resonance was 
obtained from the fit to the capture data. 

Note 3. The capture kernel and the radiation width were corrected for the neutron sensitivity of 
the detector. The uncertainties given for these parameters include the large uncertainties 
due to this correction which are combined with the statistical uncertainties. 
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together and treated as a single Gaussian resolution function whose full width at 
half maximum (FWHM) is shown as  a function of the neutron incident energy in 
Fig. 1. The code includes an approximate correction for attenuation in the sample 
but no correction for multiple scattering. 

The comparison of the experimental data for four elastic-scattering angles with 
the theoretical calculations for the resonance at 82.88 keV (Fig. 2) illustrates how 
the spin and parity of a well separated resonance, clearly seen in the transmission 
and differential elastic scattering data, can be assigned without any ambiguity. The 
two full lines, for each of the four angles shown, are the theoretical curves obtained 
with an angular orbital momentum, &, equal to 1 and a spin of 1/2 (thin line) or 
3/2 (thick line). The dashed line is obtained with k' = 2 and a spin of 3/2. The 
three theoretical curves for the 39" angle do not display any striking differences: 
the shapes are similar, only the positions and the amplitudes are slightly different 
whereas at 90" the shapes for the & = 1 and the & = 2 resonances are very different. 
From this observation on the 90" data we can conclude that this resonance is a 
p-wave resonance and, most likely, has a spin of 3/2 since the agreement between 
the data and the thick line curve is much better than with the thin one (note that 
both curves display the proper symmetrical shape.) At 90" an important feature of 
the data is that the l = 1 resonances have a symmetrical shape about the resonance 
energy whereas the f2 = 2 resonances have an asymmetrical shape. As was the 
case at 39", the curves at 120" are not very different but seem to confirm the p3/2 
assignment for this resonance. The theoretical calculations at 160" show (as was 
the case at 90") a striking difference in the shape of the curves corresponding to a 
& = 1 and a & = 2 resonance. The data at 160" are also in better agreement with 
the thick line curve than with the thin one. Therefore a p3/2 assignment is adopted 
with a good degree of confidence. 

Unfortunately few cases are as clear as this one because the resonances are 
either too weak or show interference with large s-wave resonances. Above 200 keV 
many of the resonances are multiplets, and this makes assignment of spin and parity 
difficult but still possible for some resonances. 

The difference in the amplitudes at 3g0, 90°, and 160" for a and a p312 
resonance is often large enough to distinguish between the two possible spins of a 
pwave resonance. This is usually not true in the case of a d-wave resonance. For 
clarity the theoretical curve calculated for a dSl2 resonance was not shown on Fig. 
2. At 39" the curves for d3/2 and d5/2 resonances are almost indistinguishable. At 
90' and 160" the amplitudes are slightly larger for a dsl2 than for a d312 resonance; 
therefore, very few spin assignments are possible for d-wave resonances. 

In a few cases when good agreement between the theoretical calculations and 
the data could not be obtained with a combination of p and d-wave resonances, 
f-wave resonances (l = 3) were tried but without any noticeable improvement; 
therefore, no resonance in Table 2 has an & assignment larger than 2. 
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Fig. 2. The theoretical calculations with three different spin and parity assign- 
ments are compared with the data for four of the six elastic scattering angles to 
illustrate that the ~ 3 / 2  assignment for this resonance is unequivocal. 
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3.4 CAPTURE DATA ANALYSIS 

The corrected data were converted to effective cross section vs neutron energy 
and fitted to resonance parameters by least-squares adjustment using the Breit- 
Wigner formula through the computer code LSFIT (MAC76). The program iterates 
upon trial parameters applying corrections for energy resolution, Doppler width, 
self-shielding, and multiple scattering. 

Although the manner in which corrections for self-shielding and multiple scat- 
tering are done in LSFIT has been described before (MAC76, GAR78), since these 
corrections are only approximate for some of the resonances analyzed in this paper, 
we will briefly review how LSFIT performs these corrections. When performing 
corrections for self-shielding and multiple scattering, LSFIT makes the assumption 
that every resonance is isolated, even though in a given energy region analyzed there 
may be several resonances close to each other and even some narrow resonances 
within the width of a broad s-wave resonance. In LSFIT the self-shielding and 
multiple-scattering corrections are performed differently depending upon whether 
a resonance is considered "broad" or "narrow". The criterion used to classify a 
resonance as broad or narrow is the energy loss that a neutron suffers in being 
scattered through 90 degrees in the sample. In the vicinity of a resonance at energy 
E,, neutrons scattered through 90 degrees lose an energy approximately equal to 
2E,/(A + I), where A is the target nuclide atomic number. If the total width of a 
resonance is less than 15% of the energy loss suffered by a neutron in a 90-degree 
collision, the resonance is treated as narrow; if it is larger than this value it is 
assumed broad. 

For a narrow resonance the total cross section used for performing the self- 
shielding is calculated as the sum of the resonance total cross section and a non- 
interfering constant potential scattering, provided as an input number to the code 
for the complete energy region for which the data are being analyzed sirnultane- 
ously, an energy region which may contain as many as 16 resonances. For narrow 
resonances, the multiple-scattering contribution to the capture yield (MAC76) is 
based upon the product of the capture area of a resonance and the average po- 
tential scattering in the energy region being analyzed. This procedure was tested 
by comparison with more exact calculations in the case of isolated narrow reso- 
nances and works well for extracting both s-wave and pwave resonance capture 
parameters. 

A different method is used in LSFIT to calculate in greater detail the multiple- 
scattering contribution due to broad resonances. This feature was also tested with 
Monte Carlo calculations (GAR78). All broad resonances are treated as s-waves 
and the tot a1 cross section, calculated with the single-level Breit-Wigner formula, 
includes an interference term between the resonance amplitude and the potential 
scattering specified at the resonance energy. Although in 58Ni there are frequently 
narrow resonances in the vicinity of large s-waves and both the scattering and 
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capture from these narrow resonances are ignored, it is not thought that this se- 
riously affects the multiple-scattering contribution calculated by LSFIT for broad 
resonames. 

In 58Ni above 150 keV and in particular in the vicinity of the large s-wave reso- 
nances, the assumptions concerning the total cross sections in LSFIT for performing 
the self-shielding and multiple-scattering calculations may lead to severe under- or 
over-estimation of the corrections applied to the narrow resonances. In order to 
calculate the multiplescattering contribution to the observed capture yields one 
needs the values of the scattering and capture cross sections in the vicinity of each 
resonance, in particular above the resonance energies. 

In order to test the validity of the self-shielding and multiple-scattering cor- 
rections performed by LSFIT, exact calculations were made for the self-shielding 
of some 58Ni resonances, using total cross sections based upon the analysis of the 
transmission data. Exact calculations were also made for the contributions due to 
capture following one elastic scattering, including angular distribution effects based 
upon the scattering data; but an approximation was used in treating capture follow- 
ing two elastic scatterings. The corrections calculated by LSFIT were found to be 
very good for isolated narrow resonances. However, in the vicinity of large s-waves 
the capture areas determined by LSFIT were found to be over or underpredicted 
by as much as 10%. 

The thin sample capture data were analyzed up to 22 keV and the thick sample 
data were used above 22 keV and up to 450 keV. At still higher energies average 
corrections for sample thickness were applied to the thick sample data to derive 
average neutron capture cross sections as detailed in Section 6.7 

For the resonances seen clearly in both data sets energies and neutron widths 
were taken from the transmission data analysis. Between 5 and 450 keV about 
30% more resonances were seen in the capture data than in the transmission 
data. For these 61 resonances only the resonance energies and the capture kernels, 
gI',r,/(I', + I',), are defined. The neutron widths were set to be consistent with 
the lack of observation in the trmsmission data and, when possible, their radiation 
widths were set equal to 0.5 eV with spin and parity of a p resonance. However, as 
explained in Section 3.2, four of these resonances were assigned as s-wave. 

The effective Gaussian resolution, FWHM, of the analyzed capture data is shown 
as a function of the neutron incident energy in Fig. 1. Since these data showed a 
small low-energy (i.e., time-delayed) tail on the usual Gaussian resolution function, a 
resolution shape modification was included in the code. The fraction of the neutrons 
which showed an asymmetric resolution function was 15% at 6 keV increasing up to 
50% for 200-keV neutrons. The asymmetric part is convoluted with an exponential 
whose time constant is given as a fraction of the Gaussian resolution. Here the 
decay constant is 69% of the resolution. 
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ORNL -DWG 87-7869 

10-4 
10 50  100 500 

NEUTRON ENERGY ( keV 1 

Fig. 3. Detector neutron sensitivity as a function of the incident neutron en- 
ergy for the 58Ni targets. Note 3 in Table 2 indicates the resonances for which this 
correction applies. See Section 3.4 for details. 

A correction for the capture in the detector environment of neutrons scattered 
from discrete resonances in the sample is required (ALL77). This prompt neu- 
tron sensitivity can be formulated as a correction to the radiation width such that 
r,(corr.) = r7 - Crn ,  where C is dependent on the amount and distribution of 
absorber in the vicinity of the detector. This correction factor is energy dependent 
and varies from to over the energy range of this analysis, as shown in 
Fig. 3, with an uncertainty of -40%. Note 3 in Table 2 indicates the 19 s-wave 
resonances below 450 keV for which the radiation widths and capture kernels were 
corrected for this effect. 

As discussed in Section 2.3.3, because of the incorrect weighting function used 
in acquiring the capture data some of the radiation widths given in Table 2 may be 
too large by as much as 16%. 



4. RESULTS AND DISCUSSION 
OF THE UNCERTAINTIES 

4.1 RESONANCE PARAMETERS AND THEIR UNCERTAINTIES 

The resonance parameters obtained from the simultaneous analyses of the 58Ni 
transmission, capture and differential elastic-scattering data as described in Section 
3 are given in Table 2. The fits to the transmission and capture data obtained with 
this set of resonance parameters and the comparison of the theoretical calculations 
with the differential elastic scattering data are shown in Fig. 4 to 44. 

In Table 2 the groups of resonances corresponding to each figure are separated by 
a blank line. The first column gives the resonance numbers. The next four columns 
show the energies of the resonances, the neutron widths, the capture kernels, and the 
radiation widths with their uncertainties given either by the fit to the transmission 
data through the code SAMMY or by the fit to the capture data through the code 
LSFIT. The orbital angular momentum I! and the spin J for each level are given in 
columns 6 and 7. Parentheses indicate that assignments are uncertain. The numbers 
in the last column correspond to notes found at the end of the table. Brackets are 
used to indicate unresolved resonances either in the transmission data (brackets in 
the third column) or in the capture data (brackets in the fourth column.) Above 200 
keV more resonances are unresolved in the capture data than in the transmission 
data since, in this region, the 200-m transmission data are used which have much 
better energy resolution than the capture data (~110 eV, FWHM, compared to 
-400 eV at 200 keV.) See Fig 1. 

The uncertainties given by the code SAMMY on the 459 parameters adjusted 
in the last fit to the transmission data are given in Table 2. The covariance matrix 
associated with these 459 adjusted parameters is available. A representative sample 
of this covariance matrix for the uncertainties of 17 of the 459 adjusted parameters 
is given in Table 3. 

In Table 2 the footnote "c" associated with some of the resonance energies and 
neutron widths indicates that these parameters were not adjusted in the last fit 
to the transmission data but were adjusted in earlier fits; therefore the correlation 
coefficients associated with the uncertainties of these parameters are not included 
in the final covariance matrix. 

Between 5 and 450 keV, where the capture data were also analyzed, 61 reso- 
nances seen clearly in capture were too weak to be detected in the transmission 
data (Note 2 in Table 2); also 43 resonances analyzed in both data sets were seen 
more clearly in the capture data than in the transmission data (footnote "b" in 
the first column of Table 2.) In the case of these 104 resonances the energy of the - resonances and their uncertainties were obtained from the fit to the capture data. 
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Fig. 10. TOP: The second shaded area of Fig. 8 was enlarged to show in detail 
the simultaneous fits to the transmission and capture data between 32 and 37 keV 
obtained with the parameters of Table 2. BOTTOM: The data for three of the six 
differential elastic-scattering angles are compared with the theoretical cross sections 
calculated with the same parameters as above. The combination of spins and parities 
adopted is the one which yields the best agreement with the elastic-scattering data. 
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ORNL- OWG 86- 45560 

DIFF.  ELRSiIC SCRTTERING 

Fig. 11. TOP: The last shaded area of Fig. 8 was enlarged to show in detail 
the simultaneous fits to the transmission and capture data between 47 and 53 keV 
obtained with the parameters of Table 2. BOTTOM: The data for three of the six 
differential elastic-scattering angles are compared with the theoretical cross sections 
calculated with the same parameters as above. The combination of spins and parities 
adopted is the one which yields the best agreement with the elastic-scattering data. 
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Fig. 13. TOP: The first shaded area of Fig. 12 was enlarged to show in detail 
the simultaneous fits to the transmission and capture data between 58 and 63 keV 
obtained with the parameters of Table 2. BOTTOM: The data for three of the six 
differential elastic-scattering angles are compared with the theoretical cross sections 
calculated with the same parameters as above. The combination of spins and parities 
adopted is the one which yields the best agreement with the elastic-scattering data. 
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Fig. 14. TOP: The second shaded area of Fig. 12 was enlarged to show in detail 
the simultaneous flts to the transmission and capture data between 65 and 71 keV 
obtained with the parameters of Table 2. BOTTOM: The data for three of the six 
differential elastic-scattering angles are compared with the theoretical cross sections 
calculated with the same parameters as above. The combination of spins and parities 
adopted is the one which yields the best agreement with the elastic-scattering data. 
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Fig. 15. TOP: Simultaneous fits, from 72 to 86 keV, to  the 78-m transmission 
data taken with the NE-110 detector and to the capture data obtained with the 
thick 58Ni sample 0.0382 atomsjb). The theoretical curves were calculated with the 
parameters of Tab \ e 2. BOTTOM: The data for three of the six differential elastic- 
scattering angles are compared with the theoretical cross sections calculated with the 
same parameters as above. The combination of spins and parities adopted is the one 
which yields the best agreement with the elastic-scattering data. 
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Fig. 16. Same as Fig. 15 except for 86 to 100 keV. 
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Fig. 17. Same as Fig. 15 except for 100 to 116 keV. 
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Fig. 18. Same as Fig. 15 except for 116 to 132 keV. 
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Fig. 19. Same as Fig. 15 except for 132 to 148 keV. 



Fig. 20. Same as Fig. 15 except for 148 to 164 keV. 



RESULTS AND DISCUSSION OF THE UNCERTAINTIES 47 

ORN L-DWG 86-1 3941 

DIFF. ELASTIC SCRTTERING 

o . o t  I I I I I I I 
1 64 166 168 170 172 174 176 178 180 

NEUTRON ENERGY [ teVI 

Fig. 21. Same as Fig. 15 except for 164 to 180 keV. 
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Fig. 22. TOP: Simultaneous fits, from 180 to 188.5 keV, to the 200-m transmis- 
sion data taken with the NE-110 detector and to the capture data obtained with the 
thick 58Ni sample (0.0382 atoms/b). The theoretical curves were calculated with the 
parameters of Table 2. BOTTOM: The data for three of the six differential elastic- 
scattering angles are compared with the theoretical cross sections calculated with the 
same parameters as above. The combination of spins and parities adopted is the one 
which yields the best agreement with the elastic-scattering data. 
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Fig. 23. Same as Fig. 22 except for 188 to 199 keV. 
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Fig. 24. Same as Fig. 22 except for 199 to 214 keV. 
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Fig. 25. Same as Fig. 22 except for 214 to 222 keV. 
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ORNL-OWG 86-13426 

DIFF. ELRSTIC SCRTTERING 

222 2 R  226 228 230 232 236 238 
NEUTRON ENERGY [ keV1 

Fig. 26. Same as Fig. 22 except for 222 to 238 keV. 
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ORNL-DWG 86-43427 

DIFF. ELRSTIC SCRTTERING 

240 241 292 243 244 245 246 247 218 249 250 251 252 
NEUTRON ENERGY (keV1 

Fig. 27. Same as Fig. 22 except for 238 to 252 keV. 
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FF. E L R S T I C  SCQTTERI  

253 2% 255 256 257 258 259 260 261 262 263 2611 265 266 267 
NEUTRCIN ENERGY [ teVl 

Fig. 28. Same a s  Fig. 22 except for 252 to 267 keV. 



RESULTS AND DISCUSSION OF THE UNCERTAINTIES 55 

- . 2 1 . ' . ' . ' . ' . ' . ' . ' . ~ ~ ' s I ~ I ~ I ~ ' c I  
266 267 268 269 270 271 272 273 214 275 276 277 278 279 280 

NEUTRON ENERGY I teVl 

Fig. 29. Same as Fig. 22 except for 267 to 280 keV. 
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TRQNSM I SS I ON 

DIFF. ELRSTIC SCRTTERING 

279 280 281 282 283 284 285 286 287 288 289 290 291 292 293 2W 
NEUTRON ENERGY l teVl 

Fig. 30. Same as Fig. 22 except for 279 to 294 keV. 
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Fig. 31. Same as Fig. 22 except for 294 to 309 keV. 
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DIFF. ELASTIC SCQTTERING " 

309 310 311 312 313 31il 315 316 317 318 319 320 321 322 323 324 
NEUTRON ENERGY (keV1 

Fig. 32. Same as Fig. 22 except for 309 to 323 keV. 
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ORNL-DWG 86-43422 

TSQNSMISSION 

DIFF. ELASTIC SCATTERING 

I . I . I . J . 1 - I . I . I . 1  
323 3211 325 326 327 328 329 330 331 332 333 33U 335 336 337 338 339 

NEUTRON ENERGY [ keV) 

Fig. 33. Same as Fig. 22 except for 323 to 339 keV. 
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ORNL-DWG 86-134f2 

- - -  
NEUTRCJN ENERGY [ teV1 

Fig. 34. Same as Fig. 22 except for 339 to 362 keV. 
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DIFF. ELRST IC SCRTTER ING 

382 3BU 306 388 390 392 394 396 398 U O O  U02 UW 
NEUTRON ENERGY [ keV1 

Fig. 36. Same as Fig. 22 except for 382 to 404 keV. 
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ORNL-DWG 86-43415 
l ' l ' l ' l ~ l ' l ' ~ ~ l ' l ' l ~ l ' l ' I '  

TRFINSM I SSI ON - 

OIFF. ELGSTIC 
SCRTTERING 

404 406 408 MI0 Y12 V I G  416 418 420 422 U24 426 428 430 432 
NEUTRON ENESGY I teV) 

Fig. 37. Same as Fig. 22 except for 404 to 431 keV. 
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The energy of these resonances were then translated to the energy scale of the 200- 
m transmission data as reported earlier in Section 3.1. The uncertainty associated 
with the translation of the energy scale is not included in the standard deviation 
reported in the first column of Table 2 and is of the order of 0.01% of the resonance 
energy. 

Table 3. Correlations between the uncertainties of some of the 
parameters of Table 2" 

a R1 and R2 are the channel radii as given in Table 2. E and G stand for Eo and I?, of Table 
2. The numbers associated with E and G indicate the resonance (column 1 of Table 2) to which 
these correlation coefficients apply. 

All resonances reported below 450 keV were seen in the capture data. For the 
resonances also seen in the transmission data the neutron widths were determined 
through the fit to the transmission data. The capture kernels, the radiation widths, 
and their uncertainties were obtained by fitting the capture data with the code LS- 
FIT. As discussed in Section 3.4, the approximations used in this code for the cal- 
culations of self-shielding and multiple-scattering corrections for narrow resonances 
in the vicinity of large s-wave resonances could lead to an under or overestimation 
of the capture area by as much as 10%. This uncertainty is not included in the un- 
certainties given for the capture kernels and radiation widths in columns 4 and 5 of 



72 RESULTS AND DISCUSSION OF THE UNCERTAINTIES 

Table 2. For resonances too weak to be seen in the transmission data (Note 2) only 
the capture kernels and their uncertainties were determined. The radiation widths 
were arbitrarily set equal to 0.5 eV with a pl assignment for these resonances. If 
the corresponding value of the neutron width gave a theoretical transmission con- 
sistent with the data this value of 0.5 eV was adopted, otherwise the neutron width 
was set to a small value consistent with the transmission data and the,radiation 
width was adjusted to obtain the best fit to the capture data. If in this process the 
radiation width became larger than 1 eV a p 3 / ~  or a d-assignment was given to the 
resonance but the assignment is uncertain as indicated by the parentheses. Uncer- 
tainties on the neutron widths are given only when the resonances were analyzed 
in the transmission data. 

No uncertainties are reported on the parameters of the weak resonances seen in 
the transmission data above 450 keV. Most of these resonances were adjusted by 
trial and error. The estimated uncertainties are 20 eV on the resonance energy and 
10 to 20% on the neutron widths. 

4.2 SPIN AND PARITY ASSIGNMENTS 

The differential elastic scattering data are compared with the theoretical calcu- 
lations for three elastic scattering angles from 30 to 813 keV in Figs. 10 to 44. The 
manner in which the spin and parity of some of the resonances can be determined 
through this comparison was reported in Section 3.3. 

&om 30 to 813 keV 311 E > 0 resonances could be identified in the differential 
scattering data but a definite spin and parity assignment could not be made for all of 
them (in the same energy region 353 resonances could be seen in the transmission 
data.) Of these 311 resonances 46 were too weak to provide any information on 
the spin and parity of the resonance. Definite &-assignments can be made for 265 
resonances, i.e., for 75% of the & > 0 resonances seen in the transmission data above 
30 keV. The spin of 84% of the 126 p-wave resonances can be assigned with some 
degree of confidence (34 have a spin of 1/2 and 72 a spin of 3/2) but only 29% of the 
139 d-wave resonances could be given a definite spin assignment (19 have a spin of 
3/2 and 22 a spin of 5/2.) It is interesting to note that among the p-wave resonances 
where a definite J assignment can be made there are twice as many resonances with 
a J value of 3/2 than with a J value of 1/2. This ratio is in agreement with the 
(2 J + 1) weighting factor. Too few definite J assignments can be made in the case 
of d waves to draw conclusions regarding the ratio of the number of d3/2 and dSlz 
resonances. 



5. COMPARISON WITH OTHER WORKS 

None of the previously reported 58Ni resonance parameters were obtained 
through simultaneous analyses of two or three different nuclear reactions as done 
here. Among the transmission data analyses reported earlier, the most recent and 
extensive one is the Harwell data analysis (SYM77 and SYM78) between 10 and 
650 keV which we will compare with our results along with the parameters given in 
an evaluation by Flrijhner (FR077) based on an analysis of capture yield measure- 
ments made at Karlsruhe (ERN70). These two sets of resonance parameters were 
extensively used by Mughabghab et al. (MUG81) in the most recent 58Ni BNL 
resonance parameter evaluation. The recent capture measurements of Wisshak et 
al. (WIS84) below 30 keV will also be discussed. 

5.1 COMPARISON WITH HARWELL RESONANCE PARAMETERS 

The Harwell transmission data (SYM77) taken between 10 keV and a few MeV 
has an experimental resolution (0.075 ns/m)) comparable to the resolution of our 
80-m data (0.050 ns/m), but above 180 keV our parameters were obtained from 
the data taken at the 200-m flight path station which has a much better resolution 
(0.025 ns/m). For example at 500 keV our resolution (FWHM) is 260 eV compared 
to -700 eV for the Harwell data. 

The parameters for the s-wave resonances were taken from a subsequent report 
(SYM78) where the data were analyzed with a single channel multilevel R-Matrix 
code in which an energy dependent effective scattering radius was used. At 400 keV 
this radius was equal to about 6 f. 

In Table 4 the energies and the neutron widths for the s-wave resonances re- 
ported in Table 2 are compared with the parameters of Syme et d. (SYM78) up 
to 640 keV. Nine of our 48 s-wave resonances are not seen by Syme et al. Of these 
nine resonances four are weak in transmission but are clearly seen in the capture 
data; their assignment as s-wave resonances is uncertain. The other five are clearly 
identified as s-wave resonances from the transmission data. Syme et al. report two 
s-wave resonances not seen in our data; the one at 172 keV is very small and has 
a large uncertainty; the one at 473.96 keV is interpreted in our data as an 4 = 2 
resonance at 476.07 keV. 

The resonance energies reported in this work are systematically higher than the 
energies reported by Syme et al. Our reported neutron widths are larger for 29 of 
the 39 s-wave resonances seen in both data sets. In general the differences between 
these neutron widths are larger than the sum of the given statistical uncertainties. 

The resonance parameters of the t! > 0 resonances reported by Syme et al. 
(SYM77) were obtained through an area analysis ( Atta-Harvey). The authors found 
97 t > 0 resonances between 10 and 650 keV compared to the 273 that we could 
see in our transmission data in the same energy interval. In a subsequent analysis 
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(SYM78) they mentioned that 230 4 > 0 resonances were analyzed between 10 keV 
and 1 MeV but no values were given. 

In Table 5 our parameters for 4 > 0 resonances are compared with the pa- 
rameters of Ref. SYM77 up to 120 keV. In this energy range 22 of the 30 1 > 0 
resonances seen in our transmission data are also seen in the Harwell data. On the 
other hand we could not see in our transmission data the resonance reported by 
Syme et d. at 96.88 keV, but this resonance is clearly seen in our capture data. 
To be in agreement with our transmission data the gr, of this resonance must be 
three times smaller than the one given by Syme et al. They also report resonances 
at 52.26 and 118.07 keV that we do not see in any of our data; the first one is very 
narrow and has an 85% uncertainty, but the other one should have been seen in our 
data and was not. This last resonance may correspond to the resonance at 118.5 
keV reported by Frohner from the Karlsruhe capture-data analysis. 

For most of their t > 0 resonances, between 10 and 300 keV, Syme et al. give 
three different values for gr,: one for an enriched 58Ni sample and two for two 
different samples of natural nickel. As they did when comparing their results with 
values given in an earlier report (MOX73) we compared our gr, results with their 
values obtained for the thick sample of natural nickel if available, otherwise with 
the value obtained for the isotopic sample. (However, for the resonance at 26.63 
keV they chose to compare with Moxon the value obtained for the 58Ni sample 
even though there were values for the two other samples.) Only eight (out of 22) 
of the neutron widths of the t > 0 resonances, seen in the ORELA and Harwell 
transmission data below 120 keV, agree within the limits of the uncertainties. For 
the resonance at 32.397 keV the neutron widths obtained by Syme et al. for both 
samples of natural nickel are three times smaller than our value (5.7 f 0.9 eV 
compared to 17.6 f 0.3 eV), whereas the value given for the 58Ni sample is equal to 
15.0 f 1.2 eV which is in much better agreement with our value of 17.6 eV. 

The Karlsruhe capture cross section data were analyzed with a multilevel R- 
matrix code between 10 and 230 keV. Frohner remarks that above 160 keV the 
resolution was insufficient for a reliable interpretation of multiplets. 

Between 10 and 235 keV we report 14 well-defined s-wave resonances. (The 
resonance at 176.14 keV in not clear in transmission and its s-wave assignment 
is uncertain.) In the same energy interval Frohner reports ten s-wave resonances. 
Because of our higher resolution we identify only four of their ten s-wave resonances 
as singlets (at 15.4, 63.0, 136.8 and 159.5 keV) for which the radiation widths can be 
compared with ours. For the resonance at 63 keV the discrepancy between the two 
I'r'~ is slightly larger than the combined uncertainties; otherwise, the agreement is 
good. The other six s-wave resonances are unresolved multiplets of l = 0 and t > 0 
resonances. It should be noted that above 150 keV the uncertainties on the energies 
of the s-wave resonances reported by FrGhner are between 2 and 3 keV. 
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Table 5.  The neutron widths and capture kernels from Table 2 for the 
Q > 0 resonances below 120 keV compared with the results 

from two previous analyses. 

Present work Syme et al. Frahner 
(SYM77) (FR077) 

EO (keV) gr, (eV) g e EO (keV) gr, (eV) EO (keV) grJ'JI' (eV) 

6,906" 0.025 0.024 + 0.001 
12.641" 0.032 0.030 + 0.002 
13.317 7.43 k 0.05 0.72 f 0.01 13.42 4.9 f 2.5 13.34 0.50 + 0.08 
13.638 2.14 + 0.06 0.68 + 0.01 13.63 2.9 + 1.2 13.68 0.63 + 0.20 
17.232* 0.032 0.030 f 0.004 17.21 0.02+0.01 
19.010" 0.090 0.077 0.004 19.05 0.08 f 0.02 
20.024 1.39k0.12 0.29 kO.01 20.04 0.24 + 0.05 
21.144 4.24 f 0.24 0.76 f 0.01 21.15 0.61 + 0.10 
24.762" 0.018 0.018 _+ 0.001 
26.069" 0.42 0.35 +. 0.01 26.08 0.27 + 0.05 
26.643 2.9 0.96 + 0.01 26.63 1.9 f 0.5 26.65 0.78 k 0.1 5 
27.63' 0.039 0.036 + 0.003 
32.268 0.60 0.46 _+ 0.01 
32.397 17.61 f 0.28 1.48 + 0.02 32.38 5.7 f 0.9 32.34 1.40 + 0.25 
34.242 1.6 0.77 + 0.01 34.22 1.8 + 0.5 34.23 0.70 + 0.11 
35.070" 0.021 0.020 + 0.005 

36.12 0.99 + 0.15 
39.552 1.1 0.78 f 0.01 39.54 2.2 + 0.4 39.55 0.64 f 0.10 
44.013" 0.17 0.138 + 0.004 43.88 0.14 k 0.03 
47.901 9.0 k0.6 1.38 5 0.02 47.88 7.0 f 0.8 47.81 1.03 4 0.15 
51.906 1.2 0.95 2 0.01 
52.226 2.0 1.10 + 0.01 52.20 2.350.5 5201 1.70 + 0.30 

52.26 0.53 + 0.45 
54.790" 0.67 0.29 + 0.01 54.64 0.30 + 0.05 
58.700 1.6 0.71 f 0.02 58.69 1.7 + 0.6 58.60 0.60 + 0.09 
60.150 32.9 + 0.7 0.86 + 0.02 60.12 21.2 + 3.0 60.10 0.64 & 0.09 
61.791 17.2 2 0.7 1.68 + 0.03 61.76 16.1k2.4 61.75 1.11 + 0.16 
66.473' 1.4 0.7 1 + 0.02 66.40 0.55 + 0.08 
68.673' 0.62 0.28 f 0.02 68.56 0.30 + 0.05 
69.917 7.3 + 0.6 0.62 + 0.02 69.89 5.1 + 1.2 69.81 0.56 + 0.09 
78.087" 0.49 0.25 +. 0.14 77.86 0.18 2 0.05 
81.326 2.0 1.29 * 0.03 81.10 1.08 + 0.20 
82.877 83.0 f 1.2 2.66 f 0.04 82.84 63.0 + 3.0 82.7 2.0 f 0.5 
83.845 31.0 f 0.9 0.25 83.82 36.4 + 2.2 83.6 1.5 + 0.4 
83.917 4.6 1.39 f 0.02 
84.878' 0.40 0.20 + 0.01 
89.984 9.0 f 0.7 0.75 + 0.01 89.93 8.8 -C 1.5 89.78 0.69 + 0.1 
92.725' 0.49 0.25 + 0.01 92.35 0.25 + 0.04 
95.680" 1.95 1.47 f 0.03 95.55 1.05 + 0.15 
96.978' 1.2 0.64 + 0.02 96.88 3.7 + 1.1 97.0 0.66 + 0.10 
97.604 20.0 + 0.9 0.43 f 0.02 97.58 11.2 k 0.7 

101.42 8.7 f 0.6 1.28 + 0.03 101.38 3.2 -t 1.0 101.1 0.95 + 0.24 
105.443 19.0 + 0.9 2.49 + 0.03 105.38 21.7 + 3.3 105.3 1.60 _+ 0.40 
107.12 1.0 0.31 +: 0.03 unresolved from the 
107.760 5.7 1.72 + 0.04 107.74 7.7 + 1.9 s-wave res. at 107.7 keV 
110.750 7.9 0.96 + 0.04 110.67 . 4.5 + 1.5 110.7 1.1 f 0.3 
11 1.490 2.0 0.85 k 0.04 
1 16.82" 0.22 0.15 
1 17.879 16.5 + 1.0 1.15 + 0.04 117.82 10.1 + 0.7 1 17.5 0.75 2 0.25 

118.07 4.2 f 1.5 118.5 1.2 + 0.4 
119.800 7.8 2.94 + 0.04 119.75 6.6 + 1.2 120.0 2.4 + 0.8 

"Resonances seen in capture data only. The values of the neutron widths were chosen to be consistent with 
the transmission data. 
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In Table 5 we compare the parameters obtained from our capture data for the 
l > 0 resonances with those of Frijhner between 13 and 120 keV. In this energy 
region we report 46 l > 0 resonances whereas Frohner reports only 36. Five of our 
small resonances were not seen in the Karlsruhe data. Four resonances reported 
by Fkohner are clearly seen as pairs of resonances in our data, and we identified 
as an unresolved doublet the resonance seen by Frohner at 83.6 keV. On Fig. 17 
the resonances at 107.12 and 107.76 keV are seen clearly separated from the s-wave 
resonance whereas these two resonances and the s-wave resonance at 107.7 keV 
are unresolved in the Karlsruhe data. The resonance reported by Frohner at 36.12 
keV corresponds unmistakably to our small s-wave resonance at 36.13 keV, but the 
one he reports at 118.5 keV with a capture kernel of 1.2 eV should be seen clearly 
in our data but is definitely not there. As mentioned earlier, Syme et al. also 
report a resonance around that energy. Twenty-nine resonances are singlets in both 
analyses. For these resonances our capture kernels are systematically larger than 
the ones reported by Whner. This difference in the capture kernels is reflected in 
the average capture cross-section discussed in Section 6.7. 

Above 120 keV resonance by resonance comparison is not possible since, up to 
230 keV, Frohner reports only 12 l > 0 resonances where we have 58. 

5.3 COMPAEUSON WITH WISSHAK'S CAPTURE KERNELS 
BELOW 30 KEV 

The most recent measurements of capture yield in the low-energy region were 
made by Wisshak et al. (WIS84) using Moxon-Rae detectors and various sample 
thicknesses. Two methods were used to evaluate the capture kernels. The final 
values obtained for the first s-wave resonance are E, = 15.35 keV and r, = 1.53 & 
0.10 eV. This radiation width is in good agreement with Frohner's value but 50% 
larger than ours. 

In WIS84 an attempt is made to evaluate the capture kernel for three groups 
of unresolved l > 0 resonances below 30 keV. These parameters, ours and those of 
Frohner, are compared in Table 6. For the first group around 13.5 keV our value is 
11% higher than the value of Wisshak et al., but, as discussed in Section 3.4, a 10% 
under or overestimation was possible in the calculation of the capture kernels for 
this group of narrow resonances because of the vicinity of the large s-wave resonance 
at 15.31 keV. Our parameters are slightly lower (3%) than those of Wisshak et al. 
for the two other groups. Frohner's parameters are systematically smaller than ours 
and Wisshak et al. by as much as 30% for the group around 26 keV. 
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Table 6. The sums of the capture kernels of the resolved multiplets, 
below 30 keV, reported in this work and in Frlihner's evaluation 

compared with the results of Wisshak et al. 

This worka Fkohner Wisshak et al. 
E (keV) (FR077) (WIS84) 

aA 10% systematic uncertainty was combined with the statistical uncertainty 
for the first two resonances, and a 4% systematic uncertainty for the remaining 
resonances. 

5.4 COMPAMSION WITH ENDF/B-V RESONANCE 
PARAMETERS 

The resonance parameters for 58Ni in ENDF/B-V (DIV79) are the same as in 
ENDF/B-IV and ENDF/B-111 and are based on an evaluation by Stieglitz et al. 
(STI73). Thirty s-wave and 36 pwave resonances were reported between 6 and 650 
keV. The radiation widths were set equal to 2.14 eV for all the s-wave resonances and 
to 0.6 eV for 34 of the 36 .t > 0 resonances which have a pll2 or a p3/2 assignment. 
See Section 6.7 for the comparison of the average capture cross sections calculated 
with ENDF/B-V and with our data. The new set of resonance parameters given in 
the present report is a definite improvement over the resonance parameters given 
in ENDF/B-V. 



6. DISCUSSION OF RESULTS 

6.1 REDUCED NEUTRON WIDTH DISTRIBUTION O F  S-WAVE 
RESONANCES 

Sixty-two s-wave resonances are reported from 10 to 813 keV. Six of those are 
weak resonances for which the s-wave assignment is uncertain. The distribution of 
the reduced neutron widths of the s-wave resonances is usually assumed to follow 
a Porter-Thomas distribution (POR56). 

The reduced neutron width at 1 eV for s-wave resonances is 

where En is in eV. 

The Porter-Thomas density function is: 

-0 -0 
where x = l?:/I', and I?, is the average reduced neutron width. 

The distribution of the reduced neutron widths has a mean of 4.2 eV and a 
standard deviation of 1.7 eV. The histogram giving the normalized reduced neutron 

4 
widths, r:/I',, for the 62 s-wave resonances found in the region analyzed is shown in 
Fig. 45 (top). The smooth curve is the Porter-Thomas density function normalized 
to give the same number of levels under the curve as the observed number of levels 
in the range of values of x from 0.2 to 4.0 where we assume that no s-wave resonance 
was missed. The normalization factor for this range of values of x is 13.1. In the 
range of values of x smaller than 0.2 (which correspond to small resonances), this 
normalized Porter-Thomas distribution is in agreement with the number of levels 
observed, i.e., 21 levels. 

6.2 S-WAVE LEVEL SPACINGS 

The average level spacing for the s-wave resonances, Do, obtained from the 62 
s-wave resonances reported in Table 2 and in agreement with the Porter-Thomas 
distribution, is equal to 12.9 keV. An uncertainty of 0.7 keV on D, is estimated by 
taking into consideration the fact that six of these 62 resonances have an uncertain 
s-wave assignment. Do is given in Table 7 and compared with two values of Do 
reported earlier. Syme and Bowen (SYM78) as well as Mughabghab et al. (MUG81) 
assumed that some weak s-wave resonances were missed; their reported values of 
Do reflect corrections they made for these missing levels. 
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Fig. 45. TOP: The neutron reduced width distribution for the 62 s-wave reso- 
nances of Table 2. The smooth curve is the Porter-Thomas distribution normalized to 
the area under the histogram between I'$/I': = 0.2 and 4.0. BOTTOM: The nearest 
neighbor spacing distribution for the 62 s-wave resonances. The smooth curve is the 
Wigner distribution normalized to the area under the histogram. 
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Table 7. Statistical resonance parameters for s-wave resonances compared 
with the results of Syme and Bowen (SYM78) and with the 

recommended values of Mughabghab et al. (MUG81) 

Source 

Energy 
range S o  

Present work 10-813 3.1 f 0.6 12.9 f 0.7 
Syme and Bowen 10-640 2.9 f 0.6 14.6 f 0.4 
Mughabghab et al. 10-650 2.8 & 0.6 13.7 f 2.0 

The distribution of the s-wave nearest neighbor spacings is compared to the 
Wigner distribution (WIG57) on Fig. 45 (bottom). The Wigner density function 
is: 

P(s)  = 1/2sse-'/'""~ 

where x = do/Do. ck, is the spacing between neighboring s-wave levels and Do is the 
average level spacing. The Wigner distribution was normalized to the area under 
the histogram. 

The distribution of the s-wave level spacing shown by the histogram on Fig. 45 
(bottom) is in reasonable agreement with the Wigner distribution. 

6.3 LEVEL DENSITIES 

As previously done for the 60Ni analysis (PER83), we now compare the number 
of levels observed with those predicted by the Gilbert and Cameron model (GIL65) 
where the Fermi-gas constant, a, and the energy shift parameter, A, are treated as 
free parameters. 

Gilbert and Cameron started from a Fermi-gas model of the nucleus which was 
modified to take into account the pairing energy and possible shell model effects, 
using an effective excitation energy U instead of the actual excitation energy E. 
The density of levels of total angular momentum J at an effective excitation energy 
U is given by 

where a is the Fermi-gas constant and a2 is called the spin cutoff parameter. The 
effective excitation energy U is related to the actual excitation energy E above the 
ground state by the relation U = E - A. 
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In the Fermi gas model the spin cutoff parameter u2 is given by: 

This value of a2 corresponds approximately to the compound system having a 
moment of inertia equal to 75% of its rigid moment of inertia. (DIL73) 

Calculations were made for the s-wave level density using the 62 s-wave res- 
onances reported in Table 2 between 10 and 813 keV with an uncertainty of four 
levels, toget her with the low-lying bound levels of 59Ni taken from the Nuclear Data 
Sheets (AND83). Above the pairing energy gap in 59Ni the highest 1evel.density is 
observed from 3.46 to 4.2 MeV where there are 24 levels. This region was therefore 
selected and an uncertainty of four levels was used. 

The values of the Fermi-gas constant a and the energy shift parameter A were 
obtained using the computer code LEVDEN (LAR88). LEVDEN is a fitting code 
that solves Bayes' equation, using as prior values 5 f 10 MeV-' for the Fermi-gas 
constant and 0 f 3 MeV for the energy shift parameter. The code was required to 
produce 24 f 4 levels in the excitation energy interval of 3.46 to 4.2 MeV above 
the ground state of 59Ni and 62 dz 4 s-wave levels in the energy interval of 10 to 
813 keV above the neutron binding energy of 9.000 MeV in 59Ni. The number 
of observed resonances for which k' is larger than zero was not used in the fitting 
process because only 35% of them have a definite spin and parity assignment. The 
posterior values for the Fermi-gas constant and the energy shift parameter, with 
their standard deviations, were found to be 

A = -0.06 f 0.39 MeV 

with a correlation coefficient of 0.97. The integral of the theoretical level density 
formula from 10 to 813 keV for k' = 0 resonances calculated with the above parameter 
values and their uncertainties is shown by the dashed line on the bottom part of Fig. 
46 and is compared with the cumulative sum of the observed s-wave resonances. 

Of the 415 k' > 0 resonances reported in Table 2, 64% have a definite k'- 
assignment. Therefore, we cannot compare separately the level densities for the 
k' = 1 and for the k' = 2 resonances with the predictions of the Gilbert and Cameron 
model. However, assuming that only l = 1 and k' = 2 resonances were observed 
in the experiment, we can compare the t > 0 level density with the prediction for 
the sum of the k' = 1 and k' = 2 levels using the a and A parameters determined 
above. Such a comparison is shown on the top part of Fig. 46. As was the case for 
60Ni, the number of k' = 1 and k' = 2 resonances observed above 150 keV is higher 
than predicted. However, it is possible that some of the t = 1 and .t = 2 resonances 
assigned in the analysis may be l > 2 resonances. The good agreement with the 
Gilbert and Cameron formula below 150 keV would then indicate that very few 
k' = 1 and l = 2 resonances were missed between 10 and 150 keV. 
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level-densi ty formula 
a = 5.61 + 0.21 M ~ V - '  
A = -0.06 + 0.39 MeV 
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Fig. 46. Cumulative number of resonances for L = 0 and for L = 0 as a function of 
incident neutron energy. The full lines represent the number of observed resonances; 
the dashed lines are fits to the data using the Ferrni-gas model (Gilbert and Cameron 
formula) as discussed in Sect. 6.3. 
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6.4 S-WAVE STRENGTH FUNCTION AND DOORWAY STATES 

The strength function, So, is defined as 

where El is the energy of the first resonance analyzed and EN the energy of the 
last one. If one considers the uncertainties in the quantities that appear on the 
right-hand side of the expression, there is a very small uncertainty in the value of 
So from the analysis of the data. However, as is well known (LYN68), if N levels 

-0 
are drawn randomly from a Porter-Thomas distribution having mean value I',, the 

-0 
expectation value in the sum of these N levels is N r ,  and the variance in this sum 

-0 
is 2N(I',)'. Therefore, even though we may have obtained with great accuracy 
the total stren th in the energy interval 0 to 813 keV, there is a relative standard 
deviation of $- 2/N or 18% in the numerator of So. In comparison the uncertainty 
in EN - El is small even though one could argue that since the full strength of the 
first and last resonances is taken in the summation of the reduced neutron widths, 
half of the average level spacing Do should be added at each end of the energy 
interval EN - El. The maximum uncertainty on the denominator would still be 
only 3%. The estimate of the s-wave strength function calculated with relation 
(6.4.1) is (3.3 f 0.6) x lov4. 

An alternative method of obtaining So is from the slope of the plot of the 
cumulative sum of the reduced neutron widths of the observed resonances as a 
function of the incident energy as shown on Fig. 47. There is no ambiguity in 
obtaining the s-wave strength function from a staircase plot such as this one since 
it can be reasonably well approximated by a straight line over the complete energy 
range analyzed. The value so found is (3.1 f 0.6) x This value represents a 
minimal attempt at mitigating the sharpness of the weighting function. 

The s-wave neutron strength recommended in Ref. MUG81 for 58Ni in the 10 
to 650 keV energy range is (2.8 f 0.6) x Syme and Bowen (SYM78) reports 
a value of (2.9 f 0.6) x from their analysis up to 640 keV. See Table 7. 

If one is interested in studying modulations of the strength function in terms of 
doorway states, it is convenient to average the reduced R function with a Lorentzian 
weighting function (MAH67). The poles of the Teichman-Wigner reduced R func- 
tion (TEI52) are necessarily below the energy axis, and we have 

where in our case y:,X's are the effective reduced level widths for the eliminated 
channels: the capture channels. It should be noted that the sum is to be carried 
over all the poles of the R function, that is to say, it should include the poles outside 
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the energy region analyzed. Because the poles of the reduced R function are below 
the real axis, if one calculates the R function at an energy E + &I, where I is a 
positive number, one is calculating an average value of the R function at the energy 
E. The amount of averaging that one performs is controlled by the size of I. In 
the statistical model, one makes I very large compared to the average level spacing 
in order to completely average over the statistical fluctuations. If the level widths 
have a Porter-Thomas distribution, I must also be very large in order to effectively 
average over the fluctuations. The value of the R function at a complex energy 
E + i I  where I >> is usually denoted by 

where 

and 

Because of the factor Ex - E in the numerator, R(E, I )  is often identified with 
the contribution of the distant levels, away from the value of E, to the average. The 
absence of such a factor in the numerator of S(E, I) means that its value at the 
energy E is more strongly dominated by the levels near the energy E and S(E, I) 
is often called the Lorentzian averaged strength function. 

In Fig. 48, S(E, I )  is calculated using I = 40,; the contributions of the levels 
inside the energy region analyzed, Sint, and those of the levels outside of the energy 
region, SeZt, are shown. It should be noted that the levels outside the energy region 
analyzed are not "physical levels" in the sense that we expect actual resonances or 
states to be observed there. These external levels are merely an expansion of the 
contribution of the levels outside the energy region to the R function inside the 
energy range analyzed. These contributions must be included in any analysis in 
order to fit the data but are often not represented by a pole expansion except for a 
single negative energy resonance. 
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0 
0 100 200 300 400 500 600 700 800 

NEUTRON ENERGY ( keV 1 

Fig. 48. Lorentz-weighted s-wave strength function of the reduced level widths 
averaged with I = 52 keV between 0 and 810 keV. SrNT is the contribution of the 62 
observed s-wave resonances inside the 0- to 810-keV region. SEXT is the contribution 
of the five outside resonances. S T o T A ~  is the sum of SINT and S E X T .  

Figure 48 displays graphically the modulation of strength of levels in the en- 
ergy region analyzed. In the case of 60Ni, similar but slightly more pronounced 
modulations were interpreted as  suggestive of possible doorway states. However, 
such modulations could be due merely to statistical fluctuations in the level widths. 
In Figure 49(a) we show the staircase plot for the 58Ni data together with four 
other staircase plots where the reduced level widths were selected randomly from 
the Porter-Thomas distribution based upon the level widths observed for 58Ni, the 
energies of the levels being those observed for 58Ni. In Figure 49(b) we show the 
corresponding Lorentz-weighted s-wave strength functions. Since in two of the four 
cases where the reduced level widths were selected randomly from a Porter-Thomas 
distribution the modulations in the Lorentz-weighted s-wave strength functions are 
larger than those observed for 58Ni, it does not seem that one should interpret the 
modulations observed for 58Ni as evidence for possible doorway states. 
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6.5 AVERAGE RADIATION WIDTHS 

6.5.1 l = 0 Resonances 

Of the 31 s-wave resonances reported between 10 and 450 keV, four are weak res- 
onances in the transmission data. Their s-wave assignment are uncertain; therefore, 
they were not used in the computation of the s-wave resonance average radiation 
width. 

The mean value of the distribution of the radiation widths of the remaining 27 
s-wave resonances is equal to 2.3 eV and the standard deviation of the distribution 
is 1.7 eV. As indicated by Note 3 in Table 2, 19 of these 27 s-wave resonances had 
their radiation width corrected for the neutron sensitivity of the detector. 

The mean value of the distribution of the s-wave radiation widths for 58Ni (2.3 
eV) is considerably larger than the value of 1.3 eV found for 60Ni but is consistent 
with previous measurement (FR077). 

6.5.2 l > 0 Resonances 

Only the resonances whose angular momentum and spin could be determined 
through the analysis of the differential elastic-scattering data were used in the com- 
putation of the average radiation widths for the l = 1 and l = 2 resonances. Of 
these resonances we eliminated the ones which were part of a multiplet since for 
these resonances only the sum of the capture areas is well determined, not the 
capture area of each individual resonance. 

The mean value of the distribution of the radiation widths of the p-wave reso- 
nances, calculated from the parameters of 39 resonances, is equal to 0.77 eV and 
the standard deviation is 0.33 eV. 

For the d-wave resonances the mean value of the distribution of the radiation 
widths calculated from the parameters of only nine resonances is equal to 1.3 eV 
and the standard deviation is 0.5 eV. The mean value of the distribution would be 
1.2 eV if the calculation included the 37 resonances for which the t = 2 assignment 
is determined but not their spin. The fact that this value of 1.2 eV is close to 
the one obtained with the nine single resonances for which the spin and parity are 
known just indicates that the spins we assigned to these 37 resonances based solely 
on the value of gr, are consistent with the little information we have for the d-wave 
resonances. 

6.6 CORRELATION BETWEEN I'g AND I?, FOR S-WAVE 
RESONANCES 

Because a correlation between the reduced neutron widths and the radiation 
widths of the s-wave resonances might indicate nonst atistical effects, such correla- 
tion coefficients are frequently calculated. 
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F'rom the analyses of high-resolution ORELA data for medium weight nuclides 
the correlation coefficients between T ' W d  r, for eight nuclides in the mass region 
54 5 A 5 68 were calculated and reported in Ref. PER83. 

The correlation coefficient calculated with the parameters of Table 2, for the 31 
s-wave resonances between 10 and 450 keV, is 0.69 f 0.10. If the four small s-wave 
resonances for which the spin and parity assignment is uncertain are not taken into 
account the correlation coefficient becomes 0.66 z t  0.11. The value obtained for " Ni 
(PER83) was 0.53 f 0.18. This correlation coefficient was obtained from 30 s-wave 
resonances observed in the same energy interval of 10 to 450 keV. The uncertainties 
on the correlation coefficients reflect only the distribution of the widths. The effect 
on the value of the correlation coefficients of the large uncertainty on the neutron 
sensitivity coefficient, C, is discussed in Ref. PER83. 

For the nine nuclides studied in the mass region 54 < A 5 68 the values of the 
correlation coefficients range from 0.33 for 59Co to 0.94 for 54Fe, the average value 
of these coefficients being 0.56. Therefore, it seems that, in this mass region, there 
is a significant correlation between the neutron and the radiation widths suggesting 
nonstatistical effects. It should be noted that in the case of 60Ni the distribution of 
the s-wave neutron strength was indicative of such nonstatistical effects but those 
are not as evident in the case of 58 Ni. 

6.7 AVERAGE AND THERMAL CAPTURE CROSS SECTIONS 

The average capture cross sections given in Table 8 in lethargy intervals up to 
450 keV were obtained by summing the capture areas of the resonances in each 
interval including the contributions from the negative energy resonances. The un- 
certainties include the statistical uncertainties as well as the uncertainties from the 
correction for the detector neutron sensitivity. The uncertainties in the correction 
for the detector neutron sensitivity were treated as uncorrelated. 

The average capture cross section above 400 keV was obtained from the average 
capture data in the following manner: from 400 keV to 1400 keV the thick sample 
data were corrected for sample thickness effects, primarily capture after scattering, 
using strength functions and averaging over a Porter-Thomas distribution in each 
energy i n t e d .  Average scattering cross sections were computed from the present 
work up to 800 keV and from the literature up to 1000 keV then extrapolated to 
1400 keV. Inelastic scattering to the f i s t  2+ level begins at a 1480-keV threshold 
and the detectors responded strongly to the inelastic gamma ray. These sample 
thickness corrections ranged from 10% to 3% in the 400-1400 keV energy range for 
the intervals shown. 
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Table 8. Average capture cross section from this work and from Ref. FR077. 
The values obtained from ENDF/B-V, which include a 6-mb 

smooth background, are also reported. 

Average capture cross section (mb) 
Energy range Averaged Riihner 

(kev) This analysis capture data (FR077) ENDF/B-V 

OThis average is calculated in the interval from 199.5 to 231.0 keV. 
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The average capture cross section obtained from this analysis is shown from 1 
keV to 1 MeV on Figs. 50 and 51 by the full line histograms. 

The theoretical calculation shown in Fig. 50 was provided by P. G. Young 
of Los Alarnos National Laboratory from the reaction theory code COMNUC 
(DUNTO). Width fluctuation corrections were made using Moldauer's integral 
method (MOL76) and an approximation from Tepel et al. (TEP74) for the number 
of degrees of freedom. COMNUC calculates the capture cross section by using trans- 
mission coefficients for gamma rays derived from the width of the E l  giant dipole 
resonance (AXE62). Only E l  transitions were considered and the gamma-ray par- 
tial widths are only functions of the gamma-ray energy E,, the initial level spin 
and the final level spin. Level densities and their spin distributions were obtained 
from the Gilbert-Cameron formula. The parameters of the giant dipole resonance 
were taken from Ref. BER76. In the case of 58Ni the giant dipole resonance is 
double humped with one resonance at 16.3 MeV which is 2.44 MeV wide and the 
other at 18.51 MeV is 6.37 MeV wide; the ratio of the peak cross section for the 
second resonance to the f is t  resonance being 1.6. The absolute magnitude of the 
giant dipole resonance was adjusted to yield the experimentally observed value of 
27rF,/D,. This model usually predicts the capture cross sections within a factor 
of 2 (AXE62). In this case the capture cross section was overpredicted, and the 
theoretical predictions in Fig. 50 were normalized by a factor of 0.65. 

The dotted line histogram on Fig. 51 is the average capture cross section ob- 
tained from the parameters of Friihner (FR077). The results are given in Table 
8. Fkom 20 to 231 keV Frohner's data give systematically smaller values than we 
obtained from our data. 

For comparison with our results, the average capture cross section was calcu- 
lated with the parameters given in ENDFIB-V, including the tail of the negative 
energy resonance. Since ENDF/B-V does not have an isotopic evaluation of 58Ni, 
the resonance parameters were taken from the elemental evaluation of nickel. In 
ENDFIB the capture cross section is calculated using the resonance parameters to 
which is added a smooth background. In the evaluation of the elemental nickel, the 
smooth background is of the order of 6 mb. If this 6-mb background is added to 
all the isotopes of nickel, we can calculate the ENDFIB-V average capture cross 
section for '*Ni which is given in the last column of Table 8 and by the dots in Fig. 
51. 

The first s-wave resonance at 15.31 keV contributes very little (0.19f 0.06 b) to 
the thermal capture cross section of 4.6 f 0.3 b reported in Ref. MUG81. Summing 
the contribution of the other 31 s-wave resonances at positive energies up to 450 
keV gives only an additional 0.10 b. The difference could be attributed to the direct 
capture component and to bound levels. Two bound levels are reported in Table 2. 
Their energy parameters and their neutron widths have been adjusted to properly 
describe the transmission data above 10 keV; however, their radiation widths were 
arbitrary but can be chosen so that they generate the 4.3 b of thermal capture cross 
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= lo2 2 

NEUTRON ENERGY [ keVI 

Fig. 51. The average capture cross section from 1 keV to 1 MeV as a function of 
incident neutron energy. From 1 to 460 keV, the full-line histogram is obtained from 
our resonance parameters including the tails of the two negative energy resonances; 
from 450 keV to 1 MeV it is obtained from averaging the capture data. The average 
capture cross section obtained from the parameters of Ref. FRO77 is shown from 6 to 
231 keV by the dotted-line histogram. The dots are the average capture cross section 
from ENDF/B-V. The 6 mb of smooth background was added to the contribution 
from the resonances. 
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section which are missing. A radiation width of 2.0 eV for the resonance at -61.37 
keV and of 1.4 eV for the resonance at -4.4 keV generate 4.3 b of thermal capture 
cross section. These values for the radiation widths are consistent with the average 
radiation width of 2.1 eV, found for the s-wave resonances in the positive energy 
region, with a standard deviation in the distribution of widths of 1.7 eV. 



7. CONCLUSIONS 

The work presented in this report considerably extends our knowledge of reso- 
nances observed in the interaction of neutrons with 58Ni. Prior to this work only 
142 resonances had been observed below 650 keV, whereas we were able to observe 
382 up to that energy and 477 up to an energy of 813 keV. Below 450 keV we were 
able to obtain the neutron widths and capture areas for 264 resonances. The differ- 
ential cross-section data allowed us to make a definite .[-assignment for 64% of the 
C > 0 resonances (265 out of 415), but a definite J-assignment could be made only 
for 35% of the l > 0 resonances (147 out of 415). Since in this 58Ni data analysis 
only 24 I! > 0 resonances have a width comparable to or larger than the resolution 
of the transmission measurements, had the differential cross-section data not been 
available only very few spin assignments could have been made. 

The reduced neutron width distribution of the 61 s-wave resonances reported in 
this analysis is in good agreement with the Porter-Thomas distribution even though 
it seems to indicate that about three too many of the very weak resonances have 
been assigned as s-wave resonances. Therefore, the s-wave level spacing of 13.6k0.7 
keV was obtained from 59 rather'than 62 s-wave resonances. The distribution of 
the nearest neighbor spacing is in good agreement with the Wiper  distribution. 
The s-wave strength function is found to be equal to (3.1 f 0.6) x and the 
average radiation width to be 2.3 eV. The standard deviation of the distribution 
of the s-wave radiation widths is 1.7 eV. The correlation coefficient between the 
reduced neutron widths and the radiation widths of the s-wave resonances is equal 
to 0.66 f 0.11 suggesting some nonstatistical effects. These nonstatistid effects do 
not show as pronounced modulations in the Lorentz-weighted strength function of 
the reduced level widths as one might have expected if they were associated with 
doorway states. 

The average radiation widths for the p and d-wave resonances were dso cal- 
culated and are equal to 0.77 eV for the pwave and 1.3 eV for the d-wave. The 
standard deviations of their distributions are 0.33 eV and 0.5 eV respectively. 

The results reported in this paper could be significantly improved with higher 
resolution in the capture data, with a correct weighting function for high energy 
gamma rays and with a more accurate treatment of the multiple scattering in the 
capture data analysis. 

The extension of our knowledge of the resonances to higher energy is of signifi- 
cant importance in reactor calculations since it eliminates the need to deal with a 
very approximate unresolved resonance formalism. 

Following completion of the work presented in this report a request was made 
(LAR88A), for ENDF/B-VI evaluation purposes, to extend the transmission data 
analysis below 10 keV in order to obtain a set of resonance parameters which will 
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correctly predict the known thermal scattering and capture cross sections while re- 
taining the quality of the fit at higher energies. This would eliminate the need for 
any background cross-section contribution below 813 keV. The transmission data 
below 10 keV could not be fitted by only adjusting the parameters of the negative 
energy resonances and of the large s-wave resonances. A satisfactory fit down to 100 
eV could only be obtained by renormalizing the data acquired with the 78-m flight 
path in addition to adjusting the negative energy and some of the large s-wave reso- 
nances. In the analysis presented in this report the need for such a renormalization 
was only apparent below 14 keV (Figs. 5 and 6). The implications of renormaliz- 
ing these data are being investigated but it appears that the resulting parameter 
adjustments will be small and will not change significantly the conclusions reached 
in this report. Results of the analysis, extending down to 100 eV, will be published 
elsewhere. 
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